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 Preface 
 

 

 The "Innovative Agricultural Water Management under Climate Change" 

workshop emphasizes cutting-edge techniques and strategies to navigate 

climate-induced challenges in agriculture. As climate change disrupts the 

water cycle and intensifies droughts, the availability of water for 

agriculture is at risk. Addressing this with innovative management is the 

key to ensuring food security and sustainable farming. Combining the 

power of technology with insightful strategies allows for a proactive 

approach to agricultural water challenges. This convergence ensures not 

only the strategic sourcing of irrigation but also maximizes efficiency in 

water consumption for farming. Such efficiency paves the way for 

sustainable water resources, underpinning food security.   

The compilation of 15 papers presented here offers an eclectic mix of research 

that sheds light on the challenges and solutions associated with agricultural water management in the face of 

changing climatic patterns. From the in-depth optimization model for agricultural water resource management 

under climate change put forth by Hu et al. in WS-CLIMATE-01, to sustain and adapt agricultural water 

management in Asian Deltas, an integrated water management platform combined with GIS-based and 

machine learning technology presented by Nagano et al. in WS-CLIMATE-12, these papers cover a 

spectrum of geographic specificities, technical innovations, and strategic insights.  The importance of 

localized strategies is exemplified by the review in WS-CLIMATE-03 on East Java's water management 

adaptations. A leap into technological innovations is seen in WS-CLIMATE-06 by Lin and Ho, emphasizing 

non-invasive technology in irrigation. Similarly, the embrace of modern technology and data analytics 

resurfaces in WS-CLIMATE-10 and WS-CLIMATE-13, underscoring the benefits of data-driven approaches 

in water management. The need to adapt to the exigencies of climate change is further underscored by 

papers such as Takigawa's exploration of Japan's climate adaptation measures in agricultural infrastructure 

in WS-CLIMATE-02 and Meegastenna's deep dive into the impacts of climate change on tank cascade 

systems in Sri Lanka in WS-CLIMATE-05. Additionally, it's noteworthy that several papers delve into the 

intersections of various phenomena impacted by climate change. For instance, the final paper, WS-

CLIMATE-15, doesn't solely focus on agricultural water management, but broadens the lens to explore urban 

heat island phenomena and thunderstorm patterns in Taipei, reflecting the interconnectedness of these 

issues. 

In summary, this compilation not only highlights the multifaceted nature of challenges posed by climate 

change to agricultural water management but also offers a range of innovative, adaptive solutions, spanning 

technological advancements, policy measures, and community-driven interventions. As global stakeholders 

grapple with the repercussions of climate change, this body of work serves as a timely, invaluable resource 

in shaping resilient, sustainable strategies for the future. 

 

Prof. Ray-Shyan Wu 
Chairman, Working Group on Innovated Agricultural Water  
Management under Climate Change (WG-CLIMATE) 
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SPECTRUM NETWORK FLOW OPTIMIZATION OF AGRICULTURAL 
WATER RESOURCES MANAGEMENT UNDER CLIMATE CHANGE 

 
Ming-Che Hu,1 Wei-Yin Chen, Chao-Ting Lee 

 
 

Abstract 
 

Under climate change, extreme hydrological events have a serious impact on the water supply 
of the agricultural water resource system. This study will provide systematic analysis methods 
and tools to evaluate the agricultural water resource dispatching capability and the purpose of 
the study is to evaluate how agricultural water resource management affects water supply 
stability and drought resistance. 

The research uses the network programming model to simulate and analyze the agricultural 
water supply and demand. Rainfall, river flow, groundwater, water storage, crop production, 
and agricultural water demand of water resources system are functions of time, so the 
allocation of agricultural water resources is time-dependent. It is a dynamic management 
problem over time and agricultural water resource management strategy is a function of time. 
Then this study conducts a Fourier spectrum analysis of hydrological and agricultural water 
demand time series data. To analyze the dynamic network programming of agricultural water 
management, the study incorporates network optimization with Fourier spectrum analysis for 
agricultural water resource systems. Fourier analysis is one of the most common spectrum 
analysis methods. Fourier analysis transforms a time function into a summation of serial 
orthogonal functions (sine functions and cosine functions with different frequencies). Through 
this procedure, the function is then shifted from the time domain onto the frequency domain. 
Functions are time functions of rainfall, river flow, groundwater, water storage, crop production, 
and agricultural water demand of the water resources system. Coefficients of Fourier analysis 
are determined based on the orthogonality of sine and cosine functions. To incorporate network 
optimization with Fourier spectrum analysis, agricultural water supply and demand are time 
functions in the model. Those time function are transformed using Fourier analysis. Confronting 
the increasingly worsening climate change, people should take immediate steps to be prepared 
for extreme weather events. The proposed framework has practical significance for guiding the 
implementation of agricultural water resources management and the provision of a scientific 
basis for making decisions. In addition, while concentrating on the current situation is crucial, 
taking a long-term approach is also indispensable, which stimulates the nuclear concept of this 
proposal. 
 

1. Introduction 
 

In 2020, for the first time in 56 years, no typhoons made landfall in Taiwan during the wet 
season. From the month of June 2020 to May 2021, Taiwan experienced severe water 
shortages, and many areas’ irrigation water was cut off. The estimated production loss of the 
drought (Sep.~Oct., 2020) is 5.7 million NTD by the Council of Agriculture. The incident 
indicates a changing precipitation patters and highlights water stress as a growing 
environmental risk.  

The investment in infrastructure will determine the resilience of economies to water stress. 
Executive Yuan has announced the flexible deployment of water as one of the major strategies 
to secure Taiwan’s water supply in 2018. Since then, several water pipeline projects have been 
completed or are currently in the planning/construction stage. For example, a water pipeline in 
Hsinchu, near the country’s largest science park, was completed in 2020, which supports the 
area with water from Shimen Reservoir located in northern Taoyuan. A pipeline connecting the 
Tseng-Wen Reservoir and the Nanhua Reservoir is expected to be completed in 2024, which 
was chosen as the subject of the case study in this study.  

 

 

 
1 Department of Bioenvironmental Systems Engineering, National Taiwan University, Taiwan 
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Year Farmland area in Taiwan affected by 

irrigation curbs (hectares) 

2002 14,778 

2003 27,646 

2004 65,385 

2006 30,828 

2010 22,366 

2015 43,659 

2020 95,000 

 
Table 1. Annual records of the total area of farmland affected by irrigation water curbs in Taiwan. The 

statistics are provided by the Council of Agriculture. 
  

2. Methodology 
 

The problem of optimizing a water resource system’s investment decision of establishing 
conjunctive use of different resources and the operation decisions of allocating the available 
resources across space and time is formulated as a two-stage stochastic optimization model to 
account for the uncertainties in future reservoir inflow. The first stage concerns all investment 
decisions, including the location and capacity of the connecting pipes, which can only be 
adaptive to the forecast of the distribution/statistics of the stochastic variables. The second 
stage concerns operation decisions of the water resource system, which has been converted to 
a network flow model. The operation decisions include reservoir release and the allocation of 
water among users, which are adaptive to the realization of the stochastic variables.  

This study proposes a model that optimizes the continuous flow functions regulated by the 
controlled outflow at individual nodes of the water resource network, especially at the reservoir 
nodes since their large storage capacity allows the largest flexibility to adjust its outflow, 
instead of directly optimizing the discretized quantities of flow in each time intervals. 

In the first part of the study, 15 years of monthly reservoir inflow data is first analyzed by 
Fourier analysis and a continuous function characterizing the specific river regime is 
reconstructed by inverse Fourier transform of the dominant frequencies. The reconstructed 
river flow function is then cut into 15 segments of length 12, representing 15 scenarios each 
with equal probability of occurrence of 1/15. Then, the reconstructed flow functions are 
incorporated into the two-stage stochastic optimization model as the stochastic variable. 
Finally, the network-flow problem is solved and the optimal long-term investment decision and 
scenario-specific monthly sets of water allocation decisions are obtained. 

Weather data, river discharge data, and reservoir inflow data are all seasonal time series, 
besides the most obvious annual periodicities, there may also exist other periodicities driven by 
large-scale climate oscillations or local factors such as terrain. Thus, such variables can be 
seen as periodic functions that can be transformed from the time domain to the frequency 
domain by the Fourier Transform. In the frequency domain, we can detect seasonality of the 
data. The frequencies with large amplitudes are called the dominant frequencies, and by 
extracting the dominant frequencies of the data, we reconstruct the inflow function that 
characterizes the conditions of different watersheds. It is noted that this study makes the 
assumption that the dominant frequencies characterizes the important periodicities, however, 
the study would benefit from a detailed analysis with insights from atmospheric science and 
hydrology to select the important frequencies. 

The available data do not record the river discharge as a continuous function over time, instead 
the information is measured at equally-spaced intervals of time. Thus, Discrete Fourier 
Transform (DFT) is implemented by the Fast Fourier Transform (FFT) algorithm. 

Let 𝑥𝑛 , 𝑛 = 0, 1, … , 𝑁 − 1, denote N values of river discharge sampled at equally-spaced times. 
The formula of Discrete Fourier Transform can be written as: 
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𝑋𝑘 = ∑ 𝑥𝑛 ∙ 𝑒−𝑖2𝜋𝑁 𝑘𝑛𝑁−1𝑛=0 ,  for 0 ≤ 𝑘 ≤ 𝑁 − 1 𝑋𝑘 is a complex number which holds the information of amplitude and phase of a sinusoidal 
wave with frequency 𝑘/𝑁 cycles per unit time. This comes from Euler’s formula:  𝑒𝑖2𝜋𝑘𝑛/𝑁 = 𝑐𝑜𝑠(2𝜋𝑘𝑛/𝑁) + 𝑖𝑠𝑖𝑛(2𝜋𝑘𝑛/𝑁) 

The phase amplitude and phase of 𝑋𝑘 = 𝑎 + 𝑏𝑖 can be calculated by: 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 𝐴 = |𝑎 + 𝑏𝑖| = √𝑎2 + 𝑏2  𝑝ℎ𝑎𝑠𝑒 = 𝜙 = arctan 𝑏/𝑎 

The two-stage stochastic optimization problems are also called recourse problems because the 
second stage decisions are can be interpreted as corrective actions to the first stage decisions 
made before the uncertainties are revealed. The corrective decisions are made by solving a 
second stage decision problem to minimize the second stage costs 𝑄1, which is a function of 
the first stage decision 𝑥0, the second stage decision 𝑥1, and the realization of the random 
parameters 𝜉: 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒{𝑄1(𝑥0, 𝑥1 , 𝜉): 𝑥1 ∈ 𝕏1(𝑥0, 𝜉)} 
The total cost function is the sum of the first stage cost 𝑄0 and the second stage cost. The 
complete two-stage problem is formulated as: 𝑚𝑖𝑛{𝑄0(𝑥0) + 𝑚𝑖𝑛{ℛ[𝑄1(𝑥0, 𝑥1 , 𝜉)]: 𝑥1 ∈ 𝕏1(𝑥0 , 𝜉)}: 𝑥0 ∈ 𝕏0} ℛ is a risk functional. The simplest risk functional is the expectation and the represented 
objective function will be risk neutral and linear.  

Risk-aversion describes the preference of certainty over uncertainty. Certain outcomes with 
lower expected value in payoff may be preferred over uncertain outcomes with a higher payoff. 
The goal of investment decision is not only to lower the overall cost of water deficit, but also 
prevent high-loss outcomes. Thus, the objective function should reflect the risk aversion of the 
decision maker and the second stage decision problem is solved as a quadratic term in the 
objective function, with higher cost at higher deficits. 

To simulate water supply and demand, the water resource system is first converted to a 
network flow model. A network consists nodes connected by arcs. A flow can occur between 
two nodes via an arc. In this study, the nodes of the network are reservoir intake locations, 
reservoirs, water treatment plants, and users with water demand, while the arcs represent the 
possible routes over which water can be transported with assigned cost per unit of water 
transported and capacity limits. The reservoir intake locations are considered source nodes 
and the sectors with water demand are considered sink nodes. 

The constraints on a network flow model is described as follows: 

 For each source node: the net outflow must be (less than or) equal to the available 
supply, which is given as parameters from river discharge data.  

 For each reservoir node: the net outflow must be equal to the net change in storage 
quantity.  

There is also an associated constraint on the upper and lower limits of storage quantity. 
 For each water treatment plant node: the net outflow must be zero, and the total outflow 

has an upper limit constraint equivalent to the capacity of the treatment plant. 

 For each arc: the amount of flow transported must be lower than the capacity of the pipe. 

The optimization model is formulated in the Python language using Pyomo, an open-source 
software package. The model created is an abstract model, which is defined without data. An 
instance of the abstract model is created by inputting the data file and only then can it be 
solved. The separation of the model and the data means that the model can be easily 
expanded or applied to other networks by altering the input data file. Pyomo supports multiple 
solvers. This study uses COIN-OR IPOPT (Interior Point Optimizer) for its ability to solve 
nonlinear programming problems. 
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Fig. 1. Schematic diagram of the research framework in this study. 
 

3. Results and Discussions 
 
The data are recorded at four flow stations in located in southern Taiwan: Yufon Bridge, 
Chukou, Yutain, and Liling Bridge. Information about the average flow rates and the names of 
its watershed are recorded. Their relative location to each other and the reservoirs are 
mapped.Discrete Fourier Transform (DFT) of the monthly average flow data of three stations is 
computed with the Fast Fourier Transform (FFT) algorithm. The amplitude of the result is 
plotted as follows. The 𝑥-axis represents the period (months/cycle) and the 𝑦-axis represents 
the amplitude (CMS) of the flow data at period 𝑥. The most distinctive annual river flow pattern 
is indicated by the existence of peaks of amplitude values at 12 months/cycle periods among 
all three stations. The other periodicities are less distinctive.  
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Fig. 2. Periodograms of the four flow stations. (Yufon Bridge, Chukou, Yutian, Liling Bridge) 
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The river flow functions (16 years) of each station are reconstructed by summing ten terms of 
the Fourier Series with the largest amplitudes.  
 

Table 2. The dominant frequencies of the Discrete Fourier Transformed river flow data and their 

corresponding amplitude and phase 

Yufon Bridge Station Liling Bridge Station 

period amplitude phase period amplitude phase 

Inf 123.636198 0 Inf 186.913269 0 

12 54.4817846 2.86216187 12 99.993696 2.8257747 

2.232558 19.3193983 1.78955818 26 31.993478 -1.4111265 

7.384615 18.6099179 -1.1790065 52 31.661909 -0.1150458 

2.133333 17.8476025 1.49599177 31.2 29.826223 -2.4498837 

64 16.7677098 -2.6011962 6 28.909575 -0.6565643 

14.769231 15.9977971 -0.4227583 8.666667 26.999052 0.34693643 

12.8 15.7008433 -2.8997266 156 25.716892 -0.9489612 

3 15.6865834 2.53585659 22.285714 25.516939 -1.686561 

9.6 15.5167969 2.34908465 6.5 24.257936 -0.4756073 

Yutian Station Chukou Station 

period amplitude phase period amplitude phase 

Inf 8.7961458 0 Inf 8.7961458 0 

12 5.5256593 2.92326273 12 5.5256593 2.92326273 

6 1.9778986 -0.53429 6 1.9778986 -0.53429 

2.666667 1.6430862 2.54122253 2.666667 1.6430862 2.54122253 

2.181818 1.6116524 -1.1830159 2.181818 1.6116524 -1.1830159 

3.428571 1.3428834 -0.2141283 3.428571 1.3428834 -0.2141283 

5.333333 1.2657548 -1.6094175 5.333333 1.2657548 -1.6094175 

32 1.2614371 -1.5601505 32 1.2614371 -1.5601505 

96 1.2442202 -0.8721625 96 1.2442202 -0.8721625 

13.714286 1.2416858 -2.1947029 13.714286 1.2416858 -2.1947029 

 
The flow function of Yufon Bridge Station is visualized in the following.  
 

 
 

Fig. 3. The reconstructed river flow function of Yufon Bridge Station from the ten most dominant 
frequencies. 
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The inflow scenarios are extracted by truncating the function into segments. This can be done 
by multiplying the river flow function by a rectangular window function. For each station, 16 
scenarios are extracted, each assumed equal probability of 1/16. 4 randomly selected inflow 
scenarios of Yufon Bridge are plotted for illustration purpose in Fig. X. 

  

  
 

Fig.4. Four scenarios of different inflow functions of Yufon Bridge station. 
 

A simple hypothetical system with six nodes is set up to investigate the effectiveness of 
constructing connecting pipes between two reservoirs in separate systems. The diagram of the 
network is shown in the following Figure. 

Node 1 and 2 are source nodes, node 3 and 4 are storage nodes which represent the two 
reservoirs, and node 5 and 6 are sink nodes. The investment problem is to consider a project to 
build connecting pipes between the two reservoirs so that the supply from the sources with 
different periodic characteristics can be deployed with more flexibility. The goal is to solve for 
the optimal capacity of the connecting pipes.  

The constraints include the upper limit on the flow across each arc (i.e. the capacity of the 
existing pipes), the upper limit on the storage of each storage node, and mass balance across 
each node.  

Although the system is hypothetical, the reconstructed flow functions of Yufon Bridge Station 
and Liling Bridge Station are used as the outflow of the source nodes 1 and 2. It is noted that 
the average flow rate of Liling Bridge Station is larger than Yufon Bridge Station’s by about 
40%. To keep the analysis simple, the other parameters are assigned symmetrically. 
Specifically, the capacity of the two storage nodes, the demand of the two sink nodes, the cost 
of construction of the two connecting pipes are assigned the same value in both systems. In 
total, 4352 variables are defined, 6510 constraints are set up, and the optimal solution was 
found.  
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Fig. 5. Diagram of the hypothetical network. 
 

3.1.1.1. Sensitivity Analysis:  

 

Sensitivity analyses are conducted by altering the values of parameters and re-solving 
iteratively. Only one type of parameter is altered at a time, and all other parameters are fixed to 
the default parameters defined in the base model of the analysis. Default Parameters: 
Demands = 100 (units), Investment costs = 50 ($/unit of capacity), and Storage capacities = 50 
(units). Cost of construction determines the cost-effectiveness of the infrastructure project. 
Sensitivity analysis helps quantify how much the cost has to be lowered in order for the project 
to be cost-effective.  

 From the result of the analysis, it is concluded that the capacity limit of the storage nodes can 
be a key determinant of whether the coordination of the resources between two areas will be 
required to stabilize the water supply. If the reservoir storage was large enough, the storage 
itself can allocate the supply across time, which lowers the requirement for cross-regional 
coordination. Since reservoir capacity decreases over time due to sedimentation, investment 
decisions regarding connecting pipes should also consider the future change in systems’ 
reservoir capacity.  

From the perspective of evaluating the need for new dam infrastructures, it should be noted 
that the coordination of water between systems can reduce the systems’ reliance on reservoirs.  

Demand also determines whether cross-regional water coordination will be needed. However, 
from the sensitivity result, it can be seen that in the analyzed case, when facing rising 
demands, the connecting pipe only offers the function of a one-way deployment from the area 
with more sufficient supply to the area with more deficiency in supply instead of regulating the 
periodicities of the sources. 

 

Table 3. Model solution with different demand parameter 
value. 

 

Demand 
Optimal capacity 

Arc(3 to 4) Arc(4 to 3) 

10 0 0 

20 1.33 0 

30 4.98 0 

40 4.98 0 

 

21

3 4

65
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Table 4. Model solution with different storage capacity 
parameter value. 

Storage 
capacity 

Optimal capacity 

Arc(3 to 4) Arc(4 to 3) 

110 0 0 

100 0.53 0 

90 1.64 0 

80 2.76 0 

60 3.87 0 

50 4.98 0 

40 6.09 0.55 

30 8.33 1.59 

20 11.66 2.83 

10 14.99 4.25 

0 20.00 6.75 

 

4. Conclusions 
 

The model built and used in this study provides insight into the value of water resource 
infrastructure projects in ensuring the stability of the water supply given the risks that arise from 
uncertainties about future water supply. The proposed method finds the underlying periodicities 
of the river flows then optimizes the problem with functions containing the periodic information 
instead of with discrete raw data. This is done by evaluating the periodic characteristics of 
different rivers first by Discrete Fourier Transform and reconstructs continuous functions as 
scenarios of the possible future inflow to reservoirs. The form that the model is written allows 
users to apply the tool to other networks for analysis by entering the specifications of their 
water system into a data file without altering the model itself. The basic analysis on hypothetical 
system demonstrated the following relations when the networks connected only differ in the 
periodic characteristics of the source flow and are similar in connectivity, and demand. When 
the reservoir capacity is limited, the contribution of the connecting pipe to regulate the 
periodicities of supply plays a significant role in decreasing the risk of water deficit. The 
importance of regulating the periodicities become secondary when the reservoir capacities are 
sufficient, however, the connecting pipes still serve the purpose of deploying the supply from 
area with less deficit to the area with more deficit when facing rising demands. 
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APPLICATION OF CLIMATE CHANGE PROJECTIONS IN 
DRAINAGE PROJECT PLANNING FOR AGRICULTURAL 

INFRASTRUCTURE IN JAPAN  
 

Takigawa Takuya1, Watanabe Yasuhiro2, Tsuruda Shinya2, Yuasa Kazuhiro2, Hotta 
Naoyuki2, Washino Kenji2  

 

1.   Background  
 
As the impact of climate change has become a bigger problem in recent years, damage to 
farmlands and agricultural facilities caused by heavy rainfall have become more severe and 
frequent in Japan. For this reason, the Ministry of Agriculture, Forestry and Fisheries of Japan 
(MAFF) is currently promoting inundation prevention measures in rural areas such as the 
installation of pump stations. Additionally, the utilization of flood control functions of agricultural 
dams and rainwater storage functions of paddy fields are being promoted by MAFF.  

To design pump stations and other facilities, MAFF also sets standards for the size of drainage 
facilities by calculating an approximately 10-30 year return period based on observed 
precipitation in the past. However, there is a risk that inundation damage in rural areas will 
become more severe because the frequency of extreme weather events such as heavy rainfall 
is expected to increase due to climate change. MAFF is urged to develop new design 
standards in consideration of projected future precipitation, keeping in mind that MAFF needs 
to avoid building unnecessarily large-scale facilities.  

Therefore, more accurate and reasonable projection methods for precipitation are needed.  

Based on recent advancements and discussions of climate change projections through the 
Coupled Model Intercomparison Projects (CMIPs) and the Intergovernmental Panel on Climate 
Change (IPCC), Japanese universities and research institutes are developing datasets for 
future precipitation projections, especially for assessing weather extremes in small areas.  

In light of the above, we conducted a case study to design drainage facilities using the latest 
climate change outlook.  
 

2.   Climate Change Projection Methods in Japan  
 
Climate change projection relies on simulations of global atmospheric and land surface 
properties with three-dimensional grid networks (general circulation models, GCMs). GCMs 
simulate atmospheric properties (wind direction, pressure, and water vapor content) at each 
grid point with basic equations of atmospheric motion.  

The high-resolution GCMs are recently developed and often used to assess the impact of 
climate change on regional extreme weather events. However, the high-resolution GCMs are 
computationally intensive and require a longer time for simulations. To keep the consistency of 
regional assessment with the global phenomena, the initial stage of GCM simulation generally 
covers the entire globe, and then the nested simulations with finer resolution regional climate 
models (RCMs) are used to downscale the projected datasets.  

The initial simulations usually employ the atmosphere-ocean coupled GCMs (AOGCMs) to 
reflect the long-term trend of sea surface temperatures on atmospheric circulations. The spatial 
resolutions are approximately 100-300 km. Then, the atmospheric models are nested within the 
results of AOGCMs to simulate the atmospheric circulation alone with the grid of 20-60 km. 
Lastly, the finer resolution RCMs are used to evaluate the regional climate at 2-5 km 
resolutions.  

  
 

1 Water Resources Division, Rural Infrastructure Department, Rural Development Bureau, Ministry of Agriculture, Forestry and Fisheries  
2 Design Division, Rural Infrastructure Department, Rural Development Bureau, Ministry of Agriculture, Forestry and Fisheries  
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Fig. 1 Relationship of Climate Change Projection Models  
（Japan Meteorological Agency, 2022, p213）  

（Ministry of Education, Culture, Sports, Science and Technology, 2017, p5） 

  
 In Japan, the Meteorological Research Institute (MRI) compiled high-resolution climate change 
projections over Japan with the Atmospheric Global Climate Model (MRI-AGCM) and the 
Nonhydrostatic Regional Climate Model (NHRCM). Typical examples of Japanese high-

resolution climate scenarios include d4PDF/d2PDF (database for policy decision-making for 
future climate change) and WRF02 (weather and research forecast).  

The d4PDF/d2PDF consists of large ensembles of climate scenarios to assess the 
uncertainties including extreme weather events. It contains the results of simulations using 
high-resolution global (60 km spatial resolution) and regional (20 km) atmospheric models 
affected by the long-term projections in sea surface temperatures with an increase by 4 
degrees Celsius/2 degrees Celsius. The datasets are further downscaled with MRI-AGCM and 
NHRCM to the spatial resolution of 5 km.  Another typical dataset, WRF02, is based on the 
continuous (1950-2099) simulations of the MRIAGCM3.2S (spatial resolution: 20 km) under the 
RCP (Representative Concentration Pathway) 8.5 scenario (the highest emission scenario), 
downscaled using a WRF model to 2 km resolution. WRF is a regional climate model, mainly 
developed by the National Center for Atmospheric Research (NCAR).  
 

3.    Planning an Inundation Prevention Project in Consideration of Climate   
       Change  
 
Thanks to the development of climate change projection methods in Japan, MAFF started to 
examine climate adaptation measures for agricultural infrastructure design in 2020. We 
selected the Shironego district in Niigata Prefecture as a model area to plan an inundation 
prevention project and applied climate change projection methods.  

(1) Selection of a Model Area  

The Shironego district (Fig. 2) in the Niigata Prefecture is located in a lowland plain. The main 
crop is rice, but they also produce soybeans, vegetables, and fruits, of which yields decrease 
significantly when the area is flooded.  

In this area, large-scale pump stations and drainage channels (Fig. 2) have been installed. 
Frequent inundation damage, however, is a recent concern in this area, which is caused by 
heavy precipitation under changing climate.  
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Fig.2: Irrigation and Drainage Facilities Map  
 

(Shironego District in Niigata Prefecture)  
  
(2)  Application of Datasets in the Model Area  
A large number of datasets for climate projections have been created because there are 
multiple scenarios for climate change. Downscaling the datasets in grids of 2 km, 5 km, 20 km, 
etc. is also conducted by some research institutes. We compared several datasets under 
different conditions to determine which datasets were appropriate to be used when planning an 
inundation prevention project in this area.  

Because the cycle of national land improvement projects in Japan is approximately 40 years, 
we assumed that the drainage facilities installed around the 2020s would work until the 2060s. 
Thus, we selected datasets of d2PDF (assumed around 2040 under RCP 8.5 with 5 km 
resolution) and WRF02 (continuous simulations from 2020 to 2059 under RCP 8.5 with 2 km 
resolution) (Figure 3).  

  

 

Fig.3: Calculation Period of d2PDF and 
WRF02 (IPCC, 2013, p21)  

Niigat
a Prefectu
re 

Shirone
go 
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 To assess the reliabilities and bias of the simulated precipitation datasets, we compared the 
historical simulations of d2PDF and WRF02 with the observed precipitation (1980 to 2010). We 
calculated 1-to-3-day cumulative precipitation in the 30-year return period from (1) the 
observed precipitation in the past, (2) the simulated precipitation in the past, and (3) the 
simulated precipitation in the future. Then, we calculated (5) 1-to-3-day cumulative 30-year 
precipitation based on future projections by multiplying (1) the observed precipitation in the 
past by (4) the rate of change between (2) and (3).  

  

 
Fig.4: Procedure to Calculate 1-to-3-day cumulative precipitation in the 30-year return period 

based on future projections 

  
Since the rate of change ((4) = (3) / (2)) was 1.12-1.19 in d2PDF and 1.03-1.30 in WRF02, we 
set the rate of change at 1.2, and (1) the observed precipitation in the past (1980 to 2010) in 
this area was multiplied by 1.2 to calculate (5).  

Table 1 shows the result of the calculation in comparison with 30-year precipitation from 1940 
to 1986, which was determined as the return period of precipitation in the previous inundation 
prevention project in this area.  
 

Table 1: 3-day Cumulative Precipitation in the 30-year Return Period in the Shironego District  
 

a. 3-day cumulative precipitation in the 30-year return period 
based on observed precipitation from 1980 to 2010  223.5mm  

b. 3-day cumulative precipitation in the 30-year return period 
based on future projections (a * 1.2)  268.2mm  

c. 3-day cumulative precipitation in the 30-year return period 
based on observed precipitation from 1940 to 1986  268.3mm  

 

As a result, it is conceivable that the size of the facility can be reduced if the conventional 
designing method (a method to calculate a return period based on observed precipitation) is 
applied because the precipitation in the Shironego district seems to be decreasing from the 
period of 1940-1986 to 19802010 (a/c = 0.83). However, it is suggested that if the design 
method is based on future projections, it is appropriate to make the size of the facility 
equivalent to that of the previous project. Therefore, it is concluded that MAFF can determine 
the optimal size of facilities for future inundation prevention projects by applying the cumulative 
precipitation in the 30-year return period based on future projections, and then estimate the 
project cost, taking account of cost-effectiveness, a return period of the previous project, etc. 
through consultation and coordination with facility managers and relevant entities.   
 
4.    Future Necessary Works  
 
We organized an approach to designing drainage facilities using projections of future 
precipitation in addition to observed precipitation in the past. MAFF plans to revise its design 
standards for  
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agricultural infrastructure after testing this method in other districts.  

In this study, we primarily used d2PDF because of the general cycle of national land 
improvement projects, but it is expected that other new datasets will be developed in the future. 
Government agencies using these datasets need to beware that information is continuously 
updated.  

This study is based on the outcomes of MAFF’s “Study Group on Climate Change Measures for 
Rural Development”. We thank the members of this study group for their guidance and 
cooperation.  

This study also utilized the dynamical downscaling data, which are produced from d4PDF using 
the Earth Simulator, by the Social Implementation Program on Climate Change Adaptation 
Technology (SI-CAT) sponsored by the Ministry of Education, Culture, Sports, Science and 
Technology (MEXT).  
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A REVIEW: CLIMATE CHANGE AND AGRICULTURE WATER 
MANAGEMENT ADAPTATION STRATEGIES IN EAST JAVA, 

INDONESIA 
 

Lina Indawati1,2, Ray-Shyan Wu2*, Riyan Benny Sukmara1,3 

 

 

 

 

ABSTRACT 
 

Climate change is a global issue. This has had an impact on many sectors. The 
agricultural sector is one of the sectors affected by climate change. Indonesia is an 
agricultural country. Indonesia has two annual seasons, namely the dry season and the 
rainy season. The existence of climate change causes changes in the precipitation cycle. 
The cycle of precipitation causes the duration of the annual season in Indonesia to be 
erratic. These conditions can disrupt the availability of water for agriculture, the availability 
of water exceeds the rainy season, causing flooding and reduced water availability in the 
dry season. The annual season is very influential on food security in Indonesia, especially 
rice agricultural production. There is a need for a water management strategy for 
agricultural sector in the face of climate change. To identify the right strategy in agricultural 
water management, it is necessary to analyze long term data related to precipitation in 
Indonesia and a critical review related to irrigation system in the agricultural sector. Based 
on long-term data from precipitation analysis and critical review shows that climate change 
has less influence on the increasing of temperature. However, it highly influence on 
shifting season which cause unpredictable planting season and time. Moreover, an 
adaptation strategy for agriculture water management in East Java, Indonesia is to 
provide facilities which store water sources to preserve water needs for planting season in 
dry season. 

Keywords:  Adaptation, Climate Changes, Temperature, Rainfall, 
 

1. Introduction 
 
Global temperatures are estimated to rise by approximately1.4-5.8 ℃ between 1990 and 
2100 (IPCC, 2001) The global temperatures tend to approach 1 ℃ untill 2050. Then, they 
vary adequately, ranging from 2° C to 4° C by 2100 (Nelson et al., 2010). The increasing of 
global temperatures significantly raised heat waves (22%) and cold waves (20%), declined 
rainfall (19%), raised drought conditions (17%), declined Kalbaishakhi/tornadoes (14%), 
and floods (8%) (Abdullah-Al-Faisal et al., 2021). Rising temperature may increase evapo-
transpiration, reduce surface and underground water and may lead to drought and water 
scarcity in the long run, which may cause grave reduction in crop yields due to lack of water 
for crops (IPCC, 2018) (Asare-Nuamah & Botchway, 2019). The increasing of global 
temperature caused by excessive greenhouse gases concentration from human activities 
leads climate change (Guo et al., 2021). Climate change due to global warming becomes a 
global issue. Climate change caused extreme weather, unpredictable and fluctuating 
rainfall. Climate change can lead to food security in Indonesia due to the effects of climate 
change such as causing water shortages, reducing soil moisture, reducing soil fertility, 
increasing sea level which causes flooding of rice and shrimp ponds, increasing 
evaporation and rainfall (Saptutyningsih et al., 2020). Climate change greatly affects on the 
water availability of the agricultural sector in the dry season and causes flooding problems 
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in the rainy season. Rainfall intensity in Indonesia is around 50-500mm/year (BMKG, 2022). 
Rainfall intensity in most of Indonesia area increase 5% until 25% with increasing 
temperature around 1. ℃ until over 1.3 ℃ in 2020-2049. Moreover, Indonesia's agriculture 
consists entirely of 34.58 million hectares of land available for wet land for rice production 
around 7.38 million ha which is highly dependent on water availability and the rest 
agriculture land available for other food crops which is low to medium dependent on water 
availability (Agricultural Research and Development Agency, 2015) The reduced availability 
of water in the dry season and flooding in the rainy season cause crop failures so that it can 
disrupt food security in Indonesia.. Indonesia's rice production decreased by around 25% 
due to climate change in 2014 (Fadhliani, 2016). 

Therefore, the aim of this study is to mitigate the impacts of climate change on agriculture 
water resources of Indonesia which focus on two approaches of adaptation and strategy 
invention, simultaneously. This study reviews recent advances in understanding and 
reducing the impact of climate change on agricultural water resources by finding the best 
adaptation, strategies and policies invention presented in the form of a literature study. The 
obtained result may also be adapted outside Indonesia, especially in the island countries 
with similar season and rain intensity characteristics which the agricultural sector is 
important concern. 

 

2.   Methodology 
 

2.1.  Study area  
 
This study was carried out in several regions in East Java Province, Indonesia, as shown in 
Figure 1 (Red colored area). There are 5 regions were chosen, such as Surabaya City, 
Lamongan Regency, Bojonegoro Regency, Ngawi Regency, and Banyuwangi Regency. We 
selected these regions because East Java is the largest agricultural region in Indonesia 
(IndonesiaBaik, 2022). According to data from Badan Pusat Statistik (BPS-Statistics 
Indonesia), the total crop (gabah kering) production of East Java Province in 2022 will be 
approximately 9.52 million tons, or approximately 17.4 percent of the national total (BPS, 
2022). 

 

Figure 1. Study Locations 
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According to the Indonesia Statistics Agency, East Java is occupied the first rank to be the 
largest Rice production in Indonesia followed by Central Java in the second and West Java in 
the third (BPS, 2023). Total rice produced by East Java approximately 5,593,330 tons in 2023 
with the highest production region is Lamongan Regency with approximately 513,766.76 tons 
(see Figure 2). 
 

 
Source: (BPS Jawa Timur, 2022) 

Figure 2. Rice Production of East Java Province 
 

2.1.1.  Surabaya City 
 
Surabaya, the capital of East Java province and the second-largest city in Indonesia, is located 
at latitude -7O14’57.01’’ S and longitude 112O45’2.9’’ E, covering an approximate area of 
32,636 square kilometers. Located in the east coast of Java Island and near the Madura strait, 
most of Surabaya’s terrain comprises low-laying areas, constituting about 80.72 percents of the 
total area. The remaining area is characterized by the low-hilly regions, ranging from 25 to 50 
meters above sea level which scattered in the western and southern parts of Surabaya. 

Surabaya is categorized as the topical monsoon climate with two distinct seasons, rainy 
season (November to April) and dry season (May to October). During rainy season, Surabaya 
experiences heavy rainfall and increased humidity, the monsoon wind bring moisture from the 
northwest and lead to frequent rain showers and thunderstorms and often can be a trigger of 
flood events. In other hand, during dry season, Surabaya has lower humidity and decreasing 
rainfall intensity. However, due to the location of Surabaya near the coastal area, the climate is 
influenced by the coast and still can lead to the occurrence of occasional rain showers during 
the dry season. 

The average temperature for the city was 28.7OC, and it receives between 36% and 89% 
sunshine. The peak rainfall occurs during February, with an average monthly rainfall of 
approximately 155 mm and the mean of relative humidity of 75.2% (Wibawa et al., 2023). 
 

2.1.2. Lamongan Regency 
 
Lamongan Regency is located on Northern coastal area of Java Island. Astronomically, 
Lamongan is located at latitude 6O51’64’’ to 7O23’06’’ S and longitude 112O33’45’’ to 
112O34’45’’ E, with a total area of 1759.85 square kilometers, or approximately 3.78% of the 
total area of East Java Province. Lamongan Regency geographical boundaries include the 
Java Sea to the north, Gresik Regency to the east, Jombang and Mojokerto Regencies to the 
south, and Bojonegoro Regency to the west. Due to its location which in coastal location, 
Lamongan Regency has 47 mile of coastline (Rudianto et al., 2022). 

Topography of Lamongan Regency is dominated by three main altitude ranges. Approximately 
50.17 percent of the region consist of lowland areas with altitude 0 to 25 msl (mean sea level). 
Areas with altitude ranging from 25 to 100 msl make up 45.68 percent of the region, while 
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remaining portion is occupied by areas above 100 msl. According to the data from Statistic 
Agency of Lamongan regency, Lamongan is divided by three types characteristic zones (see 
Figure 3), namely Zone 1 is a lowland area with moderate fertile soil which located in the 
center-south of the region. Zone 2 is a karst area with moderate soil fertility. Zone 3 is the flood 
prone area which located in the center-north of the region and close to the Bengawan Solo 
River (BPS Lamongan, 2021). The land cover composition in Lamongan regency is dominated 
by forest/garden with total coverage is 32.63 percents of the total region area and the Paddy 
field covers about 16.882 percents (Hariyanto et al., 2019). 

 

Adopted from (BPS Lamongan, 2021) 

Figure 3. Zone Type of Lamongan 

 

The climatic condition of Lamongan Regency is nearly identical to those in Surabaya City, 
however the average temperature in Lamongan is slightly lower than Surabaya. It’s because 
the development in Lamongan is not as massive as in Surabaya. The average monthly 
temperature is ranged between 22.44OC to 28.97OC. The minimum and maximum monthly 
temperature ranges between 22.40OC and 25.10OC and 31.19OC and 33.60OC, respectively. In 
terms of precipitation, the lowest monthly rainfall in Lamongan Regency is 2.00 mm in 
September and the maximum monthly rainfall is 589.90 mm in January (BPS Lamongan, 
2021). 
 

2.1.3. Bojonegoro Regency 
 
The Bojonegoro Regency is known as the Food and Energy Barn (Agustono, 2021). 
Astronomically, Bojonegoro is located at 6O59’ to 7O37’ S and 112O25’ to 112O09’ E with total 
area approximately 2307.06 square kilometers. Administratively, Bojonegoro location is 
adjacent to Tuban regency in the North, Lamongan Regency in the east, Madiun, Nganjuk and 
Jombang regencies in the south, Ngawi and Blora regencies in the west (BPS Bojonegoro, 
2023). 

Bojonegoro is the neighboring region of the Lamongan Regency. Topographically, Bojonegoro 
is dominated by high slope land (Saragih et al., 2018) with altitude ranges around 6.25 msl to 
900 msl. The slope distribution is divided by 4 classes, such as 0-8%, 8-15%, 15-25%m and > 
25% (see Figure 4). The slope 0-8% extends from the southwest to the southeast part of 
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Bojonegoro, whereas the slopes 15-25% and > 25% are located in the southern part of the 
region (Halil, 2018). 

 

Modified from (Halil, 2018) 

Figure 4. Slope map of Bojonegoro Regency  

According to the study of the Halil (2018), Bojonegoro has average annual precipitation 
between 1500 to 2000mm per year in the majority of the region’s areas and more than 2000 
mm in the high altitude areas (Halil, 2018). The surface temperature in Bojonegoro is varied 
into several categories, there are Category 1 (20 to 30OC) which locate in some districts in the 
border of Bojonegoro regency. Category 2 (20-35OC) spreads out to almost all districts, and 
Category 3 (> 35OC) is specifically in the Oil and Gas Mining Industrial areas in the Gayam 
District (Rendra & Putri Tamara, 2020). 

 
2.1.4. Ngawi Regency 

 
Ngawi Regency is the one of several regions in Java Island whose has not ocean border or 
called land locked regions. Astronomically, this regency is located at latitude 7O21’ to 7O31’ S 
and longitude 110O10’ to 111O40 E which has total area approximately 1295.98 square 
kilometers and divided by 19 district (BPS Kabupaten Ngawi, 2023). 

Topographical condition of Ngawi Regency is considerably flat, wavy, hilly to high mountains 
with an altitude range between 40 to 3031 msl. Comparing to the three previous regions, Ngawi 
has lower temperature which likely due to its higher altitude. The average monthly temperature 
is ranged between 24.5OC to 26.7OC and the montly minimum and maximum temperature are 
about 16.2OC and 31.2OC, respectively (BPS Kabupaten Ngawi, 2023). 

Land use in Ngawi Regency was split to the six categories, there are Residential, tourism, and 
industrial areas (built-up area) make up about 19.26% of the land in Ngawi Regency. Dry 
cropland makes up about 36.19% of the area, forest makes up about 0.26% of the area, wet 
cropland makes up about 43.75% of the area, and inland water bodies make up about 0.54% 
of the area. 

Climatological data shows that Ngawi Regency experiences slightly higher precipitation 
compared to its two neighboring regencies, Lamongan and Bojonegoro. The average monthly 
precipitation in Ngawi is approximately 319.835 mm, with the maximum reaching about 665 
mm per month, and the lowest recorded at approximately 47.4 mm per month (BPS Kabupaten 
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Ngawi, 2023). However, the results of the study, based on spatio-temporal data analysis 
revealed that Ngawi has encountered drought hazards in various regions and years. For 
instance, August 2015 was classified as an extreme drought period, while November 2015 
experienced moderate to high drought conditions. Additionally, December 2021 faced a 
moderate drought situation, with some mountainous areas experiencing extreme drought 
conditions (Inayah et al., 2023). 
 

2.1.5. Banyuwangi Regency 
 
Banyuwangi is located in eastern tip of Java Island and is the largest region in East Java 
Province. It is bordered by the Bali Strait to the east, Situbondo Regency to the north, 
Bondowoso and Jember regencies to the west and Indian Ocean to the south (see Figure 1). 
Banyuwangi Regency has divided by 24 districts covering a total area of approximately 
5782.50 square kilometers. It has lengthy coastline that stretched 175.8 km from the south to 
east of the region. Geographically, Bayuwangi is located at 7O43’ to 8O45’ S and 113O53’ to 
114O38’ E (BPS Banyuwangi, 2023). Banyuwangi has a varied topography due to its altitude, 
which ranges from 0 to more than 1000 msl. The portion of the territory in the east is 
characterized by the region’s flat terrain, while the portion of the region in the west is 
characterized by the area’s step mountainous area (Nuryadi & Agustiarini, 2018). The border 
area with the Bondowoso Regency in the west is the part of Raung Mt. and Merapi Mt.  with the 
highest altitude approximately 3344 msl and 2799 msl, respectively. 

The climate condition of Banyuwangi is categorized as the tropical climate type with two distinct 
seasons: the wet season (October to April) and the dry season (April to October). The average 
temperature in year 2022 is 27.1OC, with the maximum and minimum temperature recorded at 
34.OC, and 21OC, respectively. For the highland areas, the temperature can be less than 
19OC. Total amount of annual precipitation was approximately 1841.3 mm. The dry season in 
Banyuwangi is caused by modest increase in cloud cover and the low pressure in the 
northwest of Australia, which result in an increase in wind speed, sea waves and decrease the 
cloud growth, then the sunlight is not blocked by cloud. This is makes Banyuwangi to be dry, 
but the air is quite cold due to the heat absorbed by the earth from the morning to the evening, 
which is then released back into the atmosphere with high intensity at the night (Azmi et al., 
2021). According to the Koppen climate classification, the vast majority of Banyuwangi has 
categorized as wet and dry climate. The wet and dry climate means that rainfall can occur 
during dry season with the mild and normal rainfall intensity. 
 

2.2 Literature Review 
 

 Literature studies were focused on scientific journals, which also sourced from websites that 
discuss agriculture water management,  countries, rainwater intensity in Indonesia, and the 
typical water consumption in Indonesia. Meanwhile, secondary data related to long-term rainfall 
is obtained from BMKG. Other data such as irrigation facilities were obtained from the 
Indonesian statistical data center  
 

3. Results and Discussion 
 

3.1 climate change-related agriculture water management adaptation in   
 Indonesia 
 

3.1.1. Overview Spatio-temporal trends of watershed rainfall-runoff 
 
Trend Rainfall intensity during the rainy season tends to decrease based on rainfall data from 
2000 to 2022 (Figure 5). The highest rainfall intensity occurs in February and March each year. 
Since 2016 the intensity of rainfall has increased but not significantly. Climate change affects 
the shift of dry and rainy seasons. 
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Figure 5. Long-Term Trend Monthly Rainfall (mm) 2000-2022, (Source:BMKG, 2023) 

 
3.1.2. Overview Spatio-temporal trends of temperature 
 
The following temperature trends were obtained using BMKG observation data from 1981-
2020(Figure 6). Based on the processing results of temperature trends in Indonesia, in general, 
the temperature in Indonesia, both the minimum, average and maximum temperatures, has a 
positive trend with a magnitude that varies around 0.03 °C each year. This can be interpreted 
that the temperature will increase by 0.03 °C every year so that in 30 years the location will 
increase by 0.9 °C. Climate change does not have too large an effect on temperature rises in 
Indonesia. However, climate change causes a shift in the seasons. However, this slight 
increase in temperature causes a decrease in rainfall intensity. The extreme climate events 
was a shifting of season, particularly for the planting season, and the time where the water 
sources were depleted. In terms of the sequence of extreme climate events, that long period of 
dry season occurred every 8 to 10 years (Widyanti and Dittmann, 2014).  
 
 

 
 

Figure 6 Trends of Temperature (BMKG, 2022) 
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3.3      Overview of land use and Irrigation facilities 
 

3.3.1    Land use of Surabaya City 
 

As a metropolis area and the significant city development, the majority of Surabaya’s land 
cover consist of built-up areas with 49%, agriculture is 39% and water body/inland water 
approximately about 15% (Widyastuty et al., 2023). However, only 1704.83 hectares of 
cropland are still in production and spreads across the western and eastern part of Surabaya 
(BPS Surabaya, 2023). 
 

 

Source: Widyastuty et al (2023) 

Figure 7. Land Use of Surabaya  

3.3.2 Land use of Lamongan Regenc 
 
According to the data from Statistic Agency of East Java Province, Lamongan’s Agriculture 
production (paddy) in 2022 is ranked in first position over all region in East Java province with 
total production approximately 531.766,76 tons. It is increasing compared to the year of 2021 
(likely due to COVID-19). However, according to the Indonesia Disaster Risk Index published 
by Badan Nasional Penanggulangan Bencana (BNPB-Disaster Agency of Disaster 
Countermeasure), Lamongan was categorized as high risk among all districts in term of the 
severity of the drought (BNPB, 2022). 
  

 

Figure 8. Zone Type of Lamongan  

3.3.3    Land use of Bojonegoro Regency 
 



25th International Congress on Irrigation and Drainage 
01-08 November 2023, Visakhapatnam, India 

International Workshop on  
WG-CLIMATE ─ P.03 

 

 

 
25 

Related to the Agriculture in Bojonegoro Regency, the diagram of agricultural production of 
paddy commodity in East Java shows that Bojonegoro Regency occupied the third position in 
the total amount of paddy production (see Figure 2). If we dig deeper in the historical data, the 
paddy productivity of Bojonegoro Regency has a significant increment until more than 1 million 
tons per year between year 2014 and 2015 (Andika, 2021) but the production has declining 
trend until 2022 by only 412907.22 tons per year as shown in Figure 2. The declining trend of 
the paddy production likely because the development of Oil and Gas Industry which converted 
several cropland areas become the oil mining areas (Danugroho, 2022). 
 
3.3.4   Land use of Ngawi Regency 
 
Regarding to the agriculture condition, the center area of Ngawi dominated by a plain area with 
fertile soil agriculture land. The northern part is dominated by the limestone rock land with low 
soil fertility. The south part is a hilly and mountainous area with the slope more than 45% 
(Purnama et al., 2021). According to the data from Statistic of East Java, Ngawi is ranked in the 
second highest crop production with total annual production in year 2022 approximately 
453296.74 tons (BPS Jawa Timur, 2022). However, the study conducted by Muttaqin and 
Ridho (2022) stated that one of district in Ngawi regency has experienced the crop failure 
(gagal panen) and suffered losses up to 7254 tons in one year crop production (Muttaqin & 
Ridho, 2022). Another potential disruption of agriculture production can be a soil degradation 
which could be triggered by anthropogenic activities or natural factors, such as natural hazard 
or climate change. Mujiyo et al (2019) revealed that the potential for soil degradation in Ngawi 
Regency is somewhere between low and moderate, particularly in Pitu District. This is because 
to several parameters, such as soil texture, bulk density, total porosity and soil permeability. 
Inability of the soil to drain water quickly can lead to an increase in runoff, which in turn can 
lead to severe soil erosion (Mujiyo et al., 2018). The changing pattern of rainfall which could be 
triggered by climate change will increase the risk of soil degradation. 
  
3.3.5   Land use of Banyuwangi Regency 
 
Regarding to the Agriculture condition, Banyuwangi has ranked in the sixth place in case of rice 
production in the East Java province. Annual production recorded in 2022 approximately 
267105.77 tons. According to the recorded data from East Java Statistic Agency, there has 
been significant decrease in rice production between 2018 to 2023. The production decreased 
from 306073 tons in 2018 to 270467.76 tons in 2020. However, in 2021, the rice production 
experienced the bounced-back, increasing their productivity to 299536.04 tons, but it declined 
again to 267105.77 in 2023. 
 

3.3.6   Irrigation Facilities 
 
One of the adaptations of climate change in East Java in facing shifts in the rainy and dry 
seasons is to build rainwater reservoirs such as reservoirs, ponds or dams. In Indonesia, the 
collection of rainwater for agricultural irrigation is known as Dam, Reservoir or Dam. One of the 
largest rice producing cities has the largest number of dams and ponds (Figure 9). 
 

 

Figure 9. Irrigation Facilities 

3.4    Overview of Agriculture management adaptation strategies  
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Several adaptation steps have been taken by policy makers and the community to deal with 
climate change disasters. One example of adaptation carried out by the community is as 
follows. Planting cultivars resistant to drought (cassava, maize, soybean, and groundnut) or 
doing tumpangsari between those cultivars. Several adaptation measures have been 
implemented by local farmers, mainly through crop diversification, crop intensifification, and 
socioeconomic adaptation (Widyanti and Dittmann, 2014). 

Meanwhile, several strategies carried out by the government apart from building irrigation 
facilities are building weather monitoring. BMKG has 22 station climatology, more than 120 
meteorological stations, and 31geophysical stations that provide climate data supply and about 
5000 cooperation posts (rain post, postal evaporation, climate post, and meteorological station 
of special agriculture/SMPK). Online observation consists of  Automatic Weather Station 
(AWS), Automatic RainGauge (ARG), and Agriculture Automatic Weather Station(AAWS).  

Currently installed and monitored a total of 697 online tools are available divided by about 120 
AAWS and the rest is divided almost the same, namely ARG or AWS. AAWS has additional 
observations of soil conditions in addition to atmospheric weather observations. Besides that, 
BMKG tools has 34 radar stations that continuously monitor extreme weather events in 
locations close to main airport 

BMKG also has monitoring of using satellite imagery and also observations at sea based on 
Buoy data in the Pacific Ocean and in the Indian Ocean. Data from the Buoy network is used to 
monitor the current conditions of regional and global status climate phenomenon conditions.  
     
Conclusions 
 
The effect of climate change on agriculture in East Java is a shift in the rainy and dry seasons. 
Seasonal shifts affect the planting season because farmers in East Java still depend on the 
season. One of the adaptations made by the community is the tumpeng sari planting method. 
In addition, the government is also building irrigation and weather monitoring facilities. 
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ABSTRACT 

Indian agriculture is facing challenges due to several factors such as increased competition for 
land, water and labour from non-agricultural sectors and increasing climatic variability. Adaptive 
actions may be taken to overcome adverse effects of climate change on agriculture. Innovative 
agricultural practices and technologies can play important role in climate mitigation and 
adaptation. Further, creating the necessary innovative agricultural technologies and its 
adoption in agricultural systems will require innovations in policy, institutions and governance 
according to changing climate. There is a need to investigate and invest in alternate 
sustainable agricultural methods and approaches tailored to local and agro-climatic conditions 
which can generate economic benefits for local communities, use natural resources more 
effectively, and focus on improving health and nutrition simultaneously. Such approaches can 
emphasize minimizing inputs, and put the focus back on farmers while responding to the 
changing climate, reversing the deterioration of ecological systems, and increasing farmers’ 
resilience and incomes.  Saguna Rice Technique (SRT), now referred as Saguna Regenerative 
Technique, is a unique new method of cultivation of rice and related rotation crops without 
ploughing, puddling and transplanting rice on permanent raised beds. SRT is zero tillage, 
conservation agriculture type of cultivation, an innovative method introduced about 9 years 
back under leadership of Saguna Rural Foundation, Neral in the state of Maharashtra, India. It 
is a simple and adoptable technique based on conservation agriculture principal. It is an 
effective tool for sustainable agriculture, low cost cultivation and improve yield with high net 
returns.  Numerous farmers in different district situated in Maharashtra State, India, has 
adopted SRT in their own farm and achieved good result. It saves 30  to 40 per cent cost of 
production, 50 per cent labour, 20 per cent loss of valuable silt and 30  to 40 per cent increase 
in productivity. This technique promotes zero or minimum mechanical soil disturbance, 
maintenance of a permanent soil cover and diversification of plant species. It enhances 
biodiversity and natural biological processes above and below the ground surface, which 
contribute to increased water and nutrient use efficiency, enhance productivity and sustained 
crop production. It indirectly and strongly supports soil and water conservation.  SRT is helpful 
to the farmer i.e. end-user, to take initiative for improvement in productivity. It also reduces the 
irrigation water requirement apart from soil and water conservation.   

 Key Words: Innovative agricultural technique, Soil-Water Conservation, Saguna Rice 
Technique, zero tillage Technique, Climate change. 

1.0  INTRODUCTION 

Indian agriculture is facing challenges due to several factors such as increased competition for 
land, water and Labour from non-agricultural sectors and increasing climatic variability. 
Adaptive actions may be taken to overcome adverse effects of climate change on agriculture. 
Innovative agricultural practices and technologies can play important role in climate mitigation 
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and adaptation. Further, creating the necessary innovative agricultural technologies and its 
adoption in agricultural systems will require innovations in policy, institutions and governance 
according to changing climate. There is a need to investigate and invest in alternate 
sustainable agricultural methods and approaches tailored to local and agro-climatic conditions 
which can generate economic benefits for local communities, use natural resources more 
effectively, and focus on improving health and nutrition simultaneously. Such approaches can 
emphasize minimizing inputs, and put the focus back on farmers while responding to the 
changing climate, reversing the deterioration of ecological systems, and increasing farmers’ 
resilience and incomes.  Saguna Rice Technique (SRT), now referred as Saguna Regenerative 
Technique, is a unique new method of cultivation of rice and related rotation crops without 
ploughing, puddling and transplanting rice on permanent raised beds. SRT is zero tillage, 
conservation agriculture type of cultivation, an innovative method introduced about 10 years 
back under leadership of Saguna Rural Foundation, Neral in the state of Maharashtra, India. It 
is a simple and adoptable technique based on conservation agriculture principal. It is an 
effective tool for sustainable agriculture, low cost cultivation and improve yield with high net 
returns.  Numerous farmers in different district situated in Maharashtra State, India, has 
adopted SRT in their own farm and achieved good result. It saves 30  to 40 per cent cost of 
production, 50 per cent labour, 20 per cent loss of valuable silt and 30  to 40 per cent increase 
in productivity. This technique promotes zero or minimum mechanical soil disturbance, 
maintenance of a permanent soil cover and diversification of plant species. It enhances 
biodiversity and natural biological processes above and below the ground surface, which 
contribute to increased water and nutrient use efficiency, enhance productivity and sustained 
crop production. It indirectly and strongly supports soil and water conservation.  SRT is helpful 
to the farmer i.e. end-user, to take initiative for improvement in productivity. It also reduces the 
irrigation water requirement apart from soil and water conservation. 

 

2.0     OBJECTIVE 
 
The main objective of this paper is to study innovative agricultural soil and water management 
technique under climate change. However, following are the specific objectives: 
 

a) To study innovative Soil and Water conservation techniques.  
b) To study Saguna Regenerative Technique (SRT) used for Soil and Water 

conservation. 
c) To study impact of SRT on enhancement of water productivity in Maharashtra 

State, India. 

 
3.0      METODOLOGY 
 
The present study is relying on both primary and secondary data. Secondary data are collected 
from various reports, plan documents and information from the research articles, journals and 
magazines, internet, etc. The primary data are collected from the Saguna Bagh, Neral. Saguna 
Bagh is an eco-friendly agro tourism rural farm. It is pioneer in adoption of Saguna Rice 
Technique in the State of Maharashtra, India and doing research on it from last 22 years. The 
results of three different experiments to judge the improvement in physical soil properties like  
to drainage, soil loss, and water conservation, conducted by Saguna Bagh are also 
enumerated.  
  

4.0     NECESSITY OF INNOVATIVE AGRICULTURAL TECHNOLOGIES 
 
There is a need investigate and invest in alternate sustainable agricultural methods and 
approaches adoptable to local and agro-climatic conditions which can generate economic 
benefits for local communities, use natural resources more effectively, and focus on improving 
health and nutrition simultaneously. Such approaches can emphasize minimizing inputs, and 
put the focus back on farmers while responding to the changing climate, reversing the 
deterioration of ecological systems, and increasing farmers’ resilience and incomes. 
Addressing the challenges of climate change in agriculture necessitates a holistic approach 
that involves innovative technologies, supportive policies, strengthened institutions, and 
effective governance. The agriculture sector can adapt to a changing climate while promoting 
economic prosperity and safeguarding natural resources for future generations.   
 

Climate Uncertainty: Climate change has led to increased variability in weather patterns, 
making it challenging for farmers to predict the timing of seasons, rainfall, and temperature 
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changes. Adaptive actions help farmers become more resilient and better prepared to cope 
with these uncertainties. 

Crop Resilience: Adapting agricultural practices can enhance the resilience of crops to 
changing climatic conditions. By selecting innovative farming practices and cultivating climate-
resilient crop varieties, farmers can improve the chances of successful harvests. 

Water Management: Climate change can alter precipitation patterns, leading to more frequent 
and severe droughts or floods. Implementing adaptive measures, such as water-efficient 
irrigation systems, rainwater harvesting, and water storage, can help ensure a stable and 
sustainable water supply for agricultural needs. 

Soil Conservation: Extreme weather events and temperature changes can degrade soil health 
and reduce its fertility. Adaptive actions that focus on soil conservation practices, like reduced 
tillage, mulching, and cover cropping, can help protect soil structure and nutrient content. 

Pests and Diseases: Changes in temperature and humidity can impact the distribution and 
prevalence of pests and diseases. Adaptive actions, such as integrated pest management and 
disease-resistant crop varieties, can mitigate the risks posed by these agricultural threats. 

Agricultural Diversification: Climate change can affect the suitability of certain crops and 
cropping patterns. Diversifying crops and adopting multiple cropping systems can spread risks 
and provide alternative income sources for farmers. 

Innovations in Policy: To foster the development and adoption of innovative agricultural 
technologies, supportive policies are required. Governments and policymakers need to 
incentivize research and development in agriculture, provide funding for innovative projects, 
and create a conducive regulatory environment. Policy frameworks can encourage private 
sector participation, collaboration, and technology transfer to ensure that the benefits of 
innovation reach farmers effectively. 

Innovations in Institutions: Effective institutions are crucial for the successful integration of 
innovative agricultural technologies into existing systems. Research institutions, extension 
services, and agricultural advisory bodies play a vital role in disseminating knowledge about 
new technologies and facilitating their adoption. Strengthening these institutions through 
capacity building and better outreach can ensure that farmers have access to the latest 
information and resources. 

Innovations in Governance: Climate change is a complex and multidimensional issue that 
requires a coordinated approach across different levels of governance. Integrated governance 
mechanisms that involve multiple stakeholders, such as government agencies, research 
organizations, NGOs, and farmers' associations, can help create a cohesive strategy for 
promoting and scaling up innovative agricultural technologies. Transparent and accountable 
governance practices are essential to build trust and ensure the efficient implementation of 
climate-smart solutions. 

Sustainable Agriculture for Economic Benefits: Sustainable agricultural methods not only 
help mitigate the impact of climate change but also offer economic benefits to local 
communities. Practices that focus on resource conservation, such as regenerative farming, 
zero tillage , conservation agriculture , mulching and crop rotation, can lead to cost savings and 
increased productivity over the long term. By reducing input costs and enhancing yields, 
farmers can improve their livelihoods and economic stability. 

Efficient Use of Natural Resources: As climate change puts pressure on natural resources, it 
becomes crucial to use them efficiently. Micro irrigation, conserving soil moisture, and 
conserving Soil organic carbon (SOC) enable farmers to optimize resource use, reducing water 
and fertilizer wastage. This efficient use of resources contributes to environmental sustainability 
and resilience in the face of changing climate patterns. 

Simultaneous Focus on Health and Nutrition: Climate change can impact food security and 
nutrition. Innovative agricultural practices that prioritize diverse and nutritious crop cultivation, 
promote agro-biodiversity, and encourage sustainable livestock management can contribute to 
improved diets and overall health. Emphasizing nutrition-sensitive agriculture ensures that 
communities are better equipped to withstand climate-related challenges to food availability 
and quality. 

Knowledge and Technology Transfer: Adaptive actions often involve the dissemination of 
knowledge about climate-smart practices and the adoption of appropriate technologies. 
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Effective extension services and training programs can facilitate the uptake of these practices 
among farmers. 

Food Security: Agriculture is the primary source of food for billions of people worldwide. By 
adapting to climate change, farmers can maintain or even enhance food production, 
contributing to global food security. 

Economic Stability: Agriculture is a significant contributor to the economies of many 
countries, particularly in rural areas. Adaptation measures can safeguard agricultural 
productivity, incomes, and livelihoods, supporting overall economic stability. 

Environmental Sustainability: Climate change impacts are not limited to agriculture alone. By 
implementing adaptive actions, farmers can contribute to broader environmental sustainability 
by reducing greenhouse gas emissions, conserving natural resources, and protecting 
ecosystems. 
 

5.0    SAGUNA REGENERATIVE TECHNIQUE  
 
Saguna Regenerative Technique (SRT), previously it was named as Saguna Rice Technique, 
is an innovative method of soil and water conservation. SRT is zero tillage; conservation 
agriculture type of cultivation, basically invented for rice in Kharif (rainy season) followed by 
pulses, vegetables and oil seed in successive season. SRT is introduced 10 years back, after 
12 years (1999 to 2011) research, under leadership of Saguna Rural Foundation (SRF), Neral 
in the state of Maharashtra, India. It is a simple and adoptable technique based on 
conservation agriculture principal. It is fruitfully implemented in Saguan Bagh by Mr. 
Chandrashekhar Bhadsavale, Founder of SRF and then successfully adopted in 10 different 
districts of Maharashtra State by more than 3000 farmers under his leadership (Bhadsavale, 
2015). Now it is spread over in 27 districts of Maharashtra States and adopted by more than 
8000 farmers (Bhadsavale, 2023). The innovator Mr. Chandreshekhar Bhadsavale is honored 
with various national and state levle awards along with International WatSave Farmer's Award 
issued by International Commission on Irrigation & Drainage in the year 2016. It is an effective 
technique for sustainable agriculture, low cost cultivation and improved yield. SRT is a unique 
new method of cultivation of rice and related crops in rotation without ploughing, puddling and 
transplanting (rice) on permanent raised beds.  Numerous farmers in different district situated 
in Maharashtra state, India, had applied SRT for se in their own farm and achieved good result. 
The permanent raised beds used in this method facilitates ample of oxygen supply to root zone 
area while maintaining optimum moisture condition there. Mr. Chandrashekhar Bhadsawle has 
made suitable changes in traditional crop cultivation to ease the laborious work of farmers and 
reduce the cost of cultivation. In the case of paddy cultivation, this technique prevents loss of 

soil fertility during puddling. In the case of rice and other crops, this technique prevents the 
loss of the fertile soil layer during heavy rains.  
 
5.1     STEPS OF SAGUNA REGENERATIVE TECHNIQUE    

 
Following are the saguna regenerative technique   
 
Step 1 Preparation raised beds and plantation  

At the start of this method good ploughing and tilling has to be done with available residual 
moisture or by providing irrigation. Desirable or available quantity of any organic manure may 
be spread over the field.  Make it workable using a rotavator or power tiller. Then prepare the 
raised beds, finish it with top width of bed 1 meter and centre to centre distance 1.36 meter is 
desirable for growing all types of seasonal crops as shown in figure 1.  Raised beds has to 
prepare only once for permanent use in subsequent season. The same beds will be used again 
and again to grow various crops in rotation. 

Step 2 Punching holes 

A special SRT frame of size 100 cms x 75 cms is used to punch holes in to the soil for dibbling 
the seeds. It can punch 20 holes at 25 x 25 cm in one stroke, when strikes manually over the 
raised bed. 3–4 days before rain begins, make holes on beds by SRT iron forma (Figure 2). 

Step 3 Dropping seeds 

Put 3 to 4 treated crop seeds in each hole, press it with mixture of manure or good soil (10 Kg. 
manure and 400 g. of NPK 15:15: 15). About 20 to 25 kg seeds and 175 kg fertilizer per 
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hectare land   are usually sufficient to get good crop yield (Figure 3). Crop sowing can be done 
directly into the soil before the onset of good rains. 

Step 4 Weed control 

On next day after a good rain, a selective weedicide like Goal (Oxyfluorfen 23.5% EC) is 
sprayed at the rate of 1 ml per liter water (Figure 4).  

Step 5 Maintain plant populations and apply fertilizer  

At about 4 leaf stage carryout the gap filling by using extra seedlings from nearby hills. 25 to 30 
days after sowing, manual weeding has to be done, without walking on beds and apply Dia 
Ammonium Phosphate (DAP) briskets or one tea spoonful of  15:15:15 NPK  in between 4 hills 
/ plants (Figure 5). Within few days the plots will start looking very nice. In case of rice crop to 
control attack of crabs, press Gliricidia leaves in the crab holes & plug with mud, Keep the 
bunds clean, and maintain the water levels in the rice plots.  

 

 
 
Step 6 SRT Crop Harvesting Method  
 
After the maturity of crop (Figure 6) harvest the crop at proper time. While harvesting cut the 
plants leaving 2 to 3 inches stem on the beds and their roots beneath the soil. It is very 
important to leave the roots of previous crop in to soil and spray the plot with weed killer like 
Glayphoset (15 lit water + 100 ml Glayphoset + about 200 g of sea salt or 150 g of Urea) 2 to 3 
days after harvesting. On the same beds the next seasonal crop seed can be planted 
immediately after the harvest of previous crop. Same raised beds are to be used again and 
again without any ploughing or cultural operations. 
 
Step 7 Post harvesting and planting in next season  
 
Spraying of Glayphoset has to be done after 2 to 3 days harvesting of paddy. In case of rice 

crop this technique avoids mud formation and then transplanting of rice. With this technique, 
seeds can be sown without depending on the erratic behaviour of rainfall. This means that only 
optimum rainfall is sufficient for best sowing performance. Similarly, frequent dry spells during 
the cropping season do not cause moisture stress, soil cracking or immediate crop kill.  
 
Soil fertility and crop rotation 
 
Cereals are to be followed by pulses and oil seeds leaving the roots of previous crops in the 
same spot for slow decay without any agricultural operations (Zero till). This is the most 
important principal of SRT. It significantly improves the organic carbon and thereby fertility of 
the soil. Stubbles of 15 cm height should be left in the beds for slow rotting while harvesting the 
crop. The residual juice in paddy stubble has lot of nutrient is forced to decay at the same place 
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where a selective weedicide is applied. Thus direct usable forms of nutrients are made 
available and enhance the growth of the following crops on the same ground.  

 
6.0   KEY FEATURES OF SAGUNA REGENERATIVE TECHNIQUE  
 
Following are the key features of saguna regenerative technique 
 

• sustainable agriculture 
  

It is an effective tool for sustainable agriculture, low cost, reduces had work, simple cultivation 
prevents soil erosion, prevents silt loss, and improve yield with high net returns. 
 

• Low cost cultivation 
  
This technique promotes zero or minimum mechanical soil disturbance, It is a zero till _ saves 
Machines and its thousand liters of fuel which on otherwise used in cultural operations. In case 
of conventional paddy cultivation lots of labors are required while transplanting rice seedlings in 
mud, removal of weeds etc.; procurement of labor at right is more costly and very hard. Seed 
rate and fertilizer  dose  per ha is significantly less in SRT as there is no wastage, the 
observations shows that it saves 30 to 40 per cent cost of production 
 

• Improve yield with high net returns 
 
Numerous farmers in different district situated in Maharashtra State, India, has adopted SRT in 
their own farm and achieved good result.  Over a period of two years, residual roots of six 
crops taken over the same field are left in the soil, the soil samples are tested before and after 
adoption of SRT indicates that, the 0.30 % initial organic carbon level in the soil incredibly rises 
to 2.5 % (Bhadsavale 2015). Different crops are sown and harvested with SRT over the field 
plots of Saguna Bag. SRT was first implemented in year the 2013 and then followed 
continuously. From 2016 onward significantly high number of farmers adopted SRT, by the end 
of year 2022 more than 8000 farmers adopted this technique. Out of which nearly about 7000 
farmers achieved very good yield. The comparison of yield of Rice and Pulses achieved by 
SRT farmers with other Indian farmer’s data is shown in Table 1; and Figure 7 and 8. 
 

• Enhances biodiversity 
 
The zero tillage, minimum soil disturbance and accumulated decayed roots of previous crop 
and weed  maintains lot of biomass in the soil, in which vast growth of earthworms, useful 
bacteria, fungus  and millions of other organisms  profusely expands  and sustains. These are 
essential for the vigorous growth of crops and plants. Thus SRT enhances biodiversity and 
natural biological processes above and below the ground surface, maintenance of a permanent 
soil cover and diversification of plant species. 

 
Table1:  Comparison of Yield of Rice and Pulses (Tur) achieved by SRT Farmers with other Indian farmers 

 

Sr. No.  
Year 
  

No of SRT 
Farmers 

 

Rice Average yield Quintals 
per ha 

Pulses TUR Average yield 
Quintals per ha 

SRT 

Farmers 

Other   

Farmers* 

SRT 

Farmers 

Other   

Farmers* 

1 2013 30 45 24 10 8 

2 2014 30 45 23 10 8 

3 2015 30 45 23 10 7 

4 2016 800 45 23 12 6 

5 2017 2000 45 24 12 9 

6 2018 3000 50 25 12 10 

7 2019 3500 50 26 12 7 

8 2020 4500 50 26 12 9 

9 2021 5000 50 26 12.5 9 

10 2022 7000 50 27 12.5 9 

 
Source: *Economic survey 2022-23, Government of India. Data retrieved from 

https://www.indiabudget.gov.in/economicsurvey/doc/stat/tab117.pdf 

 

https://www.indiabudget.gov.in/economicsurvey/doc/stat/tab117.pdf
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Figure 7: Comparison of Yield of Rice achieved by SRT Farmers with other Indian  farmers 

 

 
 

 
 
Figure 8: Comparison of Yield of Pulses (Tur) achieved by SRT Farmers with other Indian farmers 

 

 
Increase in productivity of pulses by SRT was observed in the range of 30 to 50 per cent more.  
 

• Enhanced productivity and sustainable crop production 
  
The enhanced biodiversity contribute to increased water and nutrient use efficiency. The inbuilt 
biomass reduces the requirement of costly fertilizer application. It also improves the quantity as 
well as quality of the food grains with low input cost. With every additional crops grown, more 
and more nutriment in the form of biomass is added in to the soil, which recoups the nutrient up 
taken by the current crops/plants and the soil fertility goes on improving and attends a 
sustainability level. 
 

• Prevents soil erosion and silt loss 
 
On behalf of Saguna Rural Foundation, in the rainy season of year 2022, samples of runoff 
water from 100 different rice fields were collected and analysed. It is found that the runoff water 
form SRT field contains negligible amount of silt while samples form non SRT fields, in which 
power tiller and tractor were used for puddling, contains about 14.13% and 15.21 % Silt 
respectively (figure 9). It means in non SRT field 15 mm fertile soil layer is getting washed with 
every 100 mm water depth of runoff, which is very serious problem. This is the major reason for 
the non SRT fields becoming unproductive. Bigger the tillage machine used for cultivation, 
higher the loss of silt (figure 10). 
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Figure 9: Runoff sample for rice fields 

 

 
Figure 10: Analysis of runoff sample 

 
  

• Indirect and strong supports to soil and water conservation 
 
Vast quantum of microbial activity and high soil organic carbon makes the soil spongy and 
porous, holds the soil grains together, thereby significantly conserve soil, controls soil erosion. 
It also increase water infiltration rate and water holding capacity of the soil, thereby water 
conservation improves. As the availability of soil moisture is more in SRT field, it reduces the 
irrigation water requirement apart from soil and water conservation.  

  
7.0   IMPROVEMENT IN PHYSICAL PROPERTY OF SOIL BY SRT OVER NON    
 SRT FIELD 
 
Three different experiments to judge the improvement in physical soil properties like drainage, 
soil loss, and water conservation are conducted and the results are enumerated below.  
 
 
a) Experiment to check improvement in drainage property od soil conducted on 3 

May 2015 at Saguna Bag by Mr. Chandreshekhar Bhadsavale, the Innovator. 
 

Two pieces of PVC pipe of 200 mm diameter and 300 mm length are   inserted in the soil up to 
100 mm depth, one in an adjoining non SRT farm (Figure 11) and one in SRT Farm (Figure 12) 
of same soli type.  Two litres of water was poured in each pipe. It was observed that Water in 
the pipe at non SRT farm takes 2 hours to disappear i.e. to get infiltrate in soil while the water 
in the pipe at SRT farm disappears in only 15 minute. 

 

 
 

Figure 11: Non SRT 

 
 

Figure 12: SRT 
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Inference 
 
In non SRT farms, due to low organic content and repeated cultural operation, soil becomes 
very hard thereby reduces the drainage property of the soil. 
High organic content developed due to Zero till and crop rotation with SRT, significantly 
improved the drainage property of soil. 

 
b)       Experiment for checking reduction in surface  runoff: conducted on 3 May 2015 

 
Undisturbed soil form SRT and Non SRT are kept in two different transparent containers having 
perforated bottom and both are placed in another slightly big container (Figure 13).  

 

 
 

Figure 13: Runoff  simulation in Non SRT and SRT field 
 

 

Very small and equal slope is maintained to each container. Equal amount of water through 
hanged Plastic glass with perforated bottom are sprinkle over the upper end of the samples to 
represent the rainfall. V cut at the downstream side of the containers is made to collect the 
surface runoff. It is observed that:   

i) Surface runoff does not occurred with SRT soil sample, all the water get percolates inside the 
sample and some part of clear water gets collected at the bottom of outside container.  

ii) With Non SRT sample considerable surface runoff of turbid colour occurs and water not seen 
at the bottom of outside container. 
 

Inference 
 
The non-turbid water in SRT sample indicated the presence of sufficient organic matter. It holds 
the soil grains together and prevents the valuable rich soil layer to wash along the rains. The 
improved physical properties support the sustainable good yield 

In Non SRT sample, significant turbid runoff water clearly indicates the washing of the soil 
grains. Low vertical movement of water indicates the degraded physical soil properties. 
 
c)     Experiment for checking deduction in soil loss   with surface runoff conducted on 3   
 May 2015  
 
Two Glass jars are filled with clean water. Small Undisturbed soil lumps from SRT and Non 
SRT are kept inside the mouth of the Glass jars along with a wire mesh holder in such a way 
that they get partially merged in water (Figure 14). 
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Figure  14 : soil grains dispersion in presence of water simulation in 
Non SRT and SRT field 

 

 

It is observed that: 

  
i) SRT soil lump absorbs the water but do not disintegrate. The water in the jar remains clear. 
   
ii) Non SRT soil lump starts disintegration at the moment it absorbs the water, the soil grains 
starts separation from the lump and water in the jar becomes turbid. In another experiment the 
runoff water during rains form SRT, Non SRT field are collected separately in two glass beaker 
and equal amount of portable water is kept in third glass beaker (Figure 15). It is observed with 
simple eyes that the runoff water from the SRT field is as clear as portable water and the runoff 
from Non SRT field is significantly turbid.  

 
 

 
 

Figure  15: soil grains dispersion in presence of water  in Non SRT and SRT field 
 

 
Inference  
 
The clear  water in the Jar in which non disturbed soil sample from SRT field  is partially 
merged clearly indicated that the soil grains are hold tightly  to gather due to presence of  
organic matter and crop  roots, indicates  the reduction in soil loss due to presence of sufficient 
organic matter. The improved physical properties support the sustainable good yield 

The turbid water in the Jar in which non disturbed soil sample form non SRT field is partially 
merged clearly indicated that the soil grains are not hold together due to absences of organic 
matter and crop roots.. 

Turbid runoff water in the glass beaker clearly indicated that valuable fertile soil layers form non 
SRT field get washed along with runoff. And clear water in the glass beaker indicated the 

https://sagunarice.files.wordpress.com/2014/09/srt-blog-3.jpg
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importance of use of SRT to prevent the washing of fertile soil layer again and again. The 
improved physical properties support the sustainable good yield. Significant turbid runoff water 
clearly indicates the washing of the soil grains. 
 
8.0       MULTIPLE ADVANTAGES OF SAGUNA REGENERATIVE TECHNIQUE  
 

▪ For not having to do puddling, transplanting and hand hoeing, saves 30% to 40% cost 
of production & not requiring transplanting saves 50% treacherous labour. 

▪ Loss of valuable silt (about 20%) during puddling can be prevented thus more fertile 
land can be handed over to next generation. 

▪ Leaves of rice plants on SRT beds seem to be broader and head more upwards to 
sunlight than their counterparts in conventional method. They are likely to produce 
more biomass, means higher yield. 

▪  SRT has ability to bring vigorous uniformity and higher yields in all soil types even in 
degraded soils and socio-economic groups. Almost all farmers adopting SRT will 
attain higher yield per unit area. 

▪ Hand hoeing is strictly avoided in SRT. Once again this reduces hard-work and 
loosening of top soil making it vulnerable for washing away. 

▪ Today’s recommend dose of fertilizer can be brought down considerably. 

▪ A good number of earthworms are noticed on SRT beds during high rainfall days 
attracting unusual birds to SRT plots. This magic is due to suppressing all green 
growth with glyphosate, which decays and becomes instant food for the worms. Also 
‘No-Till’ prevents destruction of Eelworms life. Thus SRT proves to be Eco-friendly 
farming. This is big positive gain. 

▪ SRT insists keeping of roots of previous crop in the raised bed. The root network 
prevents soil from cracking and makes it more spongy. The same roots become 
valuable source of organic carbon which is uniformly distributed and oxygen pathways 
to root zone of next crop. 

▪ Avoiding of puddling will drastically reduce diesel consumption, emission of CO2 over 
thousands of acres of paddy cultivation. Also SRT being aerobic method it will prevent 
methane generation. Both CO2 and methane are responsible for global warming. 

▪ The traumatic shock caused to the rice seedlings during transplanting is avoided in 
SRT. This reduces possibility of pest & disease problem. 

▪ Rice crop gets ready 8–10 days earlier. Also it saves time required for soil tilling 
between two crops. This leaves valuable 10–15 days of crop season for the farmer 
enabling him to take more than one crop in the same plot in a year. 

▪ SRT is feasible for organic farming method. 

▪ Due to excessive water in low-lying plots removing of harvested paddy from the plot 
for drying can be avoided with SRT raised beds. 

▪ During milling of paddy, SRT will yield higher percentage recovery of grains. 

▪ Non-use of heavy agricultural machinery for tilling in field will prevent compaction and 
formation of hard pan of lower strata of soil enabling better percolation of water into 
dipper soil and permanent establishment of earthworms. 

▪ It is possible to get high returns (more than ₹ 5,00,000 per hector per annum) with 
crop rotation such as Basamati Rice (PS-5) in Kharif (rainy), leafy vegetables in Rabbi 
(winter), Bold Groundnut (W-66) in Summer, while improving health of the soil. 

▪ This could be the best solution in natural calamities such as hail storm, floods, 
cyclones, untimely rain-storms, etc. because the crop cycle is shortest (no till) and it 
involves multiple choices of short-term rotation crops such as pulses, vegetables, 
onion, sun-flower, groundnuts, and so on. 

▪ Damaged soils can be recovered by SRT, which is caused by lashing, scrubbing & 
natural calamities, in quickest possible time. 
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9.0   CONCLUSION  
  
Adaptive actions are essential for the agricultural sector to effectively respond to the challenges 
posed by climate change. It emphasizes the role of innovative agricultural practices and 
technologies in climate mitigation and adaptation. These actions can enhance agricultural 
resilience, ensure food security, and contribute to sustainable development while minimizing 
the negative impacts of climate change on farming communities and the environment. 
Innovative agricultural practices and technologies offer a dual benefit in climate mitigation by 
reducing greenhouse gas emissions and enhancing carbon sequestration, while also 
supporting climate adaptation by making agriculture more resilient to the challenges posed by a 
changing climate. By investing in and adopting these innovations, the agricultural sector can 
play a significant role in combating climate change and ensuring food security and 
sustainability for the future. To achieve this, there is a need for policy, institutional, and 
governance innovations to respond to the changing climate. The focus should be on developing 
sustainable agricultural methods tailored to local conditions, benefiting local communities 
economically and environmentally. Saguna Regenerative Technique (SRT), previously named 
as Saguna Rice Technique, is an innovative method based on conservation agriculture, is 
basically invented for rice in Kharif (Rainy season) followed by pulses, vegetables and oil seed 
in successive season. SRT is a unique zero tillage and conservation agriculture method 
successfully adopted by numerous farmers in the State of Maharashtra India. This technique 
has resulted in cost savings, labor reduction, increased productivity, and improved water and 
soil conservation. The technique enhances biodiversity, natural processes, and supports 
sustainable crop production while reducing irrigation water requirements. Overall, SRT is a 
promising approach to improve agricultural productivity and resilience in the face of climate 
change.     
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IMPACTS OF CLIMATE CHANGE ON AGRICULTURAL WATER 
MANAGEMENT IN TANK CASCADE SYSTEMS IN SRI LANKA 

 

(Eng T J Meegastenna, Former Additional Director General of Irrigation, Sri Lanka) 

 
 

Abstract: 
 

Approximately 70% of Sri Lanka's dry zone areas rely on tank cascade systems to support 
irrigated agriculture. These systems enhance food security and increase self-sufficiency in rice 
production. Dry zones are more conducive to rice cultivation than wet zones. However, during 
prolonged droughts in the dry zone, the base flow of streams and dry waterspouts is 
diminished. These intricate, environmentally friendly irrigation systems are based on a series of 
tanks. They serve to accumulate, preserve, release, and guide water downstream for irrigation. 

Climate change significantly impacts agriculture and water management in Sri Lanka, a country 
heavily dependent on agriculture for economic growth and food security. The dry zone of Sri 
Lanka predominantly benefits from the 2nd inter-monsoon and the Northwest Monsoon. 
Climate change has resulted in altered precipitation patterns, including reduced rainfall in the 
dry zone and intensified rainfall in the wet zone. The tank cascade systems in the dry zone are 
highly vulnerable, facing numerous challenges during seasonal operations. This has led to 
reduced water availability for agricultural purposes in areas with agricultural potential in Sri 
Lanka. Higher temperatures and changing precipitation patterns have elevated water demand 
for crops and livestock, necessitating increased irrigation. This places additional strain on 
existing water resources and infrastructure. Climate change has also led to shifts in 
temperature and rainfall patterns, affecting crop growth and productivity. Some crops may 
struggle to adapt to these changes, resulting in reduced yields. 

The development of tank cascade-associated agriculture will help increase rural income, 
reduce inequality, and enhance nutritional outcomes through diversification. This approach will 
facilitate more rapid economic transformation, directing labor away from relatively unproductive 
primary agricultural production toward sectors of higher productivity, including agro-processing 
and other agri-business activities. This will contribute to productivity growth and 
competitiveness within agriculture itself, benefiting those engaged in agriculture. A climate-
smart approach to agriculture will connect productivity growth with enhanced resilience to 
shocks and a reduced climate footprint. 

This paper examines the impact of extreme weather events and climate change on agriculture 
in Sri Lanka's dry zone. It also discusses the adverse effects of the heightened frequency of 
floods and droughts. Through improved irrigation, agricultural inputs, and practices, the paper 
highlights the resilience of these areas and their influence on farming communities. These 
impacts have implications for the country's food security and economic growth, underscoring 
the necessity for effective adaptation strategies and water management policies. 

Keywords: Climate change, dry zone, cascade-associated agriculture, Village tank cascade, 
climate resilience 
 

Introduction to Tank Cascade Systems and Agricultural Importance in Sri 
Lanka 
 
Sri Lanka is an island in the Indian Ocean, situated east of the southern tip of the Indian 
subcontinent, with the Palk Strait separating it. Sri Lanka's coordinates lie between the northern 
latitude of 5°55' and 9°51', and the longitude of 79°41' to 81°53'. The total land area covers 
65,610 km², with inland water spanning 2,905 km², and a coastal line extending 1340 km². Its 
terrain is primarily low, featuring flat to rolling plains, with mountains in the south-central 
interior. Elevation distinguishes three zones: the Central Highlands, the plains, and the coastal 
belt. The coastal belt, situated about thirty meters above sea level, encompasses the island, 
with sandy beaches constituting much of the coast. 

Sri Lanka experiences a tropical and hot climate. The mean temperature varies between a low 
of 16°C in Nuwara Eliya in the Central Highlands and a high of 32°C in Trincomalee on the 
northeast coast. The average annual temperature for the country falls between 28°C and 30°C. 
Sri Lanka witnesses a tropical climate characterized by distinct dry and wet seasons, along 
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with two monsoons. The "wet zone," encompassing the central mountains and the southwest, 
receives an average of 2,500 millimeters (mm) of rainfall annually (rising to 5,500 mm in certain 
areas). On the other hand, the "dry zone," comprising much of the southeast, east, northwest, 
and northern regions, experiences notably lower annual rainfall (ranging from 1,200 to 1,900 
mm). In a typical year, the dry zone receives its rainfall, accounting for about 70% of its annual 
precipitation, during the Northeast monsoon. Rainfall mechanisms in Sri Lanka include 
convectional activity, monsoons, and weather systems originating in the Bay of Bengal. Annual 
rainfall in Sri Lanka ranges from 850 mm to 5500 mm, with an average of 1861 mm. The 
overall annual rainfall volume is 122 km². 

Ancient irrigation systems were designed to facilitate drainage and the capture of excess water 
from one system to be utilized in a downstream system. This interconnected system of 
reservoirs is known as a cascade (Sri Lanka Water Resources Development Report, 2010). 
Functioning as a hydraulic system, it collects and preserves water in a sequential arrangement 
of tanks, distributing water downstream for various purposes. Agriculture serves as the primary 
user, forming the backbone of Sri Lanka's rural economy. The tank cascade system, also 
referred to as the village tank system, represents an ancient Sri Lankan irrigation infrastructure 
that fulfills basic human needs, provides water for agriculture, sustains floral and faunal 
communities through water, soil, air, and vegetation, all with human intervention on a 
sustainable basis. In the north-central dry zone alone, there are 457 identified cascades 
(Panabokke, 1999). The size and configuration of a cascade are largely determined by 
topography influenced by geology. Various types of tanks exist within the cascade system, 
including main tanks, auxiliary tanks, filter tanks, temple tanks, and the terminal major tank. 
These tanks have distinct functions to optimize water utilization. Upper catchment tanks 
provide water and filter debris for wildlife. Some tanks serve as storage reservoirs, augmenting 
water sources for tanks with irrigable areas. Drainage from paddy fields in the upper part of the 
cascade flows into downstream tanks for reuse in the fields below. This exemplifies the wisdom 
behind managing drought, flash floods, land degradation, groundwater recharge, and 
ecosystem enrichment in a tropical environment prone to seasonal water scarcity. This 
exceptional Cascade Tank System received recognition as a "Globally Important Agricultural 
Heritage System" (GIAHS) from the Food and Agricultural Organization (FAO) in 2018. 

 

Figure 1: Schematic diagram of Village Tank Cascade System Services 
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Tank Cascade Systems (TCSs) in Sri Lanka's Dry Zone have evolved as sustainable 
ecosystems through human interventions, ensuring water availability and various services for 
people and their surroundings over millennia. The Village Tank Cascade System (VTCS) 
represents a complex socio-ecological system present in the Dry and Intermediate Zones of Sri 
Lanka. The VTCS exhibits unique features, not only hydrological, but also in terms of ensuring 
sustainability and socio-ecological resilience. However, TCSs face vulnerability to global 
environmental changes, leading to the ongoing deterioration of ecological health and hydro-
socio-ecological status. These factors are critical for the food and livelihood security of rural 
farming communities in the dry zone (Ratnayake, S.S., 2021). 
 

Climate Change and Its Impacts on Precipitation Patterns: 
 
A changing climate leads to changes in the frequency, intensity, spatial extent, duration, and 
timing of weather and climate extremes. This can result in unprecedented extremes increasing 
exposure of people and economic assets, which has been a major cause of long-term 
increases in economic losses from climate-related disasters (IPCC SREX 2012). 

Future climate expectations rely on the use of modeling approaches (global climate models), 
the results of which are synthesized in the assessment reports of the Intergovernmental Panel 
on Climate Change (IPCC). The Sri Lankan models generally concur in projecting a future 
increase in both temperatures and precipitations, with a higher level of agreement for 
temperatures. Precipitation is generally projected to increase in Sri Lanka, although modest 
drying trends have been observed in recent decades, with a decrease in the number of wet 
days, possibly due to the delayed offset of the southwest monsoon. 

Sri Lanka's climate is considered tropical monsoonal, characterized by significant rainfall 
variation seasonally and across the three principal climatic zones: the Wet Zone (WZ) in the 
southwestern region; the Dry Zone (DZ), covering the northern and eastern parts of the 
country; and the Intermediate Zone (IZ), bordering the central hills. The DZ and IZ, where the 
majority of Sri Lanka's agro-ecological regions (AERs) are concentrated, are particularly 
vulnerable to rainfall seasonality and variability (Punyawardena BVR, 2007). According to 
climate predictions, Sri Lanka's wet areas are becoming wetter, while the dry areas are 
becoming drier, directly affecting agriculture activities in the WZ and DZ (Marambe B et al, 
2004). Annual rainfall is expected to increase by a minimum of +57 mm, with up to +121 mm in 
the WZ, while droughts will be magnified, particularly in the IZ. Temperature increases will 
range between +1 and +1.2 °C, with a greater impact in the DZ and IZ. 

Sri Lankan agriculture has already felt the effects of extreme weather events and climate 
changes, including a slow but steady rise in ambient temperature (0.01–0.03 °C per year). 

 
Figure 2: Climatic zones in Sri Lanka     Figure 3: Projected change in Temperature 

and Precipitation projection in Sri Lanka 

(Source: CSIAP) 
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Vulnerability of Tank Cascade Systems to Climate Change: 
 
The demand for water has progressively escalated over time, serving various purposes such 
as agriculture, drinking, food security, and supporting the needs of the village population. 
Additionally, the multifaceted role of village tank cascade systems extends beyond these 
fundamental requirements. These systems also cater to the water needs of village cattle and 
other living organisms, supplying moisture and a variety of edible grasses essential for cattle 
and even wild elephants, a significance that becomes pronounced during dry seasons. 
However, the escalating impacts of climate change, including prolonged dry spells, have led to 
a significant reduction in water levels within Village Tank Cascade Systems (VTCS) during 
drought periods. This reduction holds the potential to severely affect the availability of water for 
daily needs and the livelihoods of rural communities, compounded by the deteriorating quality 
of water available in the VTCS, often characterized by eutrophication. 

Looking forward, the impending impacts of climate change continue to pose a formidable 
challenge to the agricultural sector as a whole, with particularly acute consequences for 
smallholder farmers dependent on village tank cascade systems. The observed rise in 
temperature in recent times, along with projected increases in future climate scenarios, casts a 
substantial influence on evapotranspiration rates and subsequently augments agricultural water 
demands. 
 

Adaptation Strategies for Climate-Resilient Agriculture 
 
Tank cascade systems in Sri Lanka's dry zone play a critical role in upholding agricultural 
productivity and sustaining rural livelihoods. As these systems confront increasing 
vulnerabilities due to shifting climate patterns, a combination of existing and potential 
adaptation strategies is imperative to ensure their resilience and continuous functionality. 
1. Improved Water Storage and Management: 

Existing: Enhancing water storage efficiency in tanks through desilting and rehabilitation 
programs. However, the costs associated with tank desilting are substantial, warranting 
detailed operational and flood studies to explore spill raising without affecting upstream fields or 
downstream water needs. This can expand water-holding capacity and extend water availability 
during dry periods. 

Potential: Implementing advanced water management techniques, such as utilizing seasonal 
forecasts, employing smart water meters, and adopting real-time monitoring systems, to 
optimize water distribution and minimize losses. 

2. Rainwater Harvesting and Conservation: 

Existing: Promoting traditional rainwater harvesting practices that capture and store rainwater 
for agricultural use during water-scarce periods. 

Potential: Introducing rainwater harvesting technologies like capturing rain onset during land 
preparation, establishing seedbeds prior to planting, and minimizing water discharge from 
tanks on rainy days. These steps can enhance water availability for irrigation. 

3. Diversification of Crop Varieties: 

Existing: Encouraging farmers to cultivate a diverse range of crops with varying water 
requirements and climate adaptability. This mitigates the risk of complete crop failure amid 
changing weather conditions. 

Potential: Researching and developing climate-resistant crop varieties that thrive in the 
evolving climatic conditions of the dry zone. 

4. Efficient Irrigation Techniques: 

Existing: Promoting efficient irrigation methods, such as drip irrigation and system 
modernization, to minimize water wastage and enhance water use efficiency. 

Potential: Integrating sensor-based irrigation systems that utilize real-time data to determine 
precise irrigation needs based on soil moisture levels. 

5. Water-Efficient Farming Practices: 
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Existing: Educating farmers within VTCS about water-efficient agricultural practices, including 
mulching, cover cropping, increased crop densities, and intercropping. These practices reduce 
evaporation and soil moisture loss. 

Potential: Adopting precision agriculture techniques that leverage satellite imagery and remote 
sensing to optimize water and nutrient application at a micro-level. 

6. Climate-Resilient Infrastructure Development: 

Existing: Ensuring the maintenance and proper functioning of existing tank infrastructure, 
including embankment repairs and sluice gate maintenance, to prevent water leakage and 
enhance water retention. 

Potential: Upgrading infrastructure with climate-resilient designs capable of withstanding 
extreme weather events. This entails stronger embankments, flood control structures, and 
implementing watershed management and catchment protection programs to reduce the 
impact of flash floods and tank siltation issues. 

7. Community-Based Water Management: 

Existing: Encouraging community involvement in seasonal planning and water management 
decisions, fostering cooperation and equitable water resource distribution among farmers. 

Potential: Establishing community-based water user associations at the village tank cascade 
level, enabling collaborative management of operations, water allocation, and maintenance 
activities. 

8. Climate Information and Advisory Services: 

Existing: Disseminating weather forecasts and climate information to farmers, enabling 
informed decisions about planting, irrigation, and other agricultural activities. 

Potential: Integrating climate adaptation advice and strategies into advisory services to 
empower farmers to proactively respond to changing conditions. 

9. Research and Capacity Building: 

Existing: Supporting research initiatives investigating the impacts of climate change on tank 
cascade systems and exploring effective adaptation measures. 

Potential: Investing in training programs and capacity-building workshops for farmers, 
extension workers, and policymakers to ensure the effective implementation of adaptation 
strategies. 

By integrating a combination of these existing and potential adaptation strategies, the long-term 
resilience of tank cascade systems in Sri Lanka's dry zone can be bolstered. These strategies 
not only mitigate the immediate impacts of climate change but also contribute to the 
sustainable development of agricultural prac琀椀ces be琀琀er suited to evolving clima琀椀c 
conditions. 
 

Economic and Social Implications of Climate-Resilient Agriculture: 
 
Climate-resilient agriculture, coupled with effective management of tank cascade systems, 
offers substantial economic benefits to rural communities and the broader economy. These 
benefits will be described as follows. 

• Enhanced Agricultural Productivity: Implementing climate-resilient practices, such as 
efficient irrigation and crop diversification, can lead to higher and more stable crop 
yields. This, in turn, increases farmers' incomes and contributes to overall food 
security. 

• Reduced Risk of Crop Losses: By adapting to changing climate conditions, farmers 
can mitigate the risks of crop failures due to extreme weather events, such as 
droughts or floods. This stability in production ensures a consistent income source for 
farmers. 

• Increased Employment Opportunities: Climate-resilient agriculture often requires 
additional labor for tasks like water management, monitoring, and implementing new 
practices. This can lead to increased rural employment and improved livelihoods. 
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• Value Addition and Agribusiness Growth: Adapting to climate change often involves 
adopting new technologies and practices, which can drive innovation and promote 
agribusiness development. Climate-resilient practices can also lead to improved 
product quality, resulting in higher market prices. 

Rural Income Growth and Nutritional Outcomes: 

• Increased Rural Income: Climate-resilient agriculture, when combined with effective 
water management through tank cascade systems, can lead to increased agricultural 
productivity. This translates to higher income for rural farming communities. The 
reliable water supply from tank cascade systems ensures consistent crop production, 
enabling farmers to generate a more stable income throughout the year. 

• Diversification and Income Stability: Climate-resilient practices encourage farmers to 
diversify their crops and income sources. This diversification not only reduces the risk 
of income fluctuations due to climate variability but also provides a safety net against 
market price fluctuations for specific crops. 

• Nutritional Improvements: Increased agricultural productivity and income can improve 
access to diverse and nutritious foods for rural households. Farmers can allocate 
more resources to growing a variety of crops, contributing to better dietary diversity 
and improved nutritional outcomes, particularly for vulnerable populations. 

Broader Economic Transformation and Growth: 

• Multiplier Effects: Improved agricultural productivity and increased rural income 
stimulate local economies. Increased spending by farmers can lead to the growth of 
local markets and the development of downstream sectors, such as transportation, 
retail, and services. 

• Agri-Business Development: As climate-resilient agriculture gains prominence, there 
is a potential for the growth of agri-businesses that provide climate-adapted 
technologies, seeds, equipment, and services. This contributes to economic 
diversification and employment opportunities beyond traditional farming. 

• Resilience to Shocks: By integrating climate-smart practices, farming communities 
become more resilient to climate-related shocks. This resilience enhances the stability 
of rural economies, reducing the impact of extreme events on livelihoods and 
preventing long-term economic setbacks. 

In conclusion, embracing climate-resilient agricultural practices and optimizing tank cascade 
systems in Sri Lanka's dry zone has significant economic and social implications. These 
implications range from increased agricultural productivity and rural income to improved 
nutritional outcomes and broader economic growth. By fostering resilient farming practices, 
communities can enhance their adaptive capacity to climate change, achieve sustainable 
economic development, and ensure food security for the present and future generations. 
 

Case Studies and Success Stories: 
 
Plan International initiated a village tank cascade development program, selecting two 
cascades in the driest part of the north-central province from 2001 to 2004. The villagers within 
these cascades were limited to a single season of tank-irrigated paddy cultivation during the 
wet season with the northeast monsoon. These tanks had accumulated significant silt over 
time, resulting in reduced storage capacities. Rather than focusing solely on desilting, Plan 
International emphasized enhancements in the water delivery system. This included the 
renovation of field canals, reinforcement of tank bunds, spills, and sluices where necessary, as 
well as limited reforestation efforts. Additionally, improvements were made in home gardening 
practices, and efforts were made to strengthen the management capacities of farmer 
organizations. While the Plan International's efforts did not achieve monumental success, they 
provided valuable insights into the managerial and operational intricacies of cascade-based 
tank development. 

In more recent years, between 2013 and 2015, the International Union for Conservation of 
Nature (IUCN) initiated a village tank cascade development program in the north-central 
province. One cascade with 22 minor tanks was selected for this tank cascade-based irrigation 
development program. The project encompassed various interventions, including desilting 
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selected tanks, enhancing both main and field canals, incorporating water management 
structures with measuring devices, improving the drainage canal system, renovating tank 
bunds, and implementing capacity development programs for members of farmer 
organizations. While the outcomes of the projects did not fully meet expectations and the 
overall project impacts fell short of the desired standards, this initiative served as a valuable 
learning experience for future stakeholders engaging in this mode of development. 
 

Conclusion and Future Outlook: 
 

The convergence of climate-resilient agriculture and efficient management of village tank 
cascade systems presents a promising path towards sustainable development in Sri Lanka's 
dry zone. The interplay of these strategies yields a host of economic, social, and environmental 
benefits, forging a pathway that addresses the challenges posed by changing climate patterns. 
 

Conclusion: 
 
Climate change continues to exert profound impacts on agricultural practices and water 
management systems in Sri Lanka's dry zone. The reliance on village tank cascade systems, 
intricately linked with agriculture, necessitates innovative approaches to adapt and mitigate 
these challenges. The exploration of case studies and success stories reveals that while not all 
endeavors have yielded desired outcomes, they provide invaluable insights for future 
endeavors. Adapting village tank cascade systems and embracing climate-resilient agricultural 
practices yield a multifaceted range of benefits that extend well beyond the fields. 

Improved water storage and management, rainwater harvesting, crop diversification, efficient 
irrigation techniques, and climate-resilient infrastructure collectively enhance agricultural 
productivity, income stability, and employment opportunities. These strategies bolster the 
capacity of farming communities to confront climate variability and extreme events, ultimately 
fostering resilience and safeguarding livelihoods. Furthermore, the positive ripple effects of 
enhanced rural income on local economies and agribusiness development demonstrate the 
potential to transform the broader economic landscape. 
 

Future Outlook: 
 
As Sri Lanka's dry zone navigates the evolving challenges of climate change, the outlook 
remains promising through the synergy of climate-resilient agriculture and village tank cascade 
systems: 

1. Technology Integration: Continued integration of technology, such as real-time 
monitoring systems, sensor-based irrigation, and precision agriculture techniques, will 
optimize resource utilization, improve yields, and enhance sustainability. 

2. Community Empowerment: Strengthening community involvement in seasonal 
planning, water management decisions and the adoption of climate-resilient practices 
will foster ownership, cooperation, and equitable distribution of resources. 

3. Research and Development: Investment in research initiatives to understand the 
complex interactions between climate change, village tank cascade systems, and 
agriculture will refine adaptation strategies and inform policy decisions. 

4. Capacity Building: Empowering farmers, extension workers, and policymakers with 
knowledge and skills in climate-resilient practices ensures effective implementation 
and long-term success. 

5. Sustainable Partnerships: Collaborative efforts among government agencies, non-
governmental organizations, research institutions, and local communities are pivotal 
to holistic climate adaptation and sustainable development. 

6. Scaling Up: Learning from past experiences, scaling up successful interventions, and 
tailoring strategies to specific local contexts will amplify the positive impacts on 
livelihoods and economies. 

In conclusion, the future trajectory of climate-resilient agriculture and tank cascade systems in 
Sri Lanka's dry zone is one of dynamic adaptation, innovation, and collaboration. By 
harnessing the economic and social benefits offered by these strategies, rural communities can 
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thrive in the face of climate challenges, ensuring food security, income growth, and sustainable 
development for generations to come. 
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NON-INTRUSIVE TECHNOLOGY FOR IRRIGATION AND 
DRAINAGE DISCHARGE MEASUREMENT 

 
Yen-Cheng Lin 1,Hao-Che Ho 2) 

 
 
 
 

ABSTRACT 
 

The effects of climate change have made the availability of water resources unpredictable. 
Discharge has therefore become a key factor in irrigation and drainage systems management. 
Accurate discharge measurement not only reduces water wastage but also improves the 
efficiency of water management. The most common method to estimate the discharge in a 
channel is to use ultrasonic wave instruments that are installed above the weir. However, this 
single-point measurement is vulnerable to environmental factors, leading to distorted readings. 
In recent years, using non-intrusive methods to measure hydrological data has become a 
mainstream development. For instance, Large-Scale Particle Image Velocimetry (LSPIV) can 
measure surface velocity and estimate discharge using imaging techniques. Nevertheless, 
there are two major obstacles. Firstly, it uses the direct cross-correlation algorithm to measure, 
which is susceptible to environmental noise. Secondly, the LSPIV method can only measure 
surface velocity. Therefore, this study uses the LSPIV framework as a basis and introduces a 
convolutional neural network (CNN) model to develop an innovative image surface velocity 
measurement method. Along with the velocity obtained from this method which is used to 
derive the two-dimensional bathymetry by using the Leap-frog scheme in a pre-defined grid by 
solving the continuity equation.  

The experiments in this study were conducted using a quadcopter drone in a river. The Ryskin 
and Leal (RL) orthogonal grid was used to improve the data resolution near the banks. And the 
ground truth data were measured by ADCP for analysis. The results show that the proposed 
method significantly improves the velocity measurement capability compared to the 
conventional LSPIV method. Furthermore, the average error of bathymetry was only 11%. 
Thus, there is every indication that the proposed method was effective in measuring surface 
velocity and bathymetry in the field. This innovative hydrological measurement method has 
non-intrusive, digital, and low-cost characteristics, which could increase the measurement 
coverage points and improve the management of irrigation and drainage systems. 

Keywords:  LSPIV, convolutional neural network, shallow water equations, bathymetry, non-intrusive 
method  
 

1. Introduction 
 
Discharge is a key parameter for open channel flow dynamics. Traditional methods involve 
measuring water levels, establishing rating curves, and estimating discharge based on real-
time water level measurements (Juracek, 1798). Acoustic Doppler Current Profilers (ADCP) 
divide the river cross-section into blocks, measure water depth and flow velocity, and calculate 
discharge using the velocity-area method (Herschy, 1993). However, during extreme events, 
the rating curve approach lacks high discharge measurements, leading to uncertainty and risks 
during flood events (Sivapragasam et al., 2005; Kuczera, 1996). 

Non-intrusive methods like Large-Scale Particle Image Velocimetry (LSPIV) have practical 
applications in hydrological measurement. LSPIV accurately calculates discharge at stream 
cross-sections (Bradley et al., 2002) and performs well in low velocity flows (Meselhe et al., 
2004). LSPIV is suitable when velocities fall below other instrument limits (Le Coz et al., 2010; 
Kantoush et al., 2011). However, the accuracy of LSPIV measurements can be influenced by 
environmental factors such as light reflections and shadows. 
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In recent years, AI and computer vision, particularly convolutional neural networks (CNNs), 
have emerged as powerful tools in image recognition tasks. CNNs process images directly as 
input, eliminating the need for pre-processing image features. They can automatically adjust 
the weights of convolutional filters to acquire kernels suitable for image recognition. By 
reducing the number and complexity of parameters, CNNs enhance tolerance to image 
distortion, rotation, and panning. CNNs have found applications in various fields, including 
transportation, agriculture, and medicine (Hao et al., 2018; Ma et al., 2021). In this study, we 
utilized a CNN as an alternative to the traditional LSPIV algorithm for the recognition of 
granular images representing a flow field, aiming to improve the accuracy of velocity 
measurement. 

Regarding bathymetry estimation, (Johnson et al. 2016) utilized LSPIV to estimate discharge 
by measuring instantaneous surface velocities and establishing the relationship between 
integrated length and water depth. This relationship can be derived from a large amount of 
experimental data. However, in-situ measurements often face challenges related to low 
resolution and inaccurate surface velocity. To overcome challenges of low resolution and 
inaccurate surface velocity, this study aims to solve the continuity equation and invert 
bathymetry using surface velocity measured by CNN as the boundary condition. The continuity 
equation represents first-order nonlinear hyperbolic partial differential equations that accurately 
depict physical phenomena (Gao et al., 2016; Ferrolino et al., 2020), requiring numerical 
approximation. 

The Leapfrog Method, initially introduced by Mesinger and Arakawa in 1976 for shallow water 
equations, has proven effective in simulating real flow conditions (Mesinger et al., 1976). (Zhou, 
2002) further improved the Leapfrog method by implementing a semi-implicit staggered time 
grid system, doubling its computational efficiency. However, the semi-implicit scheme reduces 
the convergence of the equation. To design a numerical method capable of effectively 
simulating real flow conditions, Stelling (Stelling et al., 2003) introduced the explicit staggered 
grid scheme for the Leapfrog Method in shallow water equations. This method is particularly 
suitable for rapidly changing flow transition zones, such as hydraulic jumps. 

To assess the feasibility of using surface velocity as a boundary condition to solve the 
continuity equations and obtain the bathymetry, this study conducted experiments using a 
quadcopter drone in a river. The Ryskin and Leal (RL) orthogonal grid (Ryskin & Leal, 1983) 
was employed to improve data accuracy, and the ground truth data were measured by ADCP 
for analysis. The surface velocities obtained from the images were used to discretize the 
derivatives of the continuity equation in space between adjacent points and approximate the 
water depth at each grid point. Finally, the accuracy and feasibility of the method were 
evaluated by comparing the measured bathymetry. 
 

2. Methods 
 

2.1 Image preprocessing 
 
To enable the computer to track the movement of the particles, a number of pre-processing 
steps are required on the image. The first step is to greyscale the three-channel RGB image. 
This is then orthorectified using the coordinates on the screen. This allows the points to 
calculate the true displacement of the particle features in the image. In addition, the drone is 
susceptible to wind effects that cause the continuous image itself to shift. This has a serious 
impact on the accuracy of the measurement. Therefore, this study uses Scale-invariant feature 
transform (SIFT), a machine vision algorithm widely used in object recognition, robot map 
perception and navigation, image stitching, 3D modelling, gesture recognition, image tracking 
and so on. It can be used to detect and characterize local features in images and extract their 
position, scale and rotation invariants by finding extreme points in the spatial scale. 
 

2.2 LSPIV algorithm 
 
The LSPIV method employs the Direct Cross-Correlation (DCC) algorithm as the image 
matching method, specifically for tracking the features of surface seeding. This method 
involves defining an Interrogation Area (IA) sub-image and delineating a Searching Area (SA). 
By doing so, the computer is capable of locating the most similar candidate sub-images (Figure 
1) within the image at time t+1, thereby determining the displacement. The DCC algorithm 
calculates the cross-correlation between two corresponding IAs in space by evaluating the 
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difference in brightness distribution. The cross-correlation is computed using the following 
equation: 
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where i , j are image coordinates;M ,N are width and height for sub-images;
ij
A ,

ij
B are 

pixel intensity at location ( i , j ) for sub-image A and B; 
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A ,

ij
B  are average pixel intensity. 

 
 

Figure 1. The definition of IA and SA 

 

The calculation of particle displacement involves obtaining the cross-correlation matrix between 
sub-image A at time t and each matching sub-image B at time t+1. The peak value within the 
matrix indicates the location of the matching sub-image B that exhibits the highest correlation 
with sub-image A at time t+1. The distance between sub-images A and B can be interpreted as 
the displacement distance of the particle movement. 
 
2.3 Convolutional Neural Network (CNN) algorithm 
 
Regarding the CNN framework, we investigated a configuration consisting of two convolutional 
layers, a maximum set layer, a fully-connected layer, and an output layer. The depth of the 
convolutional layer plays a crucial role in determining the diversity of the extracted features. 
Insufficient depth may result in an inadequate number of features being extracted, impeding the 
completion of the recognition task, whereas excessive depth increases training time. To strike a 
balance, we opted for a two-layer structure with varying depths, as depicted in Figure 2. 

In this study, we employed the Rectified Linear Unit (ReLU) as the activation function. The use 
of ReLU offers several advantages in deriving flow measurements. Firstly, it aligns with the 
signal transmission mechanism of biological neurons, which remain inactive until a certain 
intensity threshold is surpassed, subsequently emitting weak signals. Secondly, during error 
transmission, the gradient of the error needs to be computed with respect to bias and 
propagated backward. Notably, when employing ReLU as the output function, the error gradient 
does not vanish. Thirdly, the ReLU function causes the output of certain neurons to become 
zero, thereby promoting sparsity among active neurons in the network, mirroring biological 
mechanisms.  

Lastly, ReLU offers computational simplicity and imposes reasonable computational overhead. 
Consequently, we utilized ReLU as the activation function in the CNN architecture for all 
subsequent analyses. 
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Figure 2. CNN framework 

 
2.4 Combined with the differential equation 
 
This study applies the continuity equation of the shallow water equation to estimate the 
distribution of water depth using a two-dimensional velocity field. Shallow water currents, which 
are predominant in rivers, are characterized by considerably larger horizontal and velocity 
scales compared to vertical scales. The flow is assumed to be stable; therefore, the 
aforementioned equation can be simplified as equation 2 and applied to estimate the water 
depth for this study. 
    

+ + + =
   
( ) 0
u v H H

H u v
x y x y

 [2] 

2.5 Leapfrog method 
 
To numerically solve the partial differential equation, the Leapfrog Method, a finite difference 
method, was employed in this study. This method operates on four spatially interleaved grids 
and replaces the continuous differential operator in the original equation with a discretized 
differential operator based on spatial discretization, resulting in a discrete approximation. The 
accuracy of the numerical analysis relies on the grid density. In this research, the Arakawa C-
grid (Figure 3) was adopted for numerical computation, and the water depth at the grid points 
was determined using the two-dimensional velocity field measured by LSPIV. 
 

 
 

Figure 3. The demonstration of Arakawa C-grid for numerical calculation 
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Under the condition of steady flow, the two-dimensional continuity equation (Eq. 3) can be 
discretized into a first-order leapfrog format using finite difference method to solve for the water 
level. The equation can be expressed as follows: 
 

+ − + −

  − = − − 1, 1, , 1 , 1
( ) ( ) ( ) ( )

i j i j i j i j

x
Hu Hu Hv Hv

y
 [3] 

Equation 4 has second order accuracy in both the x and y directions and provides a numerical 
solution for the two-dimensional continuity equation. To solve for water depths at each grid 
point, specific boundary conditions were applied in this study. The upstream boundary water 
depth (

u
H ) was set equal to the initial water depth (

0
H ), while the sidewall water depth 

(
w
H ) was defined as / 0

w
H y  = . To ensure convergence and stability in the numerical 

analysis, the Courant-Friedrichs-Lewy (CFL) condition played a crucial role. This condition 
establishes an interdependent relationship between the range of parameter values derived 
from initial conditions and the chosen approximation method for all grid points. By constraining 
the maximum step size of the grid spacing, the CFL condition guarantees numerical stability. 
 

3. Experimental Setup 
 

To verify the feasibility of non-intrusive methods for velocity and bathymetry measurements. 
This study was carried out in the field in a river. Continuous imagery was acquired using a 
drone with real-time kinematic (RTK) capability, which provides realistic coordinates in the 
images for image orthorectification. In addition, a Ryskin and Leal (RL) orthogonal grid was 
used in this study, which, unlike a conventional rectangular grid, can significantly improve the 
resolution of river banks. Leaves and branches were chosen as tracers because they can be 
clearly seen in the images. And because it is a natural material, it does not pollute the 
environment. 

The study also used the ADCP to measure four river cross sections. Each section was 
measured more than five times. The results were used as a benchmark for comparison and 
analysis. 

 
 

Figure 4. Field experiment setup 

 
4. Results and Discussions 
 

4.1 Comparison of Velocity Measurement Results 
 
The comparison between the surface velocity calculation results obtained from the DCC 
method and the CNN method reveals the superior measurement capabilities of the CNN 
approach, which is capable of capturing a more comprehensive flow field. Unlike the traditional 
single-point measurement method, the CNN method can discern variations in flow velocity both 
inside and outside the river. On the other hand, the DCC method is susceptible to the influence 
of light and shadow, leading to errors in the measurements (Figure 5). The analysis results, 
using the root-mean-square error (RMSE) as the error metric, are presented in Table 1. These 
results indicate that the CNN method achieves an approximately 5-8% improvement in 
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accuracy compared to the DCC method. Furthermore, employing the SIFT algorithm for image 
stabilization contributes to error reduction. These findings demonstrate the potential of non-
intrusive measurement methods in rapidly acquiring extensive 2D velocity field data. 

 
(a) 

 

(b) 

 
 

Figure 5. Surface velocity measurement results (Grid: 40x60)  
(a) DCC method; (b) CNN method;  

 
Table 1. Surface velocity measurement results (Grid: 40x60) 

 

 
Non-stabilized Stabilized 

 DCC CNN DCC CNN 

Section1 26.07% 22.10% 19.98% 21.35% 

Section2 25.06% 17.59% 
20.78% 15.57% 

Section3 35.14% 25.70% 31.35% 22.67% 

Section4 30.32% 18.76% 
28.80% 20.24% 

Average 29.14% 21.03% 25.22% 19.95% 

 
4.2 Bathymetry measurements 
 
After obtaining the surface flow velocities using the CNN method, the bathymetry 
measurements from Section 1 of the ADCP were employed as the boundary condition for 
inverting the two-dimensional bathymetry using the leap-frog method. Different grid densities 
were utilized to validate the numerical analysis. 

Figure 6 illustrates the results of the 3D bathymetric inversion, which are satisfactory 
regardless of the grid size: 10x15, 20x30 and 40x60. In addition, the detailed error data of the 
bathymetry inversion of sections 2-4 with ADCP measurements are shown in Table 2. The 
result shows that this approach can capture substrate trends. Apparently, the image technique 
combined with solving the bathymetry continuity equation effectively reveals the variation of the 
bed surface elevation, with an average accuracy of about 90% in this study. 

 
(a
) 

(b) (c) 

 
 

Figure 6. Bathymetry measurement of different girds (a)10x15; (b)20x30; (c)40x60 
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Table 2. Bathymetry measurement results 

 

 Grids 

 10x15 20x30 40x60 

Section2 12.69% 13.77% 13.73% 

Section3 8.97% 9.39% 10.52% 

Section4 7.54% 10.15% 9.45% 

Average 9.73% 11.1% 11.23 

 
5. Conclusions 

 

The traditional methods for estimating discharge and measuring bathymetry have limitations 
and uncertainties, particularly during extreme events and in low-velocity flows. The use of 
LSPIV has gained popularity as a non-intrusive method for measuring hydrological data, but it 
is susceptible to environmental factors that can affect its accuracy. In this study, the CNN 
model was introduced to improve the accuracy of velocity measurements obtained through 
LSPIV. The CNN-based method demonstrated superior measurement capabilities compared to 
the traditional LSPIV method, as it could capture a more comprehensive flow field, both inside 
and outside the river. The CNN method showed approximately 10% improvement in accuracy, 
reducing errors caused by environmental factors such as light reflections and shadows. 
Furthermore, this study successfully applied the surface velocities obtained from the CNN 
method to derive two-dimensional bathymetry by solving the continuity equation. The results 
showed that the proposed method effectively estimated bathymetry with an average accuracy 
of approximately 90%. The three-dimensional bathymetry inversions based on different grid 
densities demonstrated satisfactory results, capturing the variation trend of the substrate. 

In conclusion, this innovative hydrological measurement method, combining LSPIV with a CNN 
model, offers a promising solution for accurate and efficient measurement of surface velocity 
and bathymetry in rivers. It overcomes the limitations of traditional methods, provides improved 
measurement capabilities, and has the potential to enhance water management in the face of 
unpredictable water resources due to climate change. The non-intrusive, digital, and low-cost 
characteristics of the method make it suitable for increasing the measurement coverage points 
and improving the management of irrigation and drainage systems. 
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ABSTRACT 
 
Improving the productivity of paddy rice cultivation per unit labor cost of farmers is essential for 
addressing future challenges such as the aging of the farming population and a decline in the 
number of successors. According to several statistical analyses, labor associated with daily 
water management, including the operation of inlet and outlet gates or valves for irrigation and 
drainage of paddy fields, constitutes a significant proportion of the total labor time required for 
paddy rice cultivation. 

Recent advancements in technology have facilitated the modernization of irrigation practices in 
the field of water management for paddy cultivation, resulting in a reduction of labor associated 
with daily water management. One such solution is the implementation of ICT smart automated 
sluice gates, which allow for remote control and automatic scheduling of irrigation and drainage 
in paddy fields. While the benefits of such automated gates in reducing labor costs are evident, 
they also offer the added advantage of enabling paddy water temperature management. With 
climate change leading to increased concerns over high-temperature damage to rice grains, 
particularly in Japan, the ability to manage paddy water temperature is a valuable tool for 
farmers seeking to mitigate the effects of excessively high water temperatures during hot 
summers. 

Field experiments were conducted in a paddy plot in Japan, where an ICT automated sluice 
gate (Paditch Gate, Enowa Co., Ltd.) was installed at the inlet. This study presents the 
experimental findings, including the spatio-temporal variation of paddy water temperature and 
the effect of scheduled water management using ICT automated gates on reducing water 
temperature aiming to mitigate high-temperature damage to rice grains under global warming 
conditions. 

 

1. Introduction 
 
Climate change and global warming pose significant threats to sustainable agriculture 
worldwide, impacting the spatio-temporal variation of available water resources and causing 
yield losses in staple food crops such as wheat and rice. In humid subtropical Asian regions, 
extreme high temperatures during the summer season not only reduce yields but also degrade 
the quality of rice grains, primarily through the restriction of grain growth due to reduced 
enzyme activity related to starch synthesis. High-temperature damage results in inadequately 
filled grains, causing cracking and the formation of milky-white kernels (chalky grains), which 
are expected to worsen with future global warming. Studies have shown that the occurrence of 
chalky grains increases when the average temperature in the 20 days after heading exceeds 
26°C, and that high temperatures in the first 10 days after heading lead to an increase in 
cracked grains (Chiba et al., 2017). Additionally, high night-time temperatures during the grain-
ripening period have been found to be more detrimental to rice grain weight than high daytime 
temperatures (Morita et al., 2005). Several effective measures have been proposed and 
recommended by governments (Tsurita et al., 2013) to prevent this type of damage, including 
variety development, soil management, modification of planting methods, and water and 
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fertilizer management. Among these, paddy water management (Chiba et al., 2017; Nishida et 
al., 2018) is one of the simplest methods for farmers to implement (Kimura et al., 2022). 

On the other hand, future projections for Japanese rice farmers, estimated by several institutes 
using various statistical data, indicate that the Japanese rice farming industry faces complex 
and serious challenges such as an aging farming population and a decreasing number of 
successors. As such, enhancing the productivity of paddy rice per unit labor cost of farmers is 
crucial for addressing these challenges. According to several statistical analyses, labor 
associated with daily water management, including the operation of inlet and outlet gates for 
irrigation and drainage of paddy fields, constitutes a significant proportion of the total labor time 
required for paddy rice cultivation. 

 In recent years, technical innovation in the field of water management for paddy cultivation has 
shown steady progress, enabling a reduction in labor associated with daily water management. 
One such solution is the implementation of ICT smart automated sluice gates, which allow for 
remote control and automatic scheduling of irrigation and drainage in paddy fields. While the 
benefits of such automated gates in reducing labor costs are evident, they also offer the added 
advantage of enabling control over ponding water temperature in paddy fields. Given that high-
temperature damage to rice grains is a major concern in Japan, the ability to control water 
temperature in paddy fields is a valuable tool for farmers seeking to mitigate the effects of 
excessively high water temperatures during hot summers. 

In this study, field experiments were conducted in a paddy plot located in Japan, where an ICT 
automate gates was installed at the inlet. The experimental findings, including the spatio-
temporal variation of ponding water temperature and the effect of scheduled water 
management using ICT automated gates on reducing water temperature, will be presented. 
This paper also describes numerical models that represent the mechanisms of water 
temperature variation in paddy ponding water by combining a heat balance model among air-
rice plants-water-soil with 2-dimensional flow analysis models. 
 

2.    Methods 
 

2.1   Field experiments 
 

An observation paddy plot was selected in Toyama Prefecture, Japan. An ICT smart 
automated sluice gate (Paditch Gate, Enowa Co., Ltd.) was installed at the inlet of the plot 
(Figure 1) to allow the paddy farmer to remotely control the gate and manage irrigation at 
arbitrary times. The plot has access to a relatively cool and large amount of irrigation water 
from its mountainous basin. 

 The Paditch Gate also has a scheduled operation function that can be set through a website. 
We examined various gate opening schedules, such as simultaneous opening for 2.5 days, 6-
hour openings every 30 hours (e.g., 0 am to 6 am on the first day, 6 am to 12 pm on the 
second day, 12 pm to 6 pm on the third day, etc.), and 3-hour openings every 30 hours (e.g., 0 
am to 3 am on the first day, 6 am to 9 am on the second day, 12 pm to 3 pm on the third day, 
etc.). 

 

Figure 1. Paditch Gate (ICT smart automated sluice gate) installed at the observation plot. 
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To understand the spatio-temporal variation of ponded water temperature in the experimental 
plot, ten temperature loggers (HOBO MX2201, Onset) were deployed. The locations where 
they were placed are shown in Figure 2. An auto-capturing camera (TLC 200, Brinno) was 
installed at the paddy inlet, aimed at the ICT automated gate, to capture the situation around 
the gate every 30 minutes as well as the temperature and depth loggers (HOBO U20, Onset) 
that were installed at inlet and outlet as illustrated in Figure 2. Temperature loggers (TR-52i, 
T&D) were also installed, as shown in Figure 3, 10 cm and 20 cm below the soil surface at 
locations No.1, 4, and 7 as well as inlet and outlet to measure the spatio-temporal variation of 
soil temperature beneath the ponded water. 

 Meteorological data, including air temperature, relative humidity, atmospheric pressure, wind 
speed, and solar radiation, were collected during the observation period using a weather 
station (ATMOS 41, Meter) installed at the plot, as shown in Figure 4. 

 

Figure 2. Observation points for temperature and depth of ponded water in the plot. 

 

Figure 3. Temperature loggers installed in the experimental paddy plot for temperature measurement of 
ponded water and soil. 

 

Figure 4. Weather station and environmental sensors installed at the plot. 
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2.2 Numerical models 
 
In this section, we describe the numerical algorithms developed by the authors (Xie et al., 
2021; Xie et al., 2022) to simulate temperature distributions of paddy ponding water and 
evaluate the efficiency of decreasing ponding water temperature using automated sluice gates. 
Figure 5 shows a schematic diagram of the numerical models (layer model), which consist of 
three parts: rice leaves, water body, and underground soil. 

The basic equation for the heat balance of leaf surface is given as; 

c nc c c

c c c

T R H lE

t c l LAI
 − −

=


       (1) 

where, Tc is plants community temperature, Rnc is net radiation to the vegetation layer, Hc and 
lEc are sensible heat flux and latent heat flux to the vegetation layer, respectively. cc is specific 
heat of leaves, ρc is leaf density, lc is leaf thickness and LAI is leaf area index. 

The net radiation Rnc can be expressed by following equation; 

( ) ( ) 1 1nc v c da uw uc dcR f S L L L L= − − + + − −
    (2) 

where, S is solar radiation, αc is albedo of vegetation, Ldc and Lda are downward long wave 
radiation of plants and atmosphere, respectively. Luc and Luw are upward long wave radiation of 
plants and water, respectively. fv is radiation transmittance of vegetation which is expressed by 

 
 

Figure 5. Schematic diagram of the numerical models for thermal energy exchange, considering the flow 
velocity of ponding water in a paddy plot. 

 

the following equation; 

  
( )expvf k LAI= − 

       (3) 

where, k corresponds to the extinction coefficient. 

The basic equation for the heat balance of water body is given as; 

2 2

2 2

w w w w w nw w w
w

w w

T T T T T R H lE G
u v D

t x y x y c h
      − − −

+ + = + +          (4) 

where, Tw is ponded water temperature, u and v are the components of x and y axis of flow 
velocity of ponded water, respectively, which are determined by solving the shallow water 
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equations considering the resistance of rice bunches represented by drag coefficients (Kimura 
et al., 2015). Dw is diffusion coefficient of water temperature, Rnw is net radiation to the water 
surface, Hw and lEw are sensible heat flux and latent heat flux to the water body layer, 
respectively. ρw and cc are density and specific heat of water, respectively, and h is ponded 
water depth. 

The net radiation to water surface Rnw can be determined by following equation; 

( )( )  ( )1 1 1nw v w c da v dc uwR f S L f L L = − − + + − −
    (5) 

where, αw is albedo of water. 

To calculate the heat flux to the ground G, the vertical soil temperature distribution is estimated 
by following equation. 

2

2

g g

g

T T
D

t z

 
=

          (6) 

where, Tg is soil temperature, Dg is thermal conductivity of paddy soil and z is depth from the 
soil surface. In this study the upper boundary condition was set as water temperature and the 
lower boundary condition was set as the annual average air temperature of the observation 
field. 

From the soil temperature distribution, the soil heat flux G was calculated by following equation. 

0

D g

g g

T
G c dz

t



=


       (7) 

where, cg and ρg are specific heat and density of soil, respectively, and D corresponds to the 
damping depth. 
 

3. Results and discussion 
 
The time series of observed water depth inside a box pool upstream of the ICT automated 
gate, as well as the ponded water depth near inlet and outlet of the paddy plot, are shown in 
Figure 6. The decrease in water depth in the box pool corresponds to the duration when the 
ICT automated gate was open. The results confirmed the effectiveness of the ICT automated 
gate in terms of remote and scheduled paddy water management. It should be noted that the 
effectiveness of deploying ICT automated gates strongly depends on the availability of 
irrigation water at the installation point, such as water pressure in pipelines or water levels in 
open channels. 

 

Figure 6. Observed water depth inside a box pool upstream of the ICT automated gate and the ponded 
water depth near inlet and outlet of the paddy plot. 

The time series of water temperature obtained at the observation points inside the paddy plot 
are illustrated in Figure 7. The variation in water temperature showed a tendency for the 
ponding water to be cooler closer to the inlet point of the paddy fields. As a result, it was 
revealed that the water temperature near the inlet was more easily lowered during the gate 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

25-Jul 30-Jul 4-Aug 9-Aug 14-Aug 19-Aug 24-Aug

W
at

er
 d

ep
th

 (
m

)

Box pool upstream of the gate Inlet Outlet



25th International Congress on Irrigation and Drainage 
01-08 November 2023, Visakhapatnam, India 

International Workshop on  
WG-CLIMATE ─ P.07 

 

 
 

62 

opening period compared to other positions. The efficiency of suppressing rising water 
temperatures was assumed to be relatively higher in paddy fields where cooler irrigation water 
is available. 

 

Figure 7. Time series of ponded water temperature at the observation points inside the paddy plot. 

 
The spatio-temporal distribution of soil temperature measured at No.1, 4, 7 as well as the inlet 
and outlet of the experimental paddy plot are illustrated in Figure 8. They showed a similar 
trend to the ponded water temperature, which suggests that deploying an ICT automated gate 
could be an effective strategy for mitigating high-temperature damage to rice grains while also 
saving on labor costs. 

 

 

Figure 8. Time series of ponded water temperature at the observation points inside the paddy plot. 
 

The simulation models proposed for heat exchanges in paddy fields have been validated using 
observed ponded water temperatures from the same experimental paddy plot in 2017 and 
2018, as reported by Xie et al. (2022). Figure 9 illustrates the relationship between the 
measured and simulated ponded water temperatures. The simulated water temperature shows 
good agreement with the observed data from 2017 and 2018, with mean Root Mean Square 
Errors (RMSE) of 1.67°C and 1.39°C, respectively. Therefore, our focus will be on validating 
the two-dimensional distribution model of ponded water and soil temperature using data 
obtained in 2021. 
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Figure 9. Validation results of the proposed simulation models for heat balances in paddy fields. (Xie et al., 

2022) 
 

4. Conclusions 
 
In this study, field experiments were conducted in a paddy plot in Japan, where an ICT 
automated gates was installed at the inlet to clarify the additional function of the gates in terms 
of ponding water temperature control. The results showed the reliability of remote scheduled 
ICT automated gate management. However, the efficiency of deploying the ICT automated 
gates strongly depends on the availability of irrigation water at the installed point, such as water 
pressure in pipelines or water level in open channels. The observed variation in ponding water 
temperature suggested the possibility of temperature management in the thermal environment 
of paddy plots, which may contribute to deciding on an adaptation strategy against high-
temperature damage to rice grains through paddy water management controlled by ICT 
automated sluice gates in the future. Further quantitative analysis regarding the effect of 
scheduled paddy water management on decreasing ponding water temperature rise is 
ongoing, and the results and findings will be reported. 
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ANALYZING THE IMPACT OF AGRICULTURAL WATER TRANSFER 
MECHANISMS ON WATER RESOURCE ALLOCATION EFFICIENCY 

AND BENEFITS IN TAIWAN UNDER CLIMATE CHANGE 
 

Guan-Yu Lin1, Ya-Wen Chiueh2* 
 

Climate change is causing an increase in the frequency of droughts and floods in Taiwan, 
which has adverse effects on the allocation of water resources. Due to the competition between 
industrial and public water users, agricultural water resources are often compromised, resulting 
in negative impacts on agricultural production and the environment. Balancing the needs of 
people, industries, and ecological environments is a crucial challenge for Taiwan in the face of 
climate change. Economic experiments have been shown to be effective in evaluating 
alternative policies quickly and predicting market outcomes before policy implementation. 
Therefore, we conducted three economic experiments to analyze the impact of various 
agricultural water diversion or trading mechanisms on the efficient and effective use of 
agricultural environmental water. The study aims to demonstrate the differences in water 
allocation benefits between the non-drying and drying seasons and between water usage that 
considers agri-environmental water and that which does not. It also aims to demonstrate the 
differences in water allocation benefits between water usage that considers agri-environmental 
benefits and that which does not, as well as policy that supports environmental water retention 
and that which does not support it. The goal is to establish a fair and efficient mechanism for 
managing and allocating agricultural water resources in drought periods in Taiwan. The 
anticipated findings of this study will contribute to the efficient and effective allocation of water 
resources, especially during periods of drought, and aid in the development of policies that 
balance the needs of various stakeholders and promote sustainable development. 
Key words：Agricultural water transfer, Economic experiment, Water resource allocation, 
Climate change 

 
Introduction 
 
Taiwan's rainfall is concentrated in the summer, with low precipitation in the winter. Due to its 
narrow and elongated shape and the distribution of high mountains in the central region, most 
of its rivers are on seasonal rivers. Not only does the water volume fluctuate greatly between 
the summer and winter seasons, but also the storage of fresh water is challenging. Under the 
impact of climate change, Taiwan's precipitation may become more unstable. For instance, 
from 2020 to 2021, Taiwan experienced an unusual drought situation. From June to September 
2020, there was little rainfall due to the influence of an extremely strong subtropical high-
pressure system. The following autumn and winter were also affected by La Niña, resulting in 
below-average rainfall. By May 2021, the precipitation remained low, affecting around 74,000 
hectares of farmland that required compensation for water stoppage. Miaoli, Taichung, and 
northern Changhua regions are implementing 61-day rotational water supply. Under the 
influence of climate change, how to allocate water resources while considering the needs of the 
public, various industries, and the ecological environment has become a crucial challenge 
Taiwan is currently facing. 

According to Article 24 of the Water Act, water rights obtained but not used for more than two 
years shall be deemed forfeited upon investigation and public announcement by the competent 
authority. The Taiwan Water Corporation, managed by the Water Resources Agency, MOEA, 
also faces performance pressure in fulfilling consumer water service contracts. Therefore, 
Taiwan currently faces challenges in water resource allocation and management, both during 
non-drought periods and drought periods. 

Chiueh (2002) pointed out that water resource transactions during non-drought periods often 
adopt terms such as "channel borrowing fees" or "construction usage fees" to circumvent water 
laws, resembling an underground market. During drought periods, Taiwan often holds 
government-initiated meetings to coordinate the water stoppage of farmlands. The Council of 
Agriculture, Executive Yuan, subsidizes the area of farmland under water stoppage for farmers, 
and agricultural water is then redirected to support the industrial sector. Chen (2003) pointed 
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out that in Taiwan, those capable of using water more efficiently cannot obtain water rights 
through a cost-sharing mechanism. This water resource management model does not follow a 
user-pay principle, and it lacks social justice. 

The existing Water Law has not clearly regulated the form of water resource allocation during 
drought periods. The order of priority of Water Consumption Purposes is explicitly defined in 
Article 18 of the Water Law, which includes domestic and public water supply, agricultural water 
use, hydropower, industrial water use, water transportation, and other purposes. However, the 
competent authority, Water Resources Agency, MOEA, has the discretion to consider specific 
waterways or government-designated industrial areas and request approval from central 
authorities for any necessary changes. It can be understood that the current Water Law does 
not take into account environmental water usage and environmental base flow factors, and the 
priorities of Water Consumption Purpose do not implement. 

Currently, due to the regular of the Water Law, Taiwan still lacks a complete water resource 
trading management mechanism. However, the Intergovernmental Panel on Climate Change 
(IPCC) proposed water market development as a hope to improve water resource utilization 
efficiency in 2008 (Bates, et al., 2008). In response to climate change, some countries have 
amended their past water resource management regulations and established water rights 
trading markets. For instance, Australia began water market development under the Council of 
Australian Government (COAG) in 1994, and in 1991, California in the United States 
established the Drought Water Bank (DWB) in the Colorado River Basin to address drought 
issues (Chiueh, 2005; Möller-Gulland & Donoso, 2016; Macaulay, 2009). Therefore, designing 
a comprehensive water resource trading management mechanism and incorporating 
environmental water rights targets into the regulations offer hope to improve Taiwan's current 
water resource utilization efficiency. 

The findings from laboratory research can be a robust method for studying economic theories 
before conducting real-world experiments (Smith, 1976). Moreover, experimental economics 
allows for replicable and swift evaluation of alternative policies, providing insights into market 
outcomes before policy implementation (Tisdell, 2011; Tisdell et al., 2004). This study aims to 
design an economic experiment by drawing on the water resource management experiences of 
countries like Australia, Colorado in the United States, and Chile. The goal is to explore 
whether integrating environmental water rights targets into the water market system within a 
fully competitive market setting can enhance water resource allocation efficiency during 
drought periods in Taiwan. The research seeks to establish Taiwan's water resource 
management system from the standpoint of mechanism efficiency. The research objectives can 
be summarized as follows: 

1. Through economic experiments, we aim to compare the water resource allocation 
 efficiency of monetizing environmental water benefits during both non-drought and 
 drought periods under a market mechanism in Taiwan. 

2. Using economic experiments, we seek to compare the water resource allocation 
 efficiency of providing subsidies for environmental water during both non-drought and 
 drought periods under a market mechanism in Taiwan. 
 

Experimental Hypotheses 
 

Experimental Mechanism Assumptions 
 
In response to Taiwan's current industrial development , the increase in water demand for 
industrial use is driven by the growth of the manufacturing and business sectors. As the 
adaptability of the agricultural industry is higher than the industry, water resources can be 
reallocated to improve usage efficiency. However, the existing Water Law in Taiwan does not 
clearly specify the base flow or targets for environmental water retention, leading to a lack of 
emphasis on environmental benefits amidst industrial development improvements. Hence, this 
study employs an economic supply-demand model to design experiments for analysis, drawing 
inspiration from the water banking systems in the United States and water markets in Australia. 
 

Experimental area setup 
 
To provide practical guidance for policy-making, we assume a hypothetical area H, taking 
reference from the Hsinchu area, which is a high economically valuable water resources 
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conflict area. The primary water supply facilities in this region include Baoshan Reservoir, 
Second Baoshan Reservoir, Shangping Weir, and Longen Weir. The Shangping Weir was 
incorporated as a subsidiary facility of the Second Baoshan Reservoir in 2014 by the Ministry 
of Economic Affairs. Both Baoshan Reservoir and Second Baoshan Reservoir serve as public 
water supply sources, catering to the water needs of the Hsinchu region's residents and the 
Hsinchu Science Park. On the other hand, Longen Weir provides water for agricultural and 
industrial purposes. 

Based on data from the Water Resources Agency, the average annual water withdrawal for 
agricultural purposes between 2007 and 2017, excluding the drier year of 2014, was 33,517.3 
million tons. Due to the reuse of water between upper and lower sections in agricultural usage, 
and the challenge of collecting data on river flow usage, this study only considers the water 
intake from weirs for agricultural purposes. 

Both Baoshan Reservoir and Second Baoshan Reservoir serve as water sources for the 
Hsinchu Science Park. As a result, industrial and public water usages are combined for 
calculation. The average total water consumption for industrial use in the Hsinchu region, 
excluding the drier year of 2014, between 2007 and 2017, was 15,097.1 million tons. As the 
reuse of recycled water depends on the characteristics of each factory and their respective 
industrial conditions, this study does not consider the use of recycled water for industrial 
purposes. 

The water usage for agricultural and industrial purposes in the Hsinchu area, obtained from 
dam intakes, is shown in Figure 1. 
 

 
 

Average Water Usage Proportion from Dam Intakes in the Hsinchu Region during Non-Drought Years 
(2007-2017) 

 
This study adopts the Tennant method Mean Annual Flow (MAF) method from hydrology, which 
suggests the following standards for ecological flow maintenance: 10% of poor habitat, 30% of 
satisfactory or moderate habitat, and 60% for good habitat. These percentages represent the 
minimum environmental flow required to sustain different ecological conditions. Additionally, 
taking into account observations from 22 New Zealand rivers by Jowett (1997), larger rivers 
should maintain 10% to 20% of their monthly average flow, while smaller rivers should maintain 
20% to 30% of their monthly average flow (Water Resources Agency, Ministry of Economic 
Affairs, 2014; Jowett, 1997). 
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Considering the assumed region H in this study has only one major river, we will use 12% as 
the minimum required water amount for environmental production and maintenance. 

This research assumes an area, H, with an area of 100,000 square meters. The water resource 
trading characteristic is a monopolistic market, where all water resources are owned by the 
agricultural sector. There is a river running through the area, and a reservoir is set up to 
intercept all the water flow for agricultural and industrial use in the region. The infrastructure for 
water resource allocation and transportation is well-established, and there are no topographical 
differences or water loss issues during water transportation. 

During the drought period, the available water supply is 10,000 tons. The water requirement to 
maintain normal agricultural production is 1,800 tons, while the industrial water demand is 
8,200 tons. To ensure the normal functioning of the environment, the water requirement is set 
at 12% based on Tennant's Mean Annual Flow (MAF) method (1976) and Jowett's (1997) 
recommended river base flow, amounting to 1,200 tons. 

The allocatable water during the drought period is determined according to the operation 
guidelines of the Disaster Emergency Response Team of the Water Resources Agency, 
Ministry of Economic Affairs (2016), which defines a Level 1 drought as a shortage of public 
water supply exceeding 30% and agricultural water supply shortage exceeding 50%. Thus, it is 
assumed that the total allocatable water during the drought period is 6,640 tons. The schematic 
diagram of Area H is shown in Figure 2. 
 

 
Figure 2: Schematic Diagram of Area H 

 

Experimental Role Assumptions 
 
The water use efficiency for each water consumption purpose in Region H is assumed based 
on data and previous studies in the Hsinchu area. For agricultural water use efficiency, it is 
calculated based on the rice yield and rice value in the Hsinchu region from 2013 to 2017, as 
well as the irrigation water volume for rice cultivation from the Water Resources Agency's water 
use statistics database during the same period. On average, the value of each ton of water 
used for rice cultivation in the Hsinchu region is NT$3.0331. Chen (2003) also pointed out that 
the average agricultural water use efficiency in Taiwan is NT$3.2 per ton of water. For industrial 
water use efficiency, Chiueh (2015) used the contingent valuation method to estimate that the 
willingness to pay for each ton of water in the industrial sector during a drought period is 
NT$28. The environmental water use efficiency is estimated based on Qu (2014), considering 
the non-market benefits per kilogram of rice for both the agricultural sector and the general 
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public, which amounts to NT$29.67. Additionally, the non-market benefit per ton of water for 
rice production, with a water footprint of approximately 3.4 cubic meters per ton, is NT$8.73 
(Chapagain & Hoekstra, 2004; Qu, 2014). In summary, this study assumes that the average 
water use efficiency for agricultural water in Region H is NT$3 per ton, the average efficiency 
for industrial water use is NT$26 per ton, and the environmental water use efficiency is NT$9 
per ton. 

The role assignment for each water user in the experiment is summarized in Table 1, and the 
experimental hypothetical region map is depicted in Figure 2. 
 

Table 3: Summary of Experimental Role Information 
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Industrial 
Water 
User 

demande
r 

A、
B、
C、
D 

0 0 2,000 26 50,000 Industrial 
businesse
s in H area 

Environme
ntal Water 
User  

E 0 0 600 9 6,750 EPA in H 
County 

F 0 0 600 6,750 EPA in H 
city 

G 0 0 0 6,750 NGO in H 
area 

H 0 0 0 3,375 NGO in H 
area 

 

Experimental Design 
 
To understand the impact of incorporating environmental water rights on the allocation of water 
quantity, water price, and benefits in Taiwan, this study is divided into three stages: the first 
stage is the "non-monetized environmental water benefits" experiment, the second stage is the 
"monetized environmental water benefits" experiment, and the third stage is the "monetized 
environmental water benefits with water subsidy" policy sensitivity experiment. The 
experimental framework is illustrated in Figure4. To achieve the design similar to the Australian 
water market mechanism, this study assigns clear property rights and transferable rights to 
agricultural, industrial, and environmental water users. However, as explained in the previous 
section, the water market characteristics in region H involve a monopolistic market structure, 
which means that in the experiment, agricultural water users can sell water resources while 
industrial and environmental water users can purchase water resources. 

Before the experiment begins, the participants will be informed of the user roles they will be 
assigned, along with relevant information such as their water requirements, benefits, and water 
purchasing funds. They will be clearly instructed that the goal of the experiment is to "maximize 
their own water benefits." Industrial water users can bid for water resources in units of 500 tons 
during each market period, while environmental water users can bid for 150 tons of water. The 
water allocation for environmental users is divided into four equal parts based on their required 
water volume for maintaining production. Each user can submit five different prices to purchase 
water in each round, allowing them the opportunity to increase their benefits. If a water user's 
bids secure four parts of the required water, they can maintain their expected benefits for the 
year. If all five bids are successful, they will increase their benefits for that round. The defined 
benefits in this experiment can be represented by the following formula 
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U = (𝐵 − 𝑃) ∗ 𝑉 Formula 1 

In which, U = User's overall utility; B = User's water benefit; P = Water purchase price for the 
user; V = Water volume purchased by the user. 

The market in this experiment is a monopoly market for agricultural water, where if users bid 
higher than the water benefit of agricultural users, they will choose to sell water resources until 
all the water resources are sold out. 

 

 
Figure 3: Experimental Framework 

 

Study Participants 
 
Laboratory experiments are known for their replicability and ability to rapidly evaluate 
alternative policies, providing market results before policy implementation (Tisdell, 2011; Tisdell 
et al., 2004). In laboratory experiments, it is common to use students as participants, although 
this convenience sampling method has been criticized for its limited representativeness of the 
general public (Broadbent et al., 2017; Levitt and List, 2007; Loomis, 2011). However, recent 
studies by Falk et al. (2013) have found that both student and non-student samples exhibit 
similar behavioral patterns (Broadbent et al., 2017; Falk et al., 2013). 

For this study, the targeted participants are undergraduate and graduate students majoring in 
environmental resource management or related fields at a national university in Hsinchu. All of 
them have taken courses in principles of economics and environmental resources. 
 

Implementation Process 
 
The experiment consists of three stages: Stage 1 "Non-Monetized Environmental Water 
Benefit," Stage 2 "Monetized Environmental Water Benefit," and Stage 3 "Monetized 
Environmental Water Benefit with Water Subsidy Policy Sensitivity." As the market operates as 
a monopoly, the experiment organizers take on the role of agricultural water users responsible 
for selling the water resources and calculating transaction prices. 

The experiment is divided into three stages: Preparation Stage, Trading Stage, and Settlement 
Stage, each with specific procedures as illustrated in Figure 4 below: 
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Figure 4: Illustration of the Three Stages 

 

Preparation Stage: Participants are informed of their roles, water needs, benefits, and 
purchasing budgets. 

Trading Stage: Participants, including agricultural and industrial water users, as well as 
environmental water users, submit their bids for water resources. 

Settlement Stage: The experiment organizers determine the water transactions based on the 
highest bids, and participants' benefits are calculated accordingly. 

The detailed procedures for each stage will be explained to the participants before the 
experiment begins. 

Stage 1: Preparation Stage 

I. Experiment Introduction: Provide a background explanation of the experiment, including 
Taiwan's current water resource management and allocation, the environmental benefits of 
water use, a brief overview of previous research on water use efficiency, the water resource 
usage and allocation in the Hsinchu area, and the assumptions of this experiment. The 
experiment introduction presentation is provided in Appendix 1. 

II. Individual Role Information Card Distribution: Hand out role information cards and bidding 
record sheets to participants, and explain the role information. The role information card 
includes the role's objectives, water use benefits, water needs, and purchasing budget, as 
shown in Appendix 2. The bidding record sheet is presented in Appendix 3. 

Stage 2: Trading Stage 

I. Scenario Description: Describe the detailed situation of the experiment, including whether it is 
a non-drought year or a drought year, the available water allocation for the current year, and 
the trading rules for water use benefits among all players. 

II. Market Bidding Period: Participants, based on their roles, can purchase different amounts of 
water each time. Industrial water users can buy 500 metric tons per bid, while environmental 
water users can buy 150 metric tons. Each participant submits five different bidding prices. The 
experiment organizer, acting as the seller, sorts all the bidding prices from high to low and sells 
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water resources to those whose bids exceed the agricultural water use benefit. The highest 
bidders are given priority to purchase water resources until all water resources are sold. 

III. Announcement of Transaction Prices and Water Quantity: The transaction prices and water 
quantities are announced on the projection screen, providing participants with reference for 
modifying their bids in the next round. 

Stage 3: Settlement Stage 

Settle the benefits obtained by all players in the current scenario stage and proceed to the next 
scenario stage of the experiment. 
 

Results 
 
The experiment consists of six groups, divided based on whether it is a non-drought year or a 
drought year, whether the environmental water use benefits are monetized or not, and whether 
there is a water purchase subsidy. The details are shown in Table 2. The study conducted a 
total of three experiments, each with 8 participants. All participants had received training in 
environmental resource management-related courses at tertiary institutions. Among the 
participants, 12 were male and 12 were female, resulting in a total of 24 participants in this 
experiment. 

 

Table 2 Experimental Scenarios 
 

Scenario 
Coding 

Scenario Description Allocatable 
water 

quantity 

S1 Non-drought year water market with non-monetized 
environmental water benefits. 

10,000 

S2 Non-drought year water market with non-monetized 
environmental water benefits. 

6,640 

S3 Non-drought year water market with monetized 
environmental water benefits. 

10,000 

S4 Non-drought year water market with monetized 
environmental water benefits. 

6,640 

S5 Non-drought year water market with monetized 
environmental water benefits. 

10,000 

S6 Non-drought year water market with monetized 
environmental water benefits. 

6,640 

 

The average bidding of each water user type in the experiment is shown in Table 3. The 
average amount of water purchased by each water user type in each scenario is presented in 
Table 4. Additionally, Table 5 illustrates the average water purchase price of each water user 
type in different scenarios. 
 

Table 3 Average Bidding of Each Water User Type in Each Scenario 

 
（Unit: New Taiwan Dollars (NTD） 

Water User Type S1 S2 S3 S4 S5 S6 

Industrial Water User 13.05 14.97 13.11 16.41 16.58 20.23 

Environmental Water 
User (Governance) 

6.07 6.54 7.70 8.62 9.87 11.57 

Environmental Water 
User (NGO) 

2.27 0.91 5.69 6.37 8.97 11.39 

 
Table 4: Average Purchased Water Volume for Each User Type in Each Scenario 

 

（Unit：tons） 

Water User Type S1 S2 S3 S4 S5 S6 

Industrial Water User 8,800 6,166.67 8,800 6,133.33 8,933.33 6,000 

Environmental Water 
User (Governance) 

830 380 780 370 610 260 

Environmental Water 
User (NGO) 

240 10 350 50 390 310 
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Table 5: Average Purchased Water Price for Each User Type in Each Scenario 

 
（Unit: New Taiwan Dollars (NTD） 

Water User Type S1 S2 S3 S4 S5 S6 

Industrial Water User 14.16 18.07 14.07 18.58 17.21 22.48 

Environmental Water 
User (Governance) 

8.95 13.94 9.55 17.54 12.18 19.03 

Environmental Water 
User (NGO) 

7.17 22 8.94 15.8 15.69 21.58 

 

Industrial Water Bidding Behavior Analysis 
 
Regardless of whether the environmental water benefits are monetized or under environmental 
water purchasing subsidies, there are significant differences in bidding behavior for industrial 
water users between non-drought and drought periods. Due to the reduced available water 
during drought periods, the bidding prices are higher compared to non-drought periods. There 
are also notable differences in bidding behavior during drought periods based on whether the 
environmental water benefits are monetized, with higher bidding prices observed when the 
benefits are monetized. Additionally, if there are incentives for environmental water use, there 
are significant differences in bidding behavior for both drought and non-drought years, with 
higher bidding prices for those who receive water purchasing subsidies. In summary, it can be 
inferred that by monetizing the environmental water benefits and implementing increased 
subsidies for environmental water use, industrial water users can raise their bidding prices 
within their affordable cost range to ensure the security of their production water supply. 
 

Table 6 Paired Sample t-Test for Industrial Water Users' Bidding Behavior 
 

Paired Sample Test 

  Paired Differences T df Significance 
(two-tailed) Mean  Deviation 

Standard 
Standard 
Error of 
Mean 

95% confidence interval 
of the difference 

upper 
bound 

lower 
bound 

In-s1-price 
- In-s2-
price 

-

1.923 

6.360 .367 -2.646 -1.201 -5.238 299 .000*** 

In-s3-price 
- In-s4-
price 

-
3.307 

5.319 .307 -3.911 -2.702 -
10.767 

299 .000*** 

In-s5-price 
- In-s6-
price 

-
3.653 

5.340 .308 -4.260 -3.047 -
11.850 

299 .000*** 

In-s1-price 
- In-s3-
price 

-.057 5.261 .304 -.654 .541 -.187 299 .852 

In-s2-price 
- In-s4-
price 

-
1.440 

6.189 .357 -2.143 -.737 -4.030 299 .000*** 

In-s3-price 
- In-s5-

price 

-
3.470 

4.985 .288 -4.036 -2.904 -
12.058 

299 .000*** 

In-s4-price 
- In-s6-

price 

-
3.817 

6.678 .386 -4.575 -3.058 -9.900 299 .000*** 

 

Note: * indicates P<0.1; ** indicates P<0.05; *** indicates P<0.01. The significance level in this study is set 
at P<0.05. 

 



25th International Congress on Irrigation and Drainage 
01-08 November 2023, Visakhapatnam, India

International Workshop on 
WG-CLIMATE ─ P.08 

74 

Analysis of Environmental Water Bidding Behavior 

In the context of environmental water benefit monetization and providing environmental water 
subsidies, there are significant differences in bidding behavior for governance environmental 
water users between drought and non-drought years. The bids are higher during drought years, 
likely due to the limited available water allocation. In both non-drought and drought years, there 
are also significant differences in bidding behavior depending on whether the environmental 
water benefit is monetized. In the monetized scenario, bids are consistently higher compared to 
the non-monetized scenario. Furthermore, in the case of governance environmental water 
users receiving subsidies, there are also significant differences in bidding behavior between 
different scenarios. The paired-sample t-test results for the bidding behavior of governance 
environmental water users in different scenarios are shown in Table 7. 

Table 7 Paired-sample t-test for Bidding Behavior of Governance Environmental Water Users 

Paired Differences T df Significance 
(two-tailed) 

Mean Deviati
on 

Stan-
dard 

Standard 
Error of 
Mean 

95% 
confidence 

interval of the 
difference 

upper 
bound 

lower 
bound 

EPA-s1-price - EPA-
s2-price 

-.467 6.177 .504 -1.463 .530 -.925 149 .356 

EPA-s3-price - EPA-

s4-price 

-.927 6.511 .532 -1.977 .124 -1.743 149 .083* 

EPA-s5-price - EPA-

s6-price 

-1.700 6.147 .502 -2.692 -.708 -3.387 149 .001** 

EPA-s1-price - EPA-

s3-price 

-1.620 4.316 .352 -2.316 -.924 -4.597 149 .000*** 

EPA-s3-price - EPA-
s5-price 

-2.173 5.059 .413 -2.990 -1.357 -5.261 149 .000*** 

EPA-s2-price - EPA-
s4-price 

-2.080 6.278 .513 -3.093 -1.067 -4.058 149 .000*** 

EPA-s4-price - EPA-
s6-price 

-2.947 7.852 .641 -4.213 -1.680 -4.596 149 .000*** 

Note: * indicates P<0.1; ** indicates P<0.05; *** indicates P<0.01. The significance level in this study is set 
at P<0.05. 

From the bidding behavior of Environmental NGO Water Users, it can be observed that, in the 
private sector, the willingness to purchase environmental water was relatively low before the 
environmental water benefits were monetized. Additionally, under the condition of non-
monetized benefits, there were lower bids during drought periods compared to non-drought 
periods. This can be attributed to the limited available water during drought years, as observed 
from their bidding behavior in non-drought scenarios, where insufficient funds and lack of water 
benefits resulted in a decreased willingness to purchase private sector environmental water. 
However, after the monetization of environmental water benefits, the private sector's 
willingness to bid for environmental water increased significantly. 

 Moreover, the provision of water purchase subsidies for environmental water greatly boosted 
the private sector's willingness to bid for such water. The results of the paired-sample t-test for 
the Environmental NGO Water Users' bidding behavior are shown in Table 8.  
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Table 8 Paired-sample t-test for Environmental NGO Water Users' Bidding Behavior 
 

  Paired Differences T df Signific
ance 
(two-
tailed) 

Mean  Deviation 
Standard 

Standard 
Error of 
Mean 

95% 
confidence 
interval of the 
difference 

upper 
bound 

lower 
bound 

GG-s1-price - GG-
s2-price 

1.360 3.461 .283 .802 1.918 4.813 149 .000*** 

GG-s3-price - GG-
s4-price 

-.673 4.535 .370 -
1.405 

.058 -1.818 149 .071* 

GG-s5-price - GG-

s6-price 

-

2.413 

5.872 .479 -

3.361 

-1.466 -5.033 149 .000*** 

GG-s1-price - GG-
s3-price 

-
3.420 

4.947 .404 -
4.218 

-2.622 -8.467 149 .000*** 

GG-s3-price - GG-
s5-price 

-
3.280 

6.715 .548 -
4.363 

-2.197 -5.983 149 .000*** 

GG-s2-price - GG-
s4-price 

-
5.453 

5.281 .431 -
6.305 

-4.601 -12.648 149 .000*** 

GG-s4-price - GG-

s6-price 

-

5.020 

8.036 .656 -

6.316 

-3.724 -7.651 149 .000*** 

 

Note: * indicates P<0.1; ** indicates P<0.05; *** indicates P<0.01. The significance level in this study is set 
at P<0.05. 

 

Purchasing Price Analysis 
 
In order to understand whether there are significant differences in the purchasing prices of 
water resources among different types of water users in three scenarios - "non-drought and 
drought periods," "monetization of environmental water benefits," and "availability of 
environmental water purchase subsidies," this study conducted independent samples t-tests for 
the purchasing prices of water resources obtained in the experiment, categorized by industrial 
water users and environmental water users, and analyzed them separately based on the 
scenarios. 
 

Table 9 Independent Samples t-test Results of Purchasing Prices of Different Water Users in Different 
Scenarios 

 
Water User 
Type 

S1-S2 S3-S4 S5-S6 S1-S3 S3-S5 S2-S4 S4-S6 

Industrial 
Water User 

Significa
nt 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Signific
ant 
Differe
nce 

Environme
ntal Water 
User  

Significa
nt 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Significan
t 
Differenc
e 

Signific
ant 
Differe
nce 

 
Result 
 
Regarding the bidding behavior of industrial water users, it is evident that under the condition of 
monetizing the environmental water benefits and providing environmental water purchase 
subsidies, industrial water users have the capability to offer higher bids to secure their 
production needs. However, in the scenario with environmental water purchase subsidies, the 
water benefit results are compromised, indicating that in the absence of monetized 
environmental water benefits, the industrial water usage neglects the environmental benefits, 
which goes against the principles of social equity and justice. 

Observing the bidding behavior of the governance for environmental water, it can be 
understood that despite having lower environmental water benefits, the governance still needs 
to bid as it is responsible for ensuring the minimum water quantity required for production. 
However, due to the industrial and commercial orientation, the monetary benefit of industrial 
water is much higher than that of environmental water. Consequently, the market is skewed 
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towards industrial water users, leading to a decline in the benefits of protecting environmental 
water, and making it difficult for the governance to fulfill the task of maintaining the minimum 
water quantity required for production. On the other hand, for private sector environmental 
water users, the observation of bidding behavior reveals that monetizing the environmental 
water benefits significantly increases their bids, indicating that if environmental water can be 
traded in the market, its benefits need to be clearly defined to motivate the private sector to 
retain and use environmental water. Additionally, if policies aim to encourage the private sector 
to purchase environmental water to enhance environmental quality, subsidies can be employed 
to increase their willingness to purchase water. 

Analyzing the results of the purchased water prices, it is evident that there are significant 
differences in purchased water prices between non-drought and drought periods, with prices 
being higher during drought periods. In conjunction with the statistical analysis of purchased 
water quantities, it can be observed that regardless of whether the environmental benefits are 
monetized or environmental water purchase subsidies are provided, there is no significant 
difference in the total purchased water quantities between industrial water users and 
environmental water users. However, during non-drought and drought periods, the presence of 
environmental water purchase subsidies leads to significant differences in the overall social 
benefits. 
 

Conclusion 
 
Regarding the bidding behavior of industrial water users, it was found that under the scenarios 
of monetized environmental water benefits and the provision of water subsidies for 
environmental water, industrial water users have the capability to offer higher bids to secure 
their production needs. However, it was observed that when environmental water benefits were 
not monetized, industrial water users tended to undervalue environmental water during drought 
periods compared to non-drought periods. This neglect of environmental benefits contradicts 
the principles of social equity and justice. 

Analyzing the bidding behavior of governance environmental water users, it was evident that 
these users must bid for water even if the environmental water benefits are relatively lower. 
This is due to their responsibility to maintain the minimum water quantity required for essential 
production tasks. However, because industrial and commercial interests prevail, the monetary 
benefits derived from industrial water usage outweigh the monetary benefits of environmental 
water. Consequently, water resources are allocated more towards industrial water users, 
leading to diminished benefits for environmental water and making it difficult for the governance 
to fulfill its obligation of maintaining the minimum water quantity for environmental and 
agricultural needs. 

As for the bidding behavior of private sector environmental water users, it was observed that 
monetizing environmental water benefits significantly increased their willingness to offer higher 
bids. This highlights the importance of clearly defining the benefits of environmental water 
when it becomes a tradable commodity, as it can stimulate the private sector to retain 
environmental water. Additionally, providing water subsidies for environmental water 
significantly elevated the bidding behavior of private sector users. Therefore, to encourage 
private sector water users to invest in environmental water and enhance environmental quality, 
implementing subsidy policies to boost water purchasing intentions is recommended. 

As for the bidding behavior of NGO environmental water users, it was observed that monetizing 
environmental water benefits significantly increased their willingness to offer higher bids. This 
highlights the importance of clearly defining the benefits of environmental water when it 
becomes a tradable commodity, as it can stimulate the NGO to retain environmental water. 
Additionally, providing water subsidies for environmental water significantly elevated the 
bidding behavior of NGO users. Therefore, to encourage NGO water users to invest in 
environmental water and enhance environmental quality, implementing subsidy policies to 
boost water purchasing intentions is recommended. 

As noted above, Taiwan's current water resource management lacks the establishment of 
environmental water rights as specified under the Water Act's Water Consumption Purpose 
categories. The absence of proper retention of agricultural and environmental water 
jeopardizes the country's food security and environmental health. Furthermore, in a market-
oriented economy, the overwhelming monetary benefits of industrial water lead to 
disproportionate water resource allocation towards industrial water users. To enhance water 
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resource allocation efficiency in Taiwan, the implementation of a water banking system similar 
to California's drought water banking system is suggested. This system activates water 
resource trading mechanisms during water scarcity and pre-reserves the minimum water 
quantity required for environmental and agricultural needs. Alternatively, a permanent water 
banking system based on basin management principles, similar to Idaho's approach, may 
better improve water resource allocation efficiency compared to a completely free-market water 
system. 

Moreover, the findings from observing the bidding behavior, purchased water prices, and 
purchased water quantities of public and private sector environmental water users suggest that 
providing water subsidies significantly positively impacts their bidding behavior. Therefore, it is 
recommended to promote the benefits of retaining environmental water in policies, mainstream 
the advantages of maintaining environmental water, and enhance the willingness of both public 
and private sector users to voluntarily retain and use environmental water. This will ultimately 
enhance environmental quality and social welfare. 

The current water resource trading system in Taiwan is constrained by the regulations of the 
Water law, making it difficult to conduct water resource transfers transparently and efficiently. 
Additionally, during non-drought periods, the limitations imposed by Article 24 of the Water law 
may lead to potential water rights losses. Furthermore, the lack of a fair mechanism for water 
users to bear corresponding costs during water resource transfers hinders efforts to improve 
water resource allocation efficiency during drought periods. To address these issues, revising 
the regulations governing water resource transfers under the Water law and establishing cross-
county/city government mechanisms or institutions for water resource management in major 
watersheds are recommended. These mechanisms should facilitate water resource allocation 
based on demands, enhance water management flexibility, and perform functions such as 
policy formulation or revision, policy adjustment promotion, and acting as a communication 
role.  

Furthermore, environmental water rights should be explicitly defined and regulated in the law to 
ensure their claimable rights. This will facilitate the formal inclusion of environmental water in 
the water resource management mechanism and enable its function in maintaining 
environmental system health and improving environmental quality. Drawing inspiration from the 
Australian Water Partnership's recommendations regarding water resource management 
mechanisms, it is essential to ensure that such mechanisms or institutions operate effectively 
and contribute to maintaining a balance between water resource allocation efficiency, social 
equity, and environmental protection. 
 

References 
 
Council of Agriculture, Executive Yuan. (2014). Explanation of the first crop paddy suspension 

compensation operation in 2015. Retrieved from https://www.coa.gov.tw/ws.php?id=2502565 

Ke, A. (2006). The Study on Water Right Transaction of Taiwan. Master's thesis, Institute of Economics, 
National Sun Yat-Sen University, Kaohsiung City. Retrieved from 
https://hdl.handle.net/11296/58ptt5 

Chen, C. D., Chu, J. R., Hsu, H. H., Lu, M. M., Sui, C. H., Chou, C., ... Yang, C. D. (2014). Projection of 
Climate Change Over Taiwan Using Statistical Downscaling Scheme. Atmospheric Sciences, 
42(3), 207-251. 

Chen, M. J. (2003). Economic Issues of Irrigation Water Right and Water Market in Taiwan. Agriculture and 
Economics, (30), 1-26. 

Chiueh, Y. W. (2002). Economic Issues of Water Market and Water Bank in Taiwan. Doctoral dissertation, 
National Taiwan University, Taipei City. Retrieved from https://hdl.handle.net/11296/q9gk84 

Chiueh, Y. W. (2005). Changes and achievements in the US water rights system and reflections on 
Taiwan's water rights system. Journal of Hsinchu Teachers College, (20), 201-218. 
doi:10.7044/JNHCTC.200506.0201 

Chiueh, Y. W. (2008). Market structure analysis of water resource allocation by agricultural water 
associations. Agriculture and Economics, (41), 45-72. doi:10.6181/agec.2008.41.02 

Chiueh, Y. W. (2005). Reforms of Australia's water resource management system and regulations for 
agricultural water transactions. Retrieved from http://www.rest.org.tw/zh_tw/Download 

Chiueh, Y. W. (2015). Status and reflections on irrigation water resource trading in Australia. Retrieved from 
http://www.rest.org.tw/zh_tw/Download 

Chiueh, Y. W.  (2015). Regulations for agricultural water transactions and water market information in 
Australia. Retrieved from http://www.rest.org.tw/zh_tw/Download 



25th International Congress on Irrigation and Drainage 
01-08 November 2023, Visakhapatnam, India 

International Workshop on  
WG-CLIMATE ─ P.08 

 

 
 

78 

Chiueh, Y. W. (2014). Evaluate the Economic Cost of Irrigation Water Supply Stability and Drought Lost in 
Changing Environment and Society (I). Final Report for Ministry of Science and Technology 
Research Project (No. MOST 103-2625-M-134-001), unpublished. 

Water Resources Agency, MOEA. (2017). Basic planning for water resources management in Northern 
Taiwan. Sustainable Engineering Exclusive Website. Retrieved from 
http://eem.wra.gov.tw/default.asp 

Water Resources Planning Institute. (2014). Study on the determination and promotion strategy of river 
environmental flow under climate change (Project No. MOEAWRA1030250), unpublished.  

Bates, B., Kundzewicz, Z., & Wu, S. (2008). Climate change and water. Intergovernmental Panel on 
Climate Change Secretariat. 

Chiueh, Y. W., & Huang, C. C. (2015). The Willingness to Pay by Industrial Sectors for Agricultural Water 
Transfer During Drought Periods in Taiwan. Environment and Natural Resources Research, 5(1), 
38. 

Garrido, A. (2007). Designing water markets for unstable climatic conditions: Learning from experimental 
economics. Review of Agricultural Economics, 29(3), 520-530. 

Hung, M. F., Shaw, D., & Chie, B. T. (2014). Water trading: locational water rights, economic efficiency, and 
third-party effect. Water, 6(3), 723-744. 

Zetland, D. (2013). All-in-Auctions for water. Journal of environmental management, 115, 78-86. 
Hansen, K., Kaplan, J., & Kroll, S. (2014). Valuing options in water markets: a laboratory investigation. 

Environmental and Resource Economics, 57(1), 59-80. 
Broadbent, C. D., Brookshire, D. S., Coursey, D., & Tidwell, V. (2017). Futures contracts in water leasing: 

An experimental analysis using basin characteristics of the Rio Grande, NM. Environmental and 
Resource Economics, 68(3), 569-594. 

Möller-Gulland, J., & Donoso, G. (2016). A typology of water market intermediaries. Water International, 
41(7), 1016-1034. 

Smith, V. L. (1976). Experimental economics: Induced value theory. The American Economic Review, 
66(2), 274-279. 

Tisdell, J. G. (2011). Water markets in Australia: an experimental analysis of alternative market 
mechanisms. Australian journal of agricultural and resource economics, 55(4), 500-517. 

Cherry, T. L., & McEvoy, D. M. (2013). Enforcing compliance with environmental agreements in the 
absence of strong institutions: An experimental analysis. Environmental and Resource 
Economics, 54(1), 63-77. 

Murphy, J. J., Dinar, A., Howitt, R. E., Rassenti, S. J., & Smith, V. L. (2000). The Design of``Smart''Water 
Market Institutions Using Laboratory Experiments. Environmental and Resource Economics, 
17(4), 375-394. 

Parkhurst, G. M., Shogren, J. F., & Crocker, T. (2016). Tradable set-aside requirements (TSARs): 
conserving spatially dependent environmental amenities. Environmental and Resource 
Economics, 63(4), 719-744. 

Leroux, A., & Crase, L. (2010). Advancing water trade: A preliminary investigation of Urban‐Irrigation 
options contracts in the Ovens basin, Victoria, Australia. Economic Papers: A journal of applied 
economics and policy, 29(3), 251-266. 

Wheeler, S., Garrick, D., Loch, A., & Bjornlund, H. (2011). Incorporating Temporary Trade with the Buy-

Back of Water Entitlements inAustralia (No. 1101). Centre for Water Economics, Environment 
and Policy, Crawford School of Public Policy, The Australian National University. 

Ancev, T. (2015). The role of the commonwealth environmental water holder in annual water allocation 
markets. Australian Journal of Agricultural and Resource Economics, 59(1), 133-153. 

Falk, A., Meier, S., & Zehnder, C. (2013). Do lab experiments misrepresent social preferences? The case of 
self-selected student samples. Journal of the European Economic Association, 11(4), 839-852. 

Schwabe, K., Nemati, M., Landry, C., & Zimmerman, G. (2020). Water markets in the Western United 
States: Trends and opportunities. Water, 12(1), 233. 

Nelson, R. (2022). Water rights for groundwater environments as an enabling condition for adaptive water 
governance. Ecology and Society, 27(2). 

Acharyya, A. (2019). Groundwater pricing and groundwater markets. Groundwater Development and 
Management: Issues and Challenges in South Asia, 471-488. 

Wheeler, S. A., Zuo, A., Xu, Y., Haensch, J., & Seidl, C. (2020). Water market literature review and 
empirical analysis. Report Prepared for the Australian Competition and Consumer Commission 
(ACCC). 

 



25th International Congress on Irrigation and Drainage 
01-08 November 2023, Visakhapatnam, India 

International Workshop on  
WG-CLIMATE ─ P.09 

 

 
 

79 

PRODUCTIVITY AND EFFICIENCY ANALYSIS OF PADDY RICE 
MANAGEMENT PRACTICES UNDER EXTREME WEATHER 

EVENTS IN TAIWAN 
 

Yu-Chuan Chang1,Ching-Tien Chen2, Sheng-Fu Tsai3 and Ming-Tee Hung4 
 
 

ABSTRACT 
 
In order to adapt the current water management practices to extreme weather events and to 
economic growth in Taiwan, a field experiment was conducted to evaluate the effect of different 
water management practices on crop productivity and water storage capacity. The results 
revealed that the shallow intermittent irrigation (SII) increased potential yield of rice during the 
dry season, and deepwater intermittent irrigation (DII) increased effective rainfall and 
percolation during rainy season. Further, the results from evaluating productivity and water 
storage capacity point out that SII water management can save input resources in first cropping 
season, while DII provided more water storage capacity in second cropping season.  

It is concluded that in Taiwan, water-saving irrigation practices can be applied with high 
potential yield during the first cropping season when the crop can efficiently raise input 
resource productivity by the promotion of System of Rice Intensification (SRI). On the other 
hand, instead of having farmers operate their paddy fields without controlling water in the 
second cropping season, when plenty of water is available in rivers, farmers should be 
encouraged and subsidized by the government to sustain their paddy fields as shallow 
retention ponds through deepwater management practices in that season. 
 

RÉSUMÉ ET CONCLUSIONS 
 
Keywords: System of rice intensification, deepwater management practice, intermittent 
irrigation, farmer water management practice 
 
1. Introduction 
 
The coming global food crisis is not only a result from the increasing world population, but also 
from the shortage of water and arable land cause in the climate change and economic growth. 
That means the vulnerability of agriculture should be examined, the adapting capacity to 
climate change will decline and the competition for water, labor and land resources between 
sectors will become keener due to the economic globalization. In the case of irrigated 
agriculture, sustainable development strategies must be taken up as well as environmental 
changes. 

The performance of water management practice of paddy field affects the vulnerability and the 
adapting capacity for local food security. Typical water management in paddy fields, with 
submergence only for required periods and under water ponding depth control in a paddy lot, is 
based on a sufficient supply of water, improvement of the drainage system, and land 
consolidation (Mizutani et al., 1999). Since the rice production in paddy fields requires so much 
water that it is under constant pressure to conserve water. Therefore, the traditional concept is 
to apply only the minimum amount of water required for the growth of rice, and to use the most 
efficient irrigation method that minimizes the evaporation, percolation and runoff from the 
paddy fields. 
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In the past years, the intermittent irrigation is regarded as a crisis factor for system of rice 
intensification (SRI), an integrated crop management technology developed by the Fr. Henri de 
Laulanie in Madagascar. The constituent practices were: (i) transplanting very young seedlings, 
(ii) transplanting single seedlings in hills at wider spacing, and (iii) application of intermittent 
irrigation during the vegetative growth stage so as to develop a greater root system (Stoop et 
al, 2002; Uphoff, 2007; Sato et al., 2011). The incredible yield increases have been achieved 
using few external inputs and less water and seed than conventional rice production systems 
(Namara et al, 2004; Sato and Uphoff, 2007; Sinha and Talati, 2007). 

In intermittent irrigation, irrigation water is applied to obtain flooded conditions after a certain 
number of days have passed after the disappearance of ponded water. The number of days of 
nonflooded soil in intermittent irrigation before irrigation is applied can vary from 1 day to more 
than 10 days. The suggestion from the website of SRI-Rice is recommend as only a minimum 
of water is applied during the vegetative growth period, and thereafter only a thin layer of water 
is maintained on the field during flowering and grain-filling. Alternatively, to save labor time, 
some farmers flood and drain (dry) their fields in 3-5 day cycles with good results. Best water 
management practices depend on soil type, labor availability and other factors, so farmers 
should experiment on how best to apply the principle of having moist but well-drained soil while 
their rice plants are growing (SRI International Network and Resources Center, 2012). Some 
researchers have reported a yield increase using intermittent irrigation (Zhang and Song 1989, 
Stoop et al 2002), recent work indicates that this is the exception rather than the rule (Belder et 
al 2004, Cabangon et al 2004, Tabbal et al 2002). 

The rapid industrialization, economic growth and rise in living standard resulted in a dramatic 
increase in water demands by the domestic and industrial water users in Taiwan. This imposes 
an additional pressure to the agricultural sector, presently using about 80% of available water 
resources, to sharply curtail the water use and a substantial reduction in paddy field acreage is 
imminent. Under such an environment, some of the concepts that were unconceivable before 
begin to appear logical and worth exploring. 

During the last 50-60 years, limited labour and increasing production costs led to expansion of 
the size of field plot and the precipitation of agricultural mechanization in Taiwan. For poverty 
alleviation in rural area, the policy of agriculture input subsidy is practiced for decades. 
However, it might also cause the farmers to waste the input resources without attempting to 
save the use. For most rice farmers, there is no deliberate choice to save water as they are just 
confronted by a lack of water. Because of the labour scarcity in Taiwan, the farmer always 
used to practice the submerge water management in paddy field for labor saving and the 
intermittent irrigation only implement in drought season. On the other hand, when considering 
effective and sustained weed control, integrated weed management with proper water control 
is used. Most of farmers believe the increase of the ponding depth will result in better weed 
control. Some researches advise the best ponding depth is 20 cm for weed control (Bhagat, 
Bhuiyan, and Moody, 1996) and the ponding depth shouldn’t higher the plant height after  the 
productive tiller stage, but there is no significant drop in yield between 40% and 70% of plant 
height (Shih, 1977).  

Rainfall in Taiwan is abundant, but has a very uneven distribution over time. About 78% of the 
rainfall runs directly to the ocean without being utilized (Chang et al., 2007). There has been a 
recent increase in the risk of flood disaster in rainy season owing not only to the changes in 
frequency and intensity of rainfall, but also to changes in land use and modernization of 
agriculture leading to the expansion of impervious areas and shortening of the arrival time of 
floods. The storage of rainfall in paddy fields by the bunds is like an effective rainwater cistern 
system during the wet months, which forms individual ecosystems and maintains a farmland 
wetland (Hayase, 1994; Lee et al., 1995; Sekiya, 1992). Considering the water storage 
capacity of paddy field, the potential benefits of increased application of water to paddy fields 
were investigated in Taiwan from 1998. A conceptual model was developed to represent the 
hydrologic system of the paddy field (Chang et al., 2001). Field experiments were also 
performed for the impact on water productivity (Chang et al., 2007). Those investigation shows 
that deepwater management is good for water storage capacity and rice production at the 
same time. In general, rice production, irrigation water, effective rainfall and percolation 
increase under deepwater management practice (DMP) and the runoff coefficient decreases. 
The water productivity results show that even though the volume of irrigation water had 
increased, DMP can still generate high water productivity. However, for improving the 
productivity of high quality rice cultivation in DMP is being addressed in Japan with ponding 
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depth to 25 cm (Kiyochika, 1994). It is advisable to keep the third leaf blade above the surface 
of the water for better rooting (Kiyochika Hoshikawa, 1989). 

The overproduction results in diminished profit from intensive agriculture result of depressed 
prices in Taiwan for decades. High labour and capital outlays enforce some of farmers turn to 
extensive agriculture and the others try to increase the efficiency of input resources to find 
more profit. Under the above-mentioned conditions, paddy rice field seems to subsist in a 
variable management practices. In consideration of increasing the productivity and water 
storage capacity of paddy fields, three blocks of farm field were designed to investigate the 
effects of deepwater management and basic SRI principle (Sato, Yamaji and Kuroda, 2011) on 
rice crop performance, productivity and water storage capacity. 
 
2.  Methods and materials 
 
2.1 Design and Treatments 
 
The cases being studied are fields where farmers apply water management practice based on 
experience; rice variety TG11 (hybridize by Oryza Stiva) was grown in field under farmer’s 
practice (FP) in A block, deepwater intermittent irrigation (DII) in B block and shallow 
intermittent irrigation (SII) in C block during crop season (Jan 24 to June 17 for first crop 
season and July 22 to Nov 8 for second crop season, 2013). 

In FP, the adjusted water depth in the paddy field is made in accordance with the stage of 
growth of rice. Desirable depths for transplanted rice are (a) 3-5 cm during the stand 
establishment, (b) 3-8 cm during the tillering stage with a mid-season drainage at the maximum 
tillering stage, (c) 5-10 cm during the panicle formation stage, (d) gradual drainage for 2-3 
weeks after full flowering stage. DII applies the intermittent irrigation based on DMP for the 
whole stages, which increase the irrigation depth not more than 40% of plant height and the 
maximum depth is 25 cm. SII applies the intermittent irrigation based on SRI for the whole 
stage which decrease the irrigation depth to 1~2 cm excluding the flower stage. For each block, 
three different transplanting spacing were applied, including single seedling, low density and 
high density in table 1. 
 
2.2 Crop, water and productivity measurement 
 
At harvest, the total plants for each block in different transplanting spacing were taken for 
determining yield components such as tiller number, number of grains per panicle, weight of 
1000 grains and grain yield. 

To help evaluate the efficiency of input resources under SRI and deepwater management 
practice, productivity of capital, labor and irrigation water were introduced. The production 
costs were recorded and accounted into three different transplanting spacing based on the 
design and treatment on fields, which were separated into labor and material input resources 
during the whole stage. The analysis of water budget was also conducted to figure out the 
water storage capacity and irrigation water productivity improvement of the paddy field. A rain 
gauge and a U.S. Weather Bureau Class A Land Pan were installed to record the rainfall and 
evaporation, respectively. The evapotranspiration was estimated using the crop coefficients 
and the reference crop water recommended by FAO under nonrestricting soil conditions based 
on Penman- Monteith equation (Allen et al., 1998). Flow gauges and standard 90° V-notch 
weirs were placed to measure the irrigation water and drainage discharge, respectively. The 
water depth in the paddy field was maintained by earth levees, the height of which had been 
raised to 30 cm in order to control the overflow from levees. Field water tubes were installed at 
the paddy fields to record the water depth. 
 
2.3 Calculations and statistical analysis 
 
Statistical analysis consisted of two-factor analysis of variance (ANOVA) using SPSS v.20 with 
crop season, transplanting spacing and water management practice as main factors. The level 
of confidence was set at 95%. The improvement in water storage capacity was compared with 
the effective rainfall, percolation and runoff coefficient. In order to figure out if the DII and SII 
were good for productivity, productivity of capital (kg grain US$-3 capital), labor (kg grain hour-
1 labor) and irrigation water (kg grain m-3 water) were calculated as grain yield divided by total 
capital, labor and irrigation water input respectively. 
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Table 1. Transplanting spacing in blocks 

 

Description Single seeding Low density High density 

Transplanting method hand machine machine 

Seedling very young very young very young 

Number of seedlings (no.) 1 3~5 >5 

Spacing    

a. Row (cm) 25.0 30.0 30.0 

b. Line (cm) 25.0 24.0 18.0 

c. Transplant Density (no./m2) 16.0 41.7 92.6 

Weed frequency (times) 2~4 

Fertilizer (kg/ha) N=83, P=21 and K=41 

 
3.    Results 
 
3.1   Yield components 
 
1. Tiller number 
 
The numbers of tiller were among 14-30. The results of the two-factor analysis of variance 
showed the tiller number was significantly different both in crop seasons and transplanting 
spacing but not in water management practices, at the 5% level. The numbers of tiller were 
among 14-30 and 15-23 in first and second crop season respectively after harvest. Compared 
to the high density which the farmers adopted, the low density under FP reached the greatest 
tiller number: 30 (22% increased) in first crop season and 23 (40% increased) in second crop 
season (Fig. 1). Single seedling showed the highest tiller number decrease: 42% decreased in 
first crop season and 8% decreased in second crop season. 
 
2. Number of grains per panicle 
 
The number of grains per panicle (NGPP) was among 79-151. The results of the two-factor 
analysis of variance showed the NGPP was significantly different in transplanting spacing but 
not in crop seasons and water management practices, at the 5% level. The NGPP were among 
109-151, 79-145 and 84-118 in single, low density and high density respectively. Compared to 
the high density, the average NGPP increased 30% and 11% in single seedling and low 
density respectively. The greatest NGPP was found at single seedling under SII water 
management: 151 (50% increased) in second crop season (Fig. 1). Low density under DII 
showed the lowest NGPP: 79 in first crop season. 
 
3. Weight of 1000 grains 
 
The weight of 1000 grains (WkG) was among 18.8-27.9 g. The results of the two-factor 
analysis of variance on the WkG showed a significant difference in crop season but not in 
water management practices and transplanting spacing, at the 5% level. The WkG were 
among 18.8-24.1 g and 21.7-27.9 g in first and second crop season respectively. The average 
WkG in first crop season was 21.74 g, which was lower than the 24.37 g in second crop 
season. The greatest WkG was found at low density under DII water management: 26.2 g in 
second crop season (Fig. 1). Low density under DII showed the lowest WkG: 18.8 g in first crop 
season. 

 
4. Grain yield 
 
Grain yield was about 3.6-8.4 t/ha after harvest. The results of the two-factor analysis of 
variance showed the grain yield was significantly different in crop season but not in water 
management practices and transplanting spacing, at the 5% level. The grain yield was among 
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4.1-8.4 t/ha and 3.6-5.1 t/ha in first and second crop season respectively. The average grain 
yield in first crop season was 5.57 t/ha, which was higher than the 4.34 t/ha in second crop 
season, which was explained as low temperature pattern and increasing damage of pests, 
diseases, weeds and flood implied a higher risk of yield losses in second crop season. The 
greatest grain yield was found at low density under SII water management: 8.446 in first crop 
season (Fig. 1). Single seedling under DII showed the lowest grain yield: 3.61 t/ha in second 
crop season. 
 

 

Figure 1. Effects of the water management practices on yield components. 
 
3.2 Production Cost 
 
Fig. 2 showed the production cost of three different transplanting spacing for two crop seasons. 
The total production cost was 1948-2180 US$/ha and 2102-2335 US$/ha in first and second 
crop season respectively. The production cost increased 7.09-7.93% in second crop season 
compared to first crop season owing to the increased application of pesticide and fertilizer. The 
labor input resource only occupied 8.43%-9.70% of production cost at low and high density 
seedling transplanted by machine, which increased to 22.84%-24.46% at single seedling 
transplanted by hand owing to the high labor cost in Taiwan. Looking at the adaptation of 
farmer over different water management practices, SII field was complained by the farmer on 
additional work of leveling for achieving even distribution in small amount of water.  
 

 

Figure 2. Effects of the transplanting spacing on production cost 
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3.3 Water storage capacity 
 
Table 2 showed the water budget of different field blocks under different water management 
practices for two crop seasons. The total input water in first crop season was 758-2471 mm, 
and 87.47%-96.16% of the water came from irrigation and the rest was rainfall. In second crop 
season, the total input water was 587-1261 mm, and 35.09%-53.29% of the water came from 
irrigation and the rest was rainfall. Evapotranspiration occupied 30.51%-99.47% of total output 
water in first crop season and 34.89-74.96% in second crop season. Percolation from ground 
surface was 0.53%-69.49% of the total output water in first crop season and 25.04%-66.10% in 
second crop season. Drainage from field wasn’t measured in first crop season and which was 
85-293mm in second crop season. The runoff coefficients that corresponded to different water 
management practices were 0.22, 0.13 and 0.43 under FP, DII and SII respectively, which 
decreased 42% under DII and increased 101% under SII compared to FP. Among the water 
management practices, SII provided a water saving option with low irrigation water need and 
minimal percolation losses in first crop season, while DII made the paddy field become a 
rainwater cistern with high effective rainfall, high percolation (potential recharge) and low runoff 
coefficient in second crop season. 
 

Table 2. Volume of water budget on three water regimes in two crop seasons  

 

Item 
First crop  Second crop 

FP DII SII  FP DII SII 

Growth period (days) 145 145 145  110 110 110 

Field requirement (mm) 1934 2471 758  1055 1261 587 

Irrigation water need (mm) 1839 2376 663  527 672 206 

Effective rainfall (mm) 95.2 95.2 95.2  528 589 381 

Evapotranspiration(mm) 754 754 754  440 440 440 

Percolation(mm) 1180 1717 4  615 821 147 

Drainage (mm) 0 0 0  146 85 293 

 

*The amount of rainfall was 95mm and 674mm in first and second crop season respectively.  
 
3.4 Productivity 
 
Due to the lack of single transplanted machine in Taiwan, the change in transplanting spacing 
of DMP and SRI affected total production cost and productivity of capital (Pc) and labor (Pl). 
The Pc and Pl is defined as the amount of weight of grains over total capital and labor input. 
The results of the two-factor analysis of variance showed Pc was significantly different in crop 
seasons but not in water management practices and transplanting spacing, and Pl was 
significantly different in water management practices but not in crop seasons and transplanting 
spacing, at the 5% level. In general, the Pc was among 1.67-4.04 kg/US$ and the Pl was 
among 25.63-148.96 kg/hr as show in Fig. 3. Among the crop seasons, the average Pc 
decreased 26.98% in second crop. The maximum Pc was obtained at low density under SII in 
first crop season with Pc: 4.04 kg/US$. The minimum Pc was found at single seedling under SII 
in second crop season with Pc: 1.67 kg/US$. Among the water management practices, DII 
increased Pl along 46.38-104.17% and 107.06-192.85% in first and second crop season 
respectively where SII increased Pl along 63.39-204.50% and 115.14-148.26% in first and 
second crop season respectively. In general, the Pl under SII was higher than other water 
management practices in first crop season, while the Pl under DII was higher then others in 
second crop season. The maximum Pl was obtained at low density under SII in first crop 
season with Pl: 148.96 kg/hr. The minimum Pl was found at high density under FP in second 
crop season with Pl: 25.63 kg/hr.  

The changes in irrigation depth also affected total water use and irrigation water productivity 
(Pi). The Pi is defined as the amount of weight of grains over cumulative weight of water inputs 
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by irrigation. In general, Pi was among 1.71-21.03 kg/m3 as show in Fig. 3. The results of the 
two-factor analysis of variance showed the Pi was significantly different both in crop seasons 
and water management practices, at the 5% level. In general, the Pi increased 59.58-238% in 
second crop season. Among the water management practices, DII decreased the Pi along 
25.71-58.60% and 12.43-42.46% in first and second crop season respectively, where as SII 
increased Pi along 60.60-285.95% and 95.04-170.24% in first and second crop season 
respectively. The maximum Pi was obtained at high density under SII in second crop season 
with Pi: 21.03 kg/m3. The minimum Pi was found at high density under DII in first crop season 
with Pi: 1.71 kg/m3. 

 

 
 

Figure 3.Productivity of labor, capital and irrigation water. 
 
4.    Discussions 
 
Based on these facts and other figures, it can be concluded that among the transplant 
transplanting spacing, the high density seedling of farmer’s practice in Taiwan didn’t resulted in 
high rice grain yield as compared to single seedling and low density. On the contrary, because 
of the competition of plant root, populous seedling always accompany with high amount of 
fertilizer and pesticide which may result in high production cost and low productivity of labor 
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and capital. However, the farmers of the experiment field are willing to decrease the density of 
transplant seedling after the practice of single seedling of SRI. 

On the other hand, the high yield in the first crop season results form the trend of tempeture 
provides the farmer a good chance to grow paddy rice in Taiwan. Unfortunately, 
heavycompetition for water resource between different sectors (city, industry) and decreasing 
rainfall pattern are causing waterscarcity in this period. According the results of this research, 
the water management practice of SRI provides a response option to water scarcity with high 
productivity of irrigation, low irrigation water need and minimal percolation losses. In this case, 
water savings byfarmers can be a voluntary and deliberate choice oftheir own result from the 
potential of high grain yield. Although there are certain debate over the additional labor input of 
SRI method comparing withconventional practice, yet the SRI method in Taiwan present a 
water saving management practice is no doubt in first crop season. 

In contrast to first crop season, the low rice yield and high production cost always lead the 
farmers to abandon their paddy field in second crop season, which results in the increase of 
runoff load in the downstream during rainy season. To overcome these problems, making use 
of paddy fields as aflood control system instead of rice production has been highlighted in 
second crop season. Different from first crop season, it is hard to practice SII under heavy rain 
season and small amount of irrigation always leads to very high irrigation water productivity 
levels, because rainfall supplies the most water need for crop growth. However, compared the 
water budget of different water management practices, efficient rainfall increased 11.551%, 
percolation increased 33.50% and drainage decreased 41.78% under DII in second crop 
season. Considering the capacity of flood detention in paddy fields, the runoff coefficient under 
DII decreased41%. It was reasonable to conclude that the DII provided more water storage 
capacity during growth season. From the viewpoint of effective utilization of water resources, it 
is meaningless to save water during second crop season. On the contrary, if the excess water 
is available in rivers, it should be timely delivered to the rice fields to increase the efficient 
rainfall, maintain adequate percolation and replenish groundwater, without having to follow the 
strict water conservation measures. 
 
5.     Discussions 
 
The overproduction results in diminished profit from intensive agriculture result of depressed 
prices in Taiwan for decades. High labour and capital outlays lead to the reduction of arable 
land and the waste of water. Increasing the efficiency of input resources to find more profit for 
the farmers is imminent. The performance of water management practice of paddy field affects 
the vulnerability and the adapting capacity for local food security. The review of literature 
showed it seems to subsist in a variable management practices in paddy rice field. In 
consideration of increasing the productivity and water storage capacity of paddy fields, and 
adapting water management practice to the climate change and economic growth, three blocks 
of farm field were designed to investigate the effects of deepwater management and basic SRI 
principle on rice crop performance, productivity and water storage capacity in this paper. 

The results showed that in Taiwanwater saving irrigation practices can be applied with high 
potentialyieldduring first crop season when the crop can efficiently compensate highlabor, 
capital and irrigation water productivityby the promotion of SRI under low labor, capital and 
water input. However, although the SRI still can generate high productivity in second crop 
season, but low temperature patternand increasing damage of pests, diseases, weeds and 
flood implied a higher risk of yield losses and narrows the range to exploit labor, capitaland 
irrigation water productivity of SRI. From the viewpoint of productivity and effective utilization of 
water resources, it seems meaningless to achieve high yields based onthe prescriptive use of 
fertilizers (and pesticides) without economically warrant in second crop season. On the 
contrary, if the excess water is available in rivers, the farmer should be encouraged and 
subsided by the government to sustain the paddy field as a shallow detention pond through 
deepwater management practice in second crop season, instead of letting the farmer 
abandoned their paddy field without controlling. 

In addition to providing a technology improvement, the SRI also provides a chance to 
reexamine the difficulty between the theory of scientist and the practice of farmer based on 
some simple principles. Facing the double exposure of climate change and globalization, the 
SRI reminds the people need to pay more attention on the system of less input resources and 
more agricultural production in Taiwan. 
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Structured Abstract 
 

Introduction(100 words) 
 
Irrigation is emerging as a crucial climate adaptation option for agriculture. But current 
investments are often poorly aligned with agronomic opportunities, farmers’ investment 
capacities, and the natural resource base to support increased water abstraction. At the same 
time, recent advances in computational sciences and digital technologies can substantially 
support spatial targeting of irrigation investments across large landscapes. Being 
interconnected, complex, and open – agricultural water systems require a holistic approach for 
successful modeling and management. Addressing global water and food grand challenges 
requires integrating big data on agronomy, water systems, and socio-technical aspect of 
irrigation. 
 
Methodology(100 words) 
 
Specifically, this new generation of irrigation targeting champions (i) transdisciplinary across 
agriculture, hydrology, irrigation technologies, and social science (ii) fusion of datasets from 
remote sensing, survey data, and simulation models (iii) machine learning and participatory 
approaches to continuously improve and ground-truth predictions. Here we illustrate such an 
approach by providing insights from largely groundwater dependent Eastern India. We combine 
large-scale agricultural production surveys piloted in South Asia (n: >40k) combined with 
machine learning, environmental analytics on (>1k observation wells), and participatory 
approaches. Importantly, we showcase the importance of feedbacks loops participatory and 
quantitative analytics. 
 
Analysis and results(50 words) 
 

Our results indicate that large water yield gaps prevail. But co-limiting factors vary across the 
region. At the same time, farmers’ incentives to invest in irrigation are low due to small farm 
sizes. The large monsoon-driven groundwater recharge poses especially high risks in the dry 
season and in the South. 
 
Conclusions and recommendations(100 words) 
 
Our results suggest that effectively enhancing climate resilience and food security will rely on 
spatially varying co-investments for enabling low-cost agronomic practices such as timely crop 
planting as well as irrigation. To achieve this funders and policy makers leverage big data for 
evidence-based and adaptive decision-making and investment targeting. This can substantially 
increase the effectiveness of investments in irrigation while safeguarding against maladaptive 
irrigation expansion and the participatory approaches help to co-develop strong governance 
mechanisms and co-define sustainability (ground)water management strategies. Altogether, 
leveraging big data can provide diagnostics and solutions for irrigation investments that caters 
to people, nature, and climate:  

Keywords (5):  machine learning; groundwater; human-environment systems; sustainability 
science 
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Introduction 

 

Climate change is increasing the frequency of drought and dry spells across the globe (IPCC, 
2023), resulting in increased stress of crops for food production. To increase the resilience of 
agricultural production systems against this increasingly erratic rainfalls, countries and global 
financial institutes are investing heavily in irrigation to provide farmers with a more secure and 
stable source of water when rainfall does not suffice – with e.g. the world bank having 6.4 
billion USD pipelined for irrigation investments and 213 active irrigation investment projects 
(Projects, n.d.). However, investments in irrigation do not have a strong track record in 
delivering returns on investments when compared to the expected returns. For example, it was 
found that only 13% of the designed area of medium and large irrigation schemes in Africa was 
being irrigated (Higginbottom et al., 2021). The build-neglect-rebuild cycle has long been 
discussed in the academic literature (Huppert et al., 2003; Suhardiman & Giordano, 2014), and 
is an infamously difficult problem to address. Nevertheless, some 60% of global food 
production comes from the only 30% of globally irrigated areas – showcasing the importance of 
irrigation for global food security (Molden, 2007). 

Given the strong contribution of irrigated agriculture to food security and the increasing 
pressures these system face, a more targeted approach to investing in irrigation is necessary. 
Here, we present examples of how agronomic and environmental data stacks can be used to 
provide planner and policymakers with relevant and updated information on where investments 
are most likely to pay of while being unlikely to cause severe impacts on groundwater irrigation. 

Irrigation is emerging as a crucial climate adaptation option for agriculture. But current 
investments are often poorly aligned with agronomic opportunities, farmers’ investment 
capacities, and the natural resource base to support increased water abstraction (Bo et al., 
2022; Puy et al., 2022; Schmitt et al., 2022). At the same time, recent advances in 
computational sciences and digital technologies can substantially support spatial targeting of 
irrigation investments across large landscapes (McDonald et al., 2022; Urfels et al., 2022). 
Being interconnected, complex, and open – agricultural water systems require a holistic 
approach for successful modeling and management (Urfels et al., 2023). Addressing global 
water and food grand challenges requires integrating big data on agronomy, water systems, 
and socio-technical aspect of irrigation. 

Specifically, this new generation of irrigation targeting champions (i) transdisciplinary across 
agriculture, hydrology, irrigation technologies, and social science (ii) fusion of datasets from 
remote sensing, survey data, and simulation models (iii) machine learning and participatory 
approaches to continuously improve and ground-truth predictions. Here we illustrate such an 
approach by providing insights from largely groundwater dependent Eastern India. We combine 
large-scale agricultural production surveys piloted in South Asia (n: >40k) environmental 
analytics on (>1k observation wells), and participatory approaches. Here, we present how 
outputs from these approaches can jointly inform planning and targeting of irrigation 
investments. 
 

Methods 
 

In this paper, we utilize two major data sources: first of all, we use data from the Landscape 
Crop Assessment Survey (LCAS) that has been developed by the Cereal Systems Initiative for 
South Asia (CSISA) in cooperation with Krishi Vigyan Kendra Knowledge Network (KvK) and 
Indian Council of Agricultural Research (ICAR) (Singh et al., 2019). Additionally, we use 
groundwater level data that has been collected by the Central Ground Water Board (CGWB) of 
India that is part of the Ministry of Jal Shakti, Department of Water Resources. 

To understand where irrigation is most likely to pay off the most, we construct a random forest 
yield prediction model from the LCAS dataset (Breiman, 2001; McDonald et al., 2022; Urfels et 
al., 2021). Random forest models have been shown to provide robust predictions while 
allowing for some degree of interpretability. But instead of using the model for diagnostic 
purposes, we here apply it for predictions of the yield increase when farmers add one 
additional irrigation. The main drawback of using random forest models is that their accuracy 
declines substantially when moving beyond the observed data in the training dataset (Hastie et 
al., 2001). Increasing irrigation number by a single unit (1 application), thus ensures that our 
predictions are within the model’s effective inference space.  
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Next, we collate the groundwater levels across Bihar. However, the time series are not without 
gaps and we therefore investigate the continuity of the time series. We find that ~40% of 
observation wells contain more than 70 observation and are thus suitable for time series 
analysis. We thus subset the observation wells to wells with at least 70 observations and 
remove the remaining ones. To determine the trend in water levels, we use a linear regression 
analysis of the dry season water levels that are measured during the month of May – before 
the monsoon starts. 

Lastly, we consider both the expected increase in yield from additional irrigation and the current 
trends of groundwater decline to delineate areas where investments in irrigation are most likely 
to benefit farmers without endangering nature and other water users. 
 

Results and discussion 
 
Our results indicate that large water yield gaps prevail. But co-limiting factors vary across the 
region. At the same time, farmers’ incentives to invest in irrigation are low due to small farm 
sizes. The large monsoon-driven groundwater recharge poses especially high risks in the dry 
season and in the South. Figure 1, provides an overview of the where providing one additional 
irrigation might have the largest impact on yield in Bihar, Nepal, and Eastern Uttar Pradesh. It 
is evident that there is a clear spatial structure to the opportunity of irrigation. We can see that 
the areas in Southern Bihar are unlikely to see dramatic increases in yield with additional 
irrigation, except for the easternmost parts. The largest response is concentrated in the central 
regions and eastern most parts. While In Nepal, some parts in the West have the largest likely 
response. 
 

 
 
 
 

Figure 1. Benefit of providing one additional irrigation to rice in. Red areas are clusters with a high yield 
response and blue areas are clusters with a low yield response. 
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Figure 2. Trend in dry season groundwater levels in m/year. 
 
Next, we consider the groundwater levels in the study area – focusing on Bihar. Figure 2, 
shows the trends of groundwater levels over the last 20 years. Importantly, what we see is that 
there is no clear spatial demarcation of trends but nearby areas might experience opposing 
groundwater trends. This patterns is likely due to the multi-layered nature of the aquifer caused 
by the highly active morpho dynamic river systems with immense sedimentation and discharge 
loads of substantial annual amplitude.  

Lastly, we conducted a series of focus group discussion in Nepal and Bihar where we elicited 
farmers response to the advice to increase their irrigation by one single application. However, 
we found that farmers were very reluctant to increase the numbers of irrigation they provide – 
citing increased risk of lodging as a key factors that they expect to result from additional 
irrigation. Future studies need to further investigate these behavioral aspects and validate our 
results with field trials.  

As a result, we recommend that irrigation investments are targeted and designed in a two-

stage manner. Irrigation development and irrigation-led intensification need to be targeted on a 
place by place basis focusing on areas of highest likely return. That is, first, the areas of the 
largest defined response in yield should be targeted. Next a diagnostic approach to what the 
most important interventions should be can be deployed to map, understand and benchmark 
existing irrigation schemes for surface and groundwater irrigation. Next the aquifer should be 
studied and local areas without existing decline should be identified for investing first. Areas 
that are experiencing decline in groundwater levels might still benefits from investments in 
irrigation for more equitable and productive use. But cautions is needed here to not further 
deplete the resource base and identify mechanisms to halt the ongoing decline. Lastly, 
interventions should be rolled on in a targeted manner to tackle the identified issues and 
improve both resilience of agricultural production and sustainability of the water resources. 
 

Conclusion 
 
Our results suggest that effectively enhancing climate resilience and food security will rely on 
spatially varying co-investments for enabling low-cost agronomic practices such as timely crop 
planting as well as irrigation. To achieve this funders and policy makers leverage big data for 
evidence-based and adaptive decision-making and investment targeting. This can substantially 
increase the effectiveness of investments in irrigation while safeguarding against maladaptive 
irrigation expansion and the participatory approaches help to co-develop strong governance 
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mechanisms and co-define sustainability (ground)water management strategies. Altogether, 
leveraging big data can provide diagnostics and solutions for irrigation investments that caters 
to people, nature, and climate. 
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EFFECTS OF FULVIC ACID APPLICATION ON DRY MATTER 
ACCUMULATION AND YIELD OF IRRIGATED MAIZE 

 
WU Jiabin 1 QIN Ziyuan1  WANG Biyu2 

 
 

Abstract 
 

 In order to explore the dry matter accumulation and yield formation of maize under different 
irrigation quotas and fulvic acid application modes, this study set two irrigation quotas (W1:25 
mm; W2:30 mm) and three fulvic acid application levels (H0:0; H1:45; H2: 67.5 kg/hm ²）, A 
total of 6 treatments were conducted to study the effects of fulvic acid application on the growth 
and development characteristics, dry matter accumulation, water and nitrogen utilization 
efficiency, yield, and correlation of irrigated maize. The results showed that both high irrigation 
quota (W2) and application of fulvic acid could improve the accumulation and formation rate of 
dry matter in maize. Under W2 irrigation treatment, application of fulvic acid could significantly 
increase the plant height, stem diameter, and leaf area index of maize during maturity, while 
under W1 irrigation treatment, the leaf area index of maize was significantly increased. High 
irrigation quota treatment of corn has the characteristics of long duration of rapid growth period 
and high growth rate, which is conducive to the accumulation of dry matter in corn. Under 
different irrigation quotas, corn yield increases with the increase of fulvic acid application rate. 
Taking into account various indicators, W2H1 treatment is the optimal water and fulvic acid 
application management mode for maize in the study area. 

Key words: irrigation quota; fulvic acid; maize; dry matter accumulation; yield 

 
Introduction 
 
Corn is the main grain crop in China, accounting for approximately 36% of the total grain 
output[1]. With the increasing population, increasing corn yield in limited arable land has 
become one of the important challenges faced by China's agricultural production, and resource 
based water scarcity is the primary factor restricting agricultural production in arid and semi-
arid areas[2]. Otog Front Banner, Ordos City, Inner Mongolia, is located in the northwest inland 
arid area of China. Agriculture and animal husbandry are intertwined, and the ecological 
environment is very fragile. The per capita water resources are less than 1/4 of the average 
level of China, and the water resource utilization efficiency is less than 1/2 of developed 
countries[3]. It is estimated that due to periodic or unpredictable drought, agricultural 
production of about 1/3 of cultivated land is limited[4]. In order to improve Agricultural 
productivity of cultivated land with limited water resources, it is necessary to carry out research 
on efficient utilization of water resources, stable crop yield and increased crop production. 

Drip irrigation, as an advanced water-saving irrigation technology, has many advantages such 
as water-saving, increasing yield, improving quality, reducing ineffective surface evaporation, 
and improving soil conditions in crop root zones. It has been widely applied in the western 
region of Inner Mongolia[5-7]. At present, the actual irrigation quota of Otog Front Banner is 
about 2700 m³/hm², In recent ten years, the proportion of Farm water is close to 90%, but with 
the acceleration of urbanization and industrialization in China, Farm water is bound to be 
occupied, and the contradiction of "water reduction and grain increase" is prominent[8]. Studies 
have shown that adequate water conditions can promote the growth rate of vegetation 
population, extend the accumulation time of dry matter, and help yield formation[9]. Moderate 
water deficit significantly reduces the total water consumption, while the effect on corn dry 
matter accumulation and yield formation was not significant[10]. Overall, reducing irrigation 
quotas is not conducive to crop yield increase, while moderate reduction of irrigation combined 
with soil improvement, crop growth regulators, and reasonable dense planting can compensate 
for the negative effect of crop productivity decline caused by water reduction. 

 
1  Yinshanbeilu Grassland Eco-hydrology National Observation and Research Station, China Institute of 
 Water Resources and Hydropower Research, Hohhot 010020, China; 
2  Research Center of Fluid Machinery Engineering and Technology, Jiangsu University, 212013, China) 
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As an excellent biological stimulant, fulvic acid promotes plant growth by regulating the "plant 
soil fertilizer" system, enhancing stress resistance, promoting crop nutrient absorption, 
improving soil microbial community structure, and increasing yield[11]. El Mekser et al. showed 
that the application of fulvic acid can significantly reduce the growth period of maize from 
sowing to tasseling, and significantly increase plant height and yield[12]. 

 Currently, there are more studies on the dry matter accumulation and yield of maize with 
different irrigation quotas, while there are relatively few studies on the coupled application of 
fulvic acid. Whether fulvic acid application can further enhance water and nitrogen utilization as 
well as dry matter accumulation and yield of maize under the appropriate irrigation quotas 
needs to be explored. 

This study conducted field experiments to analyze the effects of fulvic acid application under 
different irrigation quotas on the growth and development characteristics, dry matter 
accumulation and accumulation rate, yield and related traits, and water and nitrogen utilization 
efficiency of corn. The aim is to provide theoretical basis and technical reference for the study 
of water-saving and yield increasing planting methods of corn in the region. 
 

1          Materials and Methods 
  

1.1      Overview of the experimental area 

 
The experiment was conducted in 2022 at the Ordos Irrigation Experimental Station in Inner 
Mongolia (38 ° 7 ′ 37 ″ N, 107 ° 31 ′ 5 ″ E). The test area belongs to temperate Continental 
climate, with long cold winter, short hot summer, drought and little rain, strong wind and more 
sand, which is a typical distribution area of aeolian sandy soil. The multi-year average 
temperature is 7.9 ℃, the multi-year average evaporation is 2497.9mm, and the multi-year 
average precipitation is 260.6mm. The precipitation from June to September accounts for 
60~90% of the annual precipitation. The multi-year average Sunshine duration are 2958h, and 
the annual frost free period is about 171d.  

The maximum depth of the frozen soil layer is 1.54m. The soil at 1m depth in the test area is 
sandy soil, the Field capacity is 22.86%, and the buried depth of groundwater level is 1.2~2.0 
m. Before the experiment, the basic physical and chemical properties of the topsoil (0-20 cm) 
were as follows: pH value 8.21, organic matter mass fraction 10.37g/kg, alkali hydrolyzed 
nitrogen mass fraction 76.9 mg/kg, available phosphorus mass fraction 14.56 mg/kg, and 
available potassium mass fraction 121.3 mg/kg. 

 

1.2     Design of experiments 
 
The maize variety "Yidan 81", which has been planted and promoted for many years in Otog 
Front Banner, was used as the test material. The experiment was a 2-factor randomized group 
design, with two irrigation quotas (25 and 30 mm, respectively W1 and W2), three levels of 
fulvic acid application (0, 45 and 67.5 kg/hm², respectively H0, H1 and H2), and a total of six 
treatments (W1H0, W1H1, W1H2, W2H0, W2H1, W2H2) with three replications for each 
treatment. A total of 18 plots were arranged in randomized blocks, with each test plot covering 
an area of 50 m² (5 m×10 m), and a 1 m wide isolation zone was set between each plot to 
eliminate mutual interference. 

 The planting density of corn in the experimental field was 4500 plants/mu. The bottom fertilizer 
of the experimental field was 75 m³/hm² of rotted cow dung applied by integrated agricultural 
machine, and the base fertilizer was 450 kg/hm² of compound fertilizer with N:P2O5:K2O of 15-
20-10, which was applied to the soil in layers with sowing. Nitrogen fertilizer for the test was 
urea (containing 46% N), following the principle of front control, middle promotion, and back 
supplementation, and was applied in three times during the fertility period, totaling 240 kg/hm² 
(the ratio of application during the pulling stage, male pumping stage, and grouting stage was 
4:3:3), and drip irrigation was used to apply fertilizer along with the water. 

 The experiment was sown on April 29, 2022, with 66,700 seedlings/hm², harvested on 
September 25, with a full-life span of 150 d. Drip irrigation was applied nine times, and 
xanthate was applied three times in the seedling and nutrient growth stages, with H1 and H2 
flushed with drip irrigation each time at 15 and 22.5 kg/hm², respectively, and the water intake 
pipe of each plot was connected with a small water meter. 
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1.3        Measurement Items and Methods 
 
1.3.1     Determination of irrigation water volume 
 
After sowing corn, record the date of each drip irrigation and use a small water meter to 
calculate the water volume for each irrigation in each plot. 

 
1.3.2      Determination of Plant Dry Matter Quality 
 
Three maize plants were randomly selected from each experimental plot during the seedling 
stage, jointing stage, tasseling stage, filling stage, and maturity stage. They were killed in a 
drying oven at 105 ℃ for 0.5 hours, then dried at 80 ℃ to a constant mass, cooled to room 
temperature, and the dry matter mass of the plants was measured using an electronic balance 
with an accuracy of 0.01 g. 

 
1.3.3     Determination of growth indicators 

 
Three maize plants were randomly selected from each experimental plot during the seedling, 
jointing, tasseling, filling, and mature stages for growth index measurement. The plant height 
was measured with a tape measure, covering the maximum distance from the stem base to the 
maize growth point; The stem diameter shall be measured with a Vernier scale with an 
accuracy of 0.01 mm. The middle part of the first stem node of the aboveground part shall be 
selected for the measurement at the seedling and jointing stages. After the heading stage, the 
stem diameter in the middle of the stem node where the ear position is measured shall be 
added and the average value shall be calculated; The leaf area index is calculated using the LI-
3000C portable leaf area meter, which is the ratio of total leaf area to unit land area. 
 
1.3.4  Yield and related shape determination 

 
Randomly select 1m² of each experimental plot during the maturity period for yield 
measurement. After threshing, measure the moisture content of the seeds, and calculate the 
yield based on the 14% moisture content of the seeds. Simultaneously measure indicators 
such as corn ear diameter, ear length, number of grains per ear, effective ears per unit area, 
100 grain weight, and bald tip. 

 
1.4 Calculation method 

 
The Logistic growth equation was used for Nonlinear regression fitting of Cumulant of dry 
matter of maize[13], as follows: 

y=a/(1+be-kt)                                            (1) 

Where y is the cumulant of dry matter of corn (kg/hm ²), a is the potential maximum dry matter 
value of corn(kg/hm²), b is the regression parameter related to cumulant of dry matter of 
maize(b>0), k is the growth rate of cumulant of dry matter(k<0), t is the time after corn 
sowing(d). 

By taking the derivative of the logistic function and calculating its eigenvalue equation, three 
key points can be obtained, with the abscissa corresponding to the initial peak period (T₁, d), 
peak period (T2, d), and peak period (T3, d), as well as the fastest growth rate (Vmax, kg/hm) ²· 
d) The growth process fitted by the logistic curve can be divided into gradually increasing 
period (0-T1), rapidly increasing period (T1-T3), and slowly increasing period (T3~∞) using the 
initial and final stages. The eigenvalue equations are 

T1=(lnb-1.317)/k                                       (2) 

T2=lnb/k                                                    (3) 

T3=(lnb+1.317)/k                                      (4) 

ΔT = T3- T1                                              (5) 

Vmax=ak/4                                                (6) 
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IWUE=Y/I                                          (7) 

PFP=Y/N                                     (8) 

Where, ΔT is the duration of rapid growth period(d), Y is the corn yield(kg/hm²), I is the 
irrigation volume per unit area(mm), N is the nitrogen rate(kg/hm²). 

 

1.5  Data Analysis 
 
Excel 2019 and Origin 2022 were used for data processing and plotting, and SPSS 27.0 was 
used for statistical analysis. Multiple comparisons between treatments were conducted using 
the Duncan method in One Way ANOVA. 

 

2      Results and Analysis 
 
2.1  Effects of Fulvic Acid Application on Maize Growth and Development under 
 Different Irrigation Quotas 
 
The effects of applying fulvic acid under different irrigation quotas on maize plant height, stem 
diameter, and leaf area index are shown in Figure 1. The experimental results showed that 
during the mature period, the application of fulvic acid under W2 treatment significantly 
increased the plant height, stem diameter, and leaf area index of maize (P<0.05), while under 
W1 treatment, the application of fulvic acid had no significant effect on the plant height and 
stem diameter of maize (P>0.05), and had a significant effect on the improvement of leaf area 
index (P<0.05). The variation trend of corn plant height under different treatments is basically 
the same. From the jointing stage to the tasseling stage, the corn plant height rapidly 
increases, and then the increase in plant height tends to stabilize. The plant height reaches its 
maximum value during the filling stage, and decreases slightly during the mature stage. Under 
the W2 treatment, the corn plant height increased by an average of 10.58% compared to the 
W1 treatment, while under the H2 treatment, the corn plant height increased by 4.05% and 
4.14% compared to the H0 and H1 treatments, respectively. 
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Fig.1  Effects of fulvic acid application on growth characteristics of maize under different 

irrigation quotas 
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The trend of corn stem diameter change is similar to that of plant height. During the filling 
period, the stem diameter reaches its maximum value, with an average stem diameter of 
29.88mm for each treatment. Under W2 treatment, the corn stem diameter increases by an 
average of 9.54% compared to W1 treatment. The corn stem diameter increases with the 
increase of fulvic acid dosage, and the plant height of H1 and H2 treatments increases by 
7.08% and 0.86% compared to H0 treatment, respectively. The variation trend of maize leaf 
area index from seedling stage to filling stage is similar to that of plant height. After reaching its 
maximum value during the filling stage, the leaf area index significantly decreases as the 
growth period progresses. The leaf area index decreases by 29.71% to 36.82% from filling 
stage to mature stage in different treatments. The leaf area index of maize under W2 treatment 
increased by an average of 14.66% compared to W1 treatment. The leaf area index of maize 
increased with the increase of fulvic acid dosage. The leaf area index of maize under H1 and 
H2 treatment increased by 2.38% and 9.99% compared to H0 treatment, respectively. 
 

2.2 Effect of application of fulvic acid on dry matter accumulation in maize under   
 different irrigation quotas 
 
The effect of application of fulvic acid on dry matter accumulation in corn under different 
irrigation quotas is shown in Figure 2. The results showed that the increase range of dry matter 
Cumulant of maize in different treatments gradually decreased with the advance of growth 
period, and the increase range of dry matter accumulation from filling stage to maturity stage 
was the smallest, with an average of 15.34%. The addition of fulvic acid can promote the 
accumulation of dry matter in corn, but there is no significant difference in dry matter 
accumulation between H1 and H2 (P>0.05). Under the same irrigation quota, the dry matter 
accumulation of maize under H1 and H2 treatments was consistently higher than that under H0 
treatment. During the filling and ripening stages, the dry matter accumulation of maize under 
H1 and H2 treatments was significantly higher than that under H0 treatment (P<0.05), with an 
increase of 7.40% to 11.56%. Under the same application amount of fulvic acid, the dry matter 
accumulation of corn in W2 treatment was higher than that in W1 treatment at all growth 
stages. The average increase in growth stages of H0, H1, and H2 treatments was 9.17%, 
11.89%, and 11.01%, respectively. 
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Fig.2  Effects of fulvic acid application on dry matter accumulation in maize under different irrigation quotas 
 

The Logistic growth equation fitting and model effectiveness evaluation of Cumulant of dry 
matter above ground of maize are shown in Table 1. The consistency index of the Logistic 
growth model for aboveground dry matter of maize under different treatments ranged from 
0.9988 to 0.9993, the efficiency coefficient ranged from 0.9760 to 0.9858, and the Coefficient of 
determination R² ranged from 0.9904 to 0.9943. The evaluation of model effectiveness showed 
that the effect of fitting the process of dry matter accumulation of maize with the Logistic growth 
equation was better, and the predicted value of the model was in good agreement with the 
measured value. The fitting results indicate that the theoretical maximum accumulation of 
aboveground dry matter in maize under different irrigation quotas is 17472.77~21605.19 kg/hm 
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for each treatment of fulvic acid application ², Under the same irrigation quota, the theoretical 
maximum value of dry matter accumulation in the aboveground part of corn increases with the 
increase of the amount of fulvic acid applied, among which the theoretical maximum value of 
dry matter accumulation in W2H2 treatment is 2.50%~23.65% higher than other treatments. 
 

Tab.1  Logistic growth equation fitting and model validity of aboveground dry matter of maize  
accumulation  

 

handle 
Dry matter accumulation logistic 

equation 

Model Validity 

AI EF R2 

W1H0 
y=17472.77/(1+78.89e-0.049t) 0.9990  0.9805  0.9922  

W1H1 
y=18646.38/(1+120.22e-0.053t) 0.9992  0.9841  0.9937  

W1H2 y=19304.17/(1+88.36e-0.049t) 0.9992  0.9835  0.9934  

W2H0 y=19277.31/(1+99.49e-0.051t) 0.9993  0.9858  0.9943  

W2H1 
y=21078.77/(1+79.71e-0.049t) 0.9993  0.9855  0.9942  

W2H2 
y=21605.19/(1+70.8e-0.047t) 0.9988  0.9760  0.9904  

 
The first derivative of the logistic growth equation was obtained to obtain the curve of the 
accumulation rate of aboveground dry matter in maize under different irrigation quotas, as 
shown in Figure 3. The variation curve of the aboveground dry matter accumulation rate of corn 
is a single peak curve, which shows a trend of first increasing and then decreasing with the 
advancement of the days after maize emergence. Under the same irrigation quota, the average 
accumulation rate of dry matter in maize treated with H1 and H2 was higher than that in H0 
treatment. In the middle and late stages of growth, the accumulation rate of aboveground 
matter in maize increased with the increase of yellow fulvic acid application amount. The 
average accumulation rate of maize aboveground parts under W2 treatment was higher than 
that under W1 treatment with the same amount of fulvic acid applied. 
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Fig.3  Effects of fulvic acid application on dry matter accumulation rate of maize under different irrigation 

quotas 

 
The second derivative of the logistic growth equation was obtained, and the main characteristic 
values of the accumulation process of aboveground dry matter in maize under different 
irrigation quotas were obtained as shown in Table 2. Under different irrigation quotas, the 
average rapid increase period of dry matter accumulation rate in the aboveground part of corn 
treated with fulvic acid application was 53.17 days, and the maximum increase rate of dry 
matter accumulation in the aboveground part was 90.28 days. The time difference in the fastest 
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growth rate among different treatments is relatively small. Under W2 treatment, the peak period 
of dry matter accumulation was advanced with the increase of fulvic acid application amount. 
The peak period of dry matter accumulation rate in H1 and H2 treatments was on average 1.51 
and 1.81 days earlier than that in H0 treatments, respectively. During the rapid growth period, 
the application amount of fulvic acid is 45 kg/hm² At the same time, the maximum growth rate 
of aboveground dry matter in maize under various irrigation quotas reached its maximum 
value, with the maximum growth rate of aboveground dry matter in W2H1 treatment being 
255.63 kg/(hm²d) Compared with other treatments, it has increased by 1.77% to 18.83%. 
 

Tab.2  Main characteristic values of aboveground dry matter of maize accumulation process  

 

handle 
Main characteristic values of dry matter accumulation 

T1/d T2/d T3/d ΔT/d Vmax/(kg·hm-2·d-1) 

W1H0 62.59  89.60  116.62  54.03  212.95  

W1H1 65.10  89.79  114.48  49.38  248.65  

W1H2 63.94  90.55  117.16  53.22  238.84  

W2H0 64.63  90.55  116.48  51.85  244.82  

W2H1 63.11  90.26  117.41  54.30  255.63  

W2H2 62.82  90.93  119.04  56.22  253.05  

 
2.3   Effect of Fulvic Acid Application on Corn Yield under Different Irrigation Rations 

 
The effects of application of fulvic acid under different irrigation quotas on maize yield and 
related traits are shown in Table 3. The experimental results showed that under different 
irrigation quotas, the yield of corn increased with the increase of fulvic acid application rate, 
and the yield of W2H2 treatment was the highest, at 10464.34kg/hm², There was no significant 
difference in yield between W2H1 and W2H2 treatments (P>0.05). Under the same irrigation 
mode, the application of fulvic acid significantly increased maize yield. The average increase in 
maize yield under W1 and W2 treatments with fulvic acid application was 4.19% and 4.74% 
higher than that under H0 treatment, respectively. From the perspective of corn yield related 
trait indicators, the effective ears per unit area, number of grains per ear, and ear diameter are 
directly proportional to the amount of fulvic acid applied. The average values of 100 grain 
weight and ear length are 34.25g and 22.36cm, respectively. High irrigation quotas have a 
promoting effect on 100 grain weight and ear length, while the average value of corn bald tip is 
0.51cm, indicating significant variability. The average yield and related shapes of maize under 
W2 treatment were higher than those under W1 treatment, indicating that high irrigation quotas 
have a positive effect on maize growth and yield formation. The effective panicle per unit area, 
number of grains per panicle, 100 grain weight, panicle diameter, and yield all increase with the 
increase of fulvic acid application rate. From this, it can be seen that the appropriate application 
of fulvic acid under high irrigation quotas can increase storage capacity by forming sufficient 
large ears, thereby increasing maize yield. 
 
Tab.3  Effects of fulvic acid application on yield and related traits of maize under different irrigation quotas  

 

Treament 

Effective 
panicle 
per unit 
area 
/104·hm-2 

100 grain 
weight /g 

Number 
of grains 
per spike 

/ grain 

Spike 
length 
/cm 

Balding 
tip /cm 

ear 
diameter 

/cm 

production 
/kg·hm-2 

W1H0 6.11c 33.14c 466.35d 21.15c 0.49b 5.42c 9017.12e 

W1H1 6.29b 34.67b 474.44d 21.27c 0.51b 5.42c 9168.13d 

W1H2 6.35ab 33.23c 496.11c 22.51b 0.00c 5.52b 9621.37c 

W2H0 6.39a 35.28a 496.94c 23.41a 0.97a 5.45bc 9947.85b 

W2H1 6.44a 34.45b 514.76b 22.66b 0.56b 5.51b 10374.38a 

W2H2 6.47a 34.71b 532.28a 23.17a 0.53b 5.71a 10464.34a 

 
Note: Different Minuscule in the table indicate significant differences between treatments (P<0.05)  
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2.4  Effect of Fulvic Acid Application on Water and Nitrogen Utilization of Maize under 
 Different Irrigation Quotas 
 
The effect of fulvic acid application on water and nitrogen utilization in maize under different 
irrigation quotas is shown in Figure 4. The experimental results showed that the irrigation water 
use efficiency of W1 treatment was significantly higher than that of W2 treatment (P<0.05), and 
there was no significant difference in irrigation water use efficiency under W1 treatment 
(P>0.05). Under W2 treatment, the application of fulvic acid significantly improved the irrigation 
water use efficiency (P<0.05). The W1H2 treatment has the highest irrigation water use 
efficiency, at 4.07kg/m³, which is 0.60%~11.56% higher than other treatments. Under the same 
irrigation quota, the nitrogen fertilizer partial productivity increases with the increase of the 
amount of fulvic acid applied. The difference in nitrogen fertilizer partial productivity under W1 
treatment is not significant (P>0.05), while under W2 treatment, the addition of fulvic acid 
treatment is significantly higher than that under H0 treatment. At the same application rate of 
fulvic acid, the nitrogen fertilizer partial productivity of W2 treatment was higher than that of W1 
treatment, and the nitrogen fertilizer partial productivity of W2 treatment significantly increased 
by 8.76%~13.16% compared to W1 treatment (P<0.05). 
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Fig.4  Effects of fulvic acid application on water and nitrogen utilization of maize under different irrigation 
quotas 

 

2.5   Yield correlation analysis 
 
The correlation between corn yield and yield related traits, as well as the dry matter quality of 
mature corn, is shown in Table 3. There was a highly significant positive correlation (P<0.01) 
between maize yield and effective ears per unit area, number of grains per ear, ear length, ear 
diameter, and dry matter mass, while there was a significant positive correlation (P<0.05) 
between maize yield and 100 grain weight. 

 There was no significant correlation (P>0.05) between maize yield and bald tip; There is a 
highly significant positive correlation between effective panicles per unit area and 100 grain 
weight, number of grains per panicle, panicle length, panicle diameter, and dry matter mass 
(P<0.01); There was a highly significant positive correlation between 100 grain weight and bald 
tip (P<0.01), as well as a significant positive correlation with spike length and dry matter quality 
(P<0.05);  

There is a highly significant positive correlation between the number of grains per spike and 
spike length, spike diameter, and dry matter quality (P<0.01); There was a highly significant 
positive correlation between ear length and dry matter quality (P<0.01), and a significant 
positive correlation with ear diameter (P<0.05); There is a highly significant positive correlation 
between ear diameter and dry matter quality (P<0.01). 
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Tab.3  Maize yield correlation analysis 

 

  
Produ
ction 

Effective 
panicle  
 per unit 

area 

100 
grain 

weight 

Number 
of grains 

 per 
spike 

Spike 
length 

Baldi
ng tip 

Ear 
thic
knes

s 

Dr
y 

ma
ss 

Production 1               

Effective 
panicle  

 per unit area 

0.906*

* 
1             

100 grain 
weight 0.516* 0.598** 1           

Number of 
grains per 

spike 

0.960*

* 
0.914** 0.433 1         

Spike length 
0.861*

* 
0.856** 0.536* 0.808** 1       

Balding tip 0.287 0.168 0.784** 0.091 0.327 1     

Ear thickness 
0.652*

* 
0.607** 0.192 0.803** 0.484* -0.169 1   

Dry mass 
0.936*

* 
0.908** 0.485* 0.968** 0.700** 0.115 

0.76
4** 

1 

 
3  Discussion 

 
The plant height, stem diameter, and leaf area of corn are indicators that measure the growth 
status of corn, and are also important factors determining the formation of grain yield. Under 
different irrigation quotas and fulvic acid application treatments, there are differences in field 
soil moisture and crop physiological status, which in turn affect the growth and development 
indicators of corn[14]. The results of Chen Tingting's research on the maize irrigation system in 
the Ningxia Yellow River Diversion Irrigation Area show that within a certain range, the irrigation 
quota is directly proportional to the maize plant height, and the leaf area first increases and 
then decreases with the increase of irrigation quota[15]. Liu Shichang et al. have shown that 
biochemical potassium fulvic acid can lead to early tasseling of corn, promote plant height in 
the later stages of maize growth, and significantly improve stem diameter throughout the entire 
growth period[16]. This study shows that high irrigation quotas and the application of fulvic acid 
have a certain promoting effect on maize plant height, stem diameter, and leaf area index. This 
is because the study area has a high evaporation to drop ratio and is located in a sandy soil 
distribution area. The field water holding capacity is poor, and high irrigation quotas can better 
meet crop water needs. At the same time, the application of fulvic acid can promote root 
growth, enhance root water absorption capacity, and improve crop stress resistance, However, 
the significant characteristics of maize growth characteristics in different growth periods under 
different treatments are different from the previous research results, which may be related to 
different climatic conditions, soil type, application amount of fulvic acid, irrigation methods and 
other factors in the study area. 

The Cumulant of dry matter above ground of maize is an important indicator reflecting crop 
production capacity[17]. The proper coupling of water and fulvic acid can significantly change 
the CUSUM of dry matter and the distribution proportion in different organs, promote the growth 
of crop roots, and improve the utilization ratio of water and fertilizer of crops[18]. The results of 
this study indicate that high irrigation quotas and the application of fulvic acid can promote the 
accumulation of dry matter in the middle and late stages of maize growth. This is because the 
application of fulvic acid under high irrigation quotas can increase the leaf area index of maize 
relatively greatly, increase the ability of maize population to capture light energy, delay the 
senescence of maize leaves in the later stage, and ensure high photosynthetic capacity, thus 
increasing the accumulation of dry matter in the middle and late stages of maize. Meanwhile, 
there was no significant difference in dry matter accumulation between the H1 and H2 fulvic 
acid application treatments in this study (P>0.05), indicating that under the current two irrigation 
quotas, the promotion effect of lower fulvic acid application rates on dry matter accumulation in 
maize has reached a good level. Previous studies have shown that corn varieties, irrigation 
quotas, fertilizer levels, meteorological factors, and the addition of modifiers can all affect the 
process of dry matter accumulation in crops, while logistic growth equations can change the 
relevant fitting parameters[19]. 
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In this study, from the perspective of the change process of dry matter accumulation rate in 
corn, the application of fulvic acid under different irrigation quotas has a relatively small impact 
on the trend of dry matter accumulation rate. The change of dry matter accumulation rate in 
corn with the number of days after emergence is still a single peak curve, and it first increases 
and then decreases with the number of days after emergence. The fitting effect of the Logistic 
growth model of maize dry matter under different irrigation quotas of fulvic acid application was 
better, and the dry matter accumulation parameters were different, leading to differences in the 
corresponding peak, peak, peak and end periods, Cumulant and accumulation rate. Zhu Qi 
Chao et al. showed that the cumulant of plant dry matter was in direct proportion to the time 
when the maximum growth rate occurred, and inversely proportional to the duration of the rapid 
growth period[20]. This is different from the research results in this paper. In this study, the 
maximum growth rate of dry matter cumulant among different treatments has little difference, 
which occurs in 89 and 90 days after emergence. Under high irrigation quota, the rapid growth 
period of dry matter accumulation of maize increases with the increase of fulvic acid 
application. The higher dry matter accumulation treatment does not reflect the short duration of 
the rapid growth period, which indicates that the application of fulvic acid has little impact on 
the occurrence time of the maximum growth rate of dry matter, It may prolong the duration of 
the rapid growth period of corn, which is more conducive to the accumulation of dry matter in 
the middle growth stage of corn. Compared with W1 treatment, the rapid increase period of dry 
matter accumulation rate under W2 treatment increased by about 2 days, with the fastest 
growth rate increasing by an average of 7.58%. This indicates that high irrigation quota has the 
characteristics of long duration and high growth rate during the rapid increase period, which is 
conducive to the accumulation of dry matter in corn. 

In addition, the simulation of dry matter accumulation in corn in this article takes the days after 
maize emergence as the independent variable, and there are differences in climate conditions 
under different hydrological year types. Only relying on the days after maize emergence for 
simulation may result in bias, as the heat accumulation required for different growth stages of 
corn is relatively fixed. Research on crop dry matter accumulation simulation based on effective 
accumulated temperature is gradually increasing. Four different types of effective accumulated 
temperature of farmland air temperature and crop canopy temperature were used as 
independent variables to carry out logistic simulation on the cumulant of corn dry matter, and a 
logistic normalization model of corn dry matter was established, which achieved good 
simulation accuracy[21]. However, there is no unified method to carry out the logistic simulation 
analysis of corn dry matter at present, which is also the direction of the next step to continue 
and improve the work. 
 

4  Conclusion 
 
(1) During the mature period, the application of fulvic acid under W2 treatment can significantly 
improve the plant height, stem diameter, and leaf area index of maize (P<0.05), while W1 has a 
significant impact on the improvement of leaf area index (P<0.05). The average stem diameter 
and leaf area index of corn increase with the increase of fulvic acid application rate. 

(2) The application of fulvic acid can promote the accumulation of dry matter in maize, but there 
is no significant difference in dry matter accumulation between H1 and H2 treatments (P>0.05). 
Under the same application amount of fulvic acid, the dry matter accumulation of maize under 
W2 treatment was higher than that under W1 treatment at all growth stages. The average 
increase in dry matter of maize under H0, H1, and H2 treatments was 9.17%, 11.89%, and 
11.01%, respectively. 

(3) The accumulation rate of aboveground dry matter in maize shows a trend of first increasing 
and then decreasing as the days after maize emergence advance. Under the same irrigation 
quota, the average accumulation rate of dry matter in maize under H1 and H2 treatments was 
higher than that under H0 treatment. The average accumulation rate of maize aboveground 
parts under W2 treatment was higher than that under W1 treatment with the same amount of 
fulvic acid applied. Under W2 treatment, the peak period of dry matter accumulation advanced 
with the increase of fulvic acid application amount. 

(4) Under different irrigation quotas, the yield of corn increases with the increase of fulvic acid 
application rate, with the highest yield of 10464.34kg/hm² under W2H2 treatment, There was 
no significant difference in yield between W2H1 and W2H2 treatments (P>0.05). The 
appropriate amount of fulvic acid under high irrigation quotas can increase storage capacity by 
forming sufficient large ears, thereby increasing maize yield. The irrigation water use efficiency 
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of W1 treatment was significantly higher than that of W2 treatment (P<0.05), and there was no 
significant difference in irrigation water use efficiency under W1 treatment (P>0.05). Under W2 
treatment, the application of fulvic acid significantly improved irrigation water use efficiency 
(P<0.05). 
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Abstract 
 

Rice is a staple food of many Asian countries. Productive rice cultivated areas are often 
situated in deltas which are subject to increased occurrence of severe flood damage and 
saltwater intrusion due to climate change today. The project “Development of Machine Learning 
and Remote Sensing-based Water Management Platform for Sustainable Agriculture in Asian 
Deltas” (MARWAM-Asia, 2021-2024) is a scientific project among Japan, Vietnam and 
Indonesia to develop and share a GIS-based "Integrated Water Management Platform" to 
assist operators of water management facilities for adaptive management of agricultural water 
in Asian deltas.  

For the development of the platform, the following five elemental technologies are being 
developed and integrated by the collaboration of partner countries; (1) remote sensing 
techniques that prioritize risk mitigation zones and evaluate crop growth and damages; (2) 
sensor networks based on ICT to monitor real-time hydrological state; (3) physical models to 
generate a number of input data fed to machine learning model as training data; (4) machine 
learning (ANN) model to quickly produce quasi-real-time forecasting of water levels and 
saltwater states; (5) GIS-based visualizing application to display current states and forecasting 
results on PCs and hand-held devices. 
 

1. Introduction 
 

River deltas in the Asian monsoon countries are major agricultural areas. While their flat 
topography, fine-grain soil and abundant available water make them suitable for rice 
production, deltas are inherently vulnerable to water related risks such as flood drainage and 
saltwater intrusion. To mitigate these risks agricultural organizations installed control facilities 
and set management rules. However, facilities and management rules are becoming 
increasingly complicated over time in most cases, and thereby they are still manually operated 
based on experiences. 

In recent years, disaster risk management is becoming more important in deltas due to rapid 
urbanization and increase of extreme weather events. With sea-level rise in the future, 
unprecedented extreme events are expected to increase. Therefore, integration of real-time 
observation and more sophisticated adjustments of facility operations will be required. 
The purpose of this project is to develop and share integrated water management system for 
deltas among Japan, Vietnam and Indonesia which are under different environment and 
development stage. The project goal is to introduce smart water facility operations based on 
real-time observations and predictions to secure agricultural production through mitigation of 
flood and saltwater damages and damages attributed to other water related hazards. 
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2.  Materials and methods 
 

2.1  Study areas 
 

Kemda District (9,623 ha) and Nishikanbara District (13,266 ha) in Niigata prefecture, Japan, 
Xuan Thuy District (13,455 ha) in Nam Dinh province, Vietnam and Pusakanegara District in 
Suban regency, West Java, Indonesia were chosen for the model development and 
simulations. 
 
2.2  Models and approaches 

 
Smarter water management in this project means adaptive management (change of 
management rules based on observations) and decision support for water structure operations. 
Monitoring of the state of vast delta requires remote sensing by satellite sensors and on-the-

ground sensor networks. Decision support system is a GIS based platform which integrates 
and visualizes observation data and model calculations on hand-held devices. The final image 
of the system is illustrated in Figure 1. 
 

2.2.1  Flood damage reduction 
 

A physical inland flood analysis model developed by Yoshikawa et al. (2013) was first 
calibrated to study areas using observed and field surveyed data. Its outputs are used for 
training Long Short Term Memory (LSTM) neural network model (Kimura et al., 2019), which 
estimates hydrological state of the delta much quicker than the physical model in response to 
short-time forecast of rainfall.  

In creating the training data, we used the physical model to calculate the inundation locations 
and depths within the analysis area, and used a large amount of simulated torrential rainfall 
data as the input data. As for the method of generating the simulated rainfall waveform, the 
recurrence period is obtained from an arbitrary total rainfall amount based on the Cleveland-

type probable rainfall intensity formula, and a model rainfall is created in which all n-hour 
rainfall amounts satisfy this recurrence period. A number of patterns of rainfall waveforms with 
different peak appearance times were created. Based on the created simulated rainfall 
waveform, the calculation results of the drainage analysis simulation model were prepared as 
learning data. A simulated rainfall of 200mm to 500mm for 3 days was given as rainfall of a 
scale that causes flooding. 

 

 
Figure 1 The scheme of smart water management system to be developed in MARSWM-Asia 
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2.2.2  Saltwater damage reduction 
 
One dimensional two-layer unsteady flow model which predicts saltwater intrusion, developed 
by Liu et al. (2017) was calibrated to the study area (Shinkawa River in Niigata, Japan). The 
model simulates longitudinal saltwater halocline depth in response to various scenarios of tidal 
level and river runoff. The outputs were used to train neural network (NN), recurrent neural 
network (RNN) and LSTM model, respectively, because neural network models estimate 
saltwater halocline location in a quick response to observed tidal levels and runoffs.  
 

2.2.3  Land use and crop growth monitoring 
 
Experts from participating countries worked together to develop time-series analysis of satellite 
images (Sentinel-1: synthetic aperture radar image, Sentinel-2: optical image) to monitor, i) 
land use, ii) crop growth at farm-parcel scale. The analysis is planned to extend to iii) flooding 
detection and iv) salt damage detection. For providing agricultural information for a long term, 
land use should be classified based on the field boundaries. In this project, Field boundary 
detection was carried out with use of recent Setninel-2 images. Rice and non-rice cultivation 
was carried out with 3 different methods. The first was a monthly composite approach 
(Fatchurrachman et al., 2022) combined with k-means classification.  

The second is a simple threshold approach to detect lowering of backscatter coefficient at 
transplantation stage (Chen et al, 2022). The third was a difference time warp approach 
combined with k-means method (Chen et al, 2022).  
 

2.2.4   Sensing system and communication network infrastructure 

 
For realizing precise water management in deltas, large number of sensors need to be installed 
efficiently in wide areas and reliable communication network is necessary for data retrieval and 
redistribution. The sensor node was designed to use Raspberry Pi. I2C for communication, and 
OpenVPN was used for communication with the server using a 4G line. The use of OpenVPN 
ensures confidentiality of data and handshakes that combine push, pull, and interactive types 
can be performed. 
 

2.2.5   Data management platform 

 
Data to be handled by the integrated water management platform comprises, i) data from 
existing observation systems, ii) data from newly installed sensors, iii) outputs of ANN model 
and iv) near-real-time land surface analysis by remote sensing. The web application framework 
by Django has a database function, and using that database function, the table structure would 
be recreated, considering various data formats, exchange methods, and relationships between 
data.  
 

3.  Results and discussions 
 
3.1  Flood damage reduction 
 

A comparison on inundation depth simulated by physical model and LSTM is shown in Figure 
2. Evaluation of the simulation with the optimized model showed that the Nash-Sutcliffe 
coefficient of the hydrograph of flood water was 0.8 or more in all cases, and sufficient 
accuracy could be secured as a flood prediction model. In addition, the calculation time per 
case was about 2 seconds, which was 1/600 of the 20 minutes for the inland flood analysis 
model. This indicates that it will be a powerful tool for real-time prediction, which is the goal of 
this research. 
 

3.2  Saltwater damage reduction 
 

As shown in Figure 3, LSTM had the best fit and reproduced the results of numerical 
calculations. In addition, it was shown that the calculation time for saltwater intrusion can be 
reduced to about 6% by using machine learning. 
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3.3  Land use and crop growth monitoring 

 
Figure 4 shows the clarity of rice-non rice detection using the parcel boundary data. Three 
different approaches performed relative well in Niigata (Japan) and Xuan Thuy (Vietnam) with 
total accuracy above 80% because size of parcels were relatively large (>0.15 ha). In 
Pusakanegara (Indonesia) however, field boundary detection was difficult because of small 
parcel size. Monthly composite approach and Difference Time Warp approach were more 
robust in detecting multiple rice cultivation in Xuan Thuy. 
 

 

 

 
Figure 2 Comparison of simulated inundation depth at Kameda District after simulated rainfall 

of 500 mm/3days. 
 

 

 
Figure 3 Change of height of Salt-freshwater interface at a pumping station in Shinkawa River simulated 

by the physical model, neural network (NN), recurrent neural network (RNN) and long and short term 
memory (LSTM), (Sato and Yoshkawa, 2022). 
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Figure 4 A comparison of rice and non-rice classification in Kameda District in Niigata, Japan with use of 
Sentinel-1 images by pixel based approach(left) and object (parcel) based approach (Chen et al., 2022)  

 
3.4  Sensing network, communication and data management system 
 

The development of sensing network, communication and data management system remains 
to be at laboratory level and only partially implemented in the study field. Figure 5 shows the 
image of the integrated water management platform which runs on a hand-held device. 
 

 
 

Figure 5 The image of data integration visualized on the integrated water management platform. 
 
4. Ending remark 

 
The ultimate goal of this project is to implement this water management platform and share 
among stakeholders in Asian countries. The platform will reduce inundation and saltwater 
damages on crops. The degree of damage mitigation can be quantitatively presented through 
high-speed computation by the combination of the physical model and ANN model. As water 
disasters are projected to increase in the future, the introduction of this platform will accelerate 
the change in water management in Asian deltas from experience-based to objective 
information-based which will secure sustainable agricultural production for farmers. 

〇
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Abstract 
 

The Choushui alluvial fan in the midwestern of Taiwan is one of the most excellent aquifers in 
the country. Its abundant and convenient groundwater resources are one of the indispensable 
reasons for the prosperity of agriculture and industry in this area. However, the ever-increasing 
water demand has also led to the long-term over-pumping of water, causing to the problem of 
land subsidence which also has involved with personal safety due to the highspeed railway 
crossing through. Although the plenty of uncensored pumping well increasing the obstacle of 
groundwater management, the Choushui alluvial has relative complete groundwater 
observation network with hourly recording data. Therefore, this study proposes a framework for 
estimating groundwater withdrawal and spatial distribution based on water level data. It 
consists of three parts: (1) pumping signal extraction, (2) estimation of hydrogeological 
parameters and (3) spatial and temporal estimation of water pumping. 

The groundwater level is composed of signals from many stimuli which have different 
frequencies and spatial characteristics., e.g. rainfall, lateral inflow and pumping, etc. In order to 
extract the pumping signal from the mixed water level, Empirical Mode Decomposition method 
(EMD) and Empirical Orthogonal Function (EOF) was respectively used in the decomposition 
of water level signal and the exploration of spatial and temporal patterns of the decomposed 
sub-signals. Furthermore, to estimate hydrogeological parameters, i.e., storage coefficients, 
this study proposed the use of impulse response function to represent the impact of pumping 
on the water levels. Two observation wells in the Choushui alluvial fan are selected to verify the 
proposed method. The storage coefficients of the two selected observation wells from the 
pumping test are 3.95× 10−4 and 1.465 × 10−3, respectively. The estimated results of this project 
are 4.52 × 10 −4 and 3.54 × 10−3, respectively. According to definition of storage coefficient, the 
groundwater withdrawal can be derived by the product of pumping trend and the storage 
coefficient. In addition, the spatial estimation was used to estimate groundwater withdrawal to 
unobserved location. The algorithm was applied to second aquifer of the Choushui alluvial fan 
in 2018, the estimated groundwater withdrawal is 218.24 million tons. 

Keywords: Pumping signal extraction, Hydrogeological parameters estimation, Groundwater 
withdrawal estimation, Time series decomposition 

 

1. Introduction 

 

Groundwater depletion is a pressing concern, especially in regions where its heavy reliance 
leads to over-extraction (Pang et al., 2023). Taiwan exem- 

plifies this challenge with over 120,000 illegal wells and insufficient monitor- 

ing systems, hindering accurate assessment and regulation of groundwater use (Bouwer, 2000, 
2002; Gourbesville, 2008). 

Traditionally, groundwater demand has been investigated through costly and limited survey-

based approaches or through physically-based numerical models like MODFLOW (Harbaugh, 
2005). Both these methods face constraints, including high uncertainties in estimation 
(Wagener et al., 2001) and unrepresentative findings in specific study areas. Geostatistical 
methods, though useful in understanding the environmental variables’ heterogeneous nature, 
have been complemented by the application of data-driven 
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approaches to groundwater level (GWL) signals (Chiles and Delfiner, 2012). Techniques such 
as wavelet method, empirical mode decomposition (EMD), and its variant Ensemble EMD 
(EEMD), have been applied to decompose time series and understand nonstationary 
processes (Daubechies, 1988; Huang et al., 1998). Furthermore, unsupervised feature 
extraction like independent component analysis (ICA) has identified key features in 
groundwater variations (Longuevergne et al., 2007).This study introduces a data-driven 
approach for spatiotemporal pumping pattern derivation and estimation in Taiwan’s Choushui 
River aquifer from 2008 to 2019. It innovatively combines the Hilbert-Huang transform (HHT) 
method with empirical orthogonal function (EOF) analysis to iden tify and retrieve signals 
related to pumping activities, offering a promising solution to the complexities of groundwater 
monitoring and management. 
 

2.     Materials and method 

 

2.1. Pumping Signal Extraction 
 

The methodology entails applying the Hilbert-Huang Transform (HHT) to break down the 
groundwater time series into intrinsic mode functions (IMFs) and a residual component. The 
EEMD method helps to resolve the mode-mixing issue, allowing for the identification of IMFs 
related to specific signals. Given a GWL time series at space location s, denoted as z(s,t), 
EMD splits it into a sum of IMFs cj(t) and a residual r(t): 
k 

 z(s,t) = Xcj(s,t) + r(s,t)                                                                (1) 
j=1 

Here, the residual r(s,t) signifies the trend of the time series, while cj(s,t) is a defined Hilbert 
spectrum or IMF. Its complex form or ana lytic signal, cHj (s,t), takes the form cHj (s,t) = cj(s,t) + 
iH{cj(s,t)} = aj(s,t)eiR ωj(s,t)dt, where ωj(s,t) and aj(s,t) are the instantaneous frequency and 
amplitude of the analytic signal, respectively. The Mean Shift Clustering (MSC) method is used 
for frequency clas- sification, followed by the EOF method to identify primary spatiotemporal 
patterns of GWL changes linked to the same forcings. Exploration continues into the spatial 
distribution characteristics of EOF to distinguish groundwater responses to various external 
forcings. The EOF method decomposes a spatiotemporal random field into a set of orthogonal 
spatial functions or empirical orthogonal functions (EOFs), along with their corresponding 
temporal projections or expansion coefficients (ECs), as illustrated in previous studies 
(Hannachi et al., 2007; Yu and Chu, 2010; Yu and Lin, 2015). The EOF  decomposition for the 
IMF, as classified by the MSC method, cj,class(s,t),  can be represented as: 

Nn cj,class(s,t) = Xun(s)κn(t), class = 1,...,Nclass                                                      (2) 

n=1 

In this expression, Nn is the number of decomposed spatiotemporal modes, Nclass is the total 
number of classes identified from the results ofthe MSC method, and un(s) and κn(t) are the 
EOFs and corresponding ECs, respectively. It should be noted that the leading EOFs can 
account for a significant proportion of the observed variances in the original spatiotemporal 
dataset (Hannachi et al., 2007). Typically, singular value decomposition (SVD) is employed for 
EOF analysis. The study further involves the reconstruction of recharge-associated GWL 
fluctuations and the estimation of spatiotemporal pumping flow rate using the obtained IMFs. 
Techniques such  as ordinary kriging are applied to determine the distribution of the pumping  

rate. 
 

2.2. Hydrogeological Parameter Estimation 
 

In the context of extracting groundwater from a confined aquifer, the 

Impulse Response Function (IRF) is symbolized by θw(t), which characterizes the alteration in 
drawdown as a function of instantaneous withdrawal. The  expression for θw(t) in the context of 
pump-induced confined flow is given by 

                                                 (3) 
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where D is the hydraulic diffusivity, defined as T/S, and r is the radial distance between the 
pumping well and the observation well. The cumulative drawdown during continuous pumping 
can be computed using the Theis well function, equivalent to its unit response function as  

follows: 

                                 (4a)  

   

 

                          (4b) 

where W(u) is the well function, defined as . The Theis drawdown 
solution is given by s(t) = QΘ w(t), and for a variable pumping rate q(t), the drawdown value can 

be found . 

Equations (3) and (4) convey that the drawdown IRF generally needs information on the 
relative spatial positions between pumping and observation wells. Sometimes, especially in 
regions without adequate groundwater management practices, the pumping locations and rates 
may be unknown. In groundwater numerical modelling, the study area is typically divided into 

grids with uniform hydrogeological parameters and characteristics like pumping, injection, and 
recharge. This study emphasizes pumping as the principal factor affecting the groundwater flow 
system. Assuming spatial uniformity in pumping activities around an observation well can be 
useful, even if the exact locations are not known. Based on this assumption, the IRF in relation 
86 to spatially equivalent instantaneous pumping in a confined aquifer can be 87 expressed as: 

                       (5) 
where R denotes the equivalent radius, and θw,e is referred to as an equivalent IRF (EIRF). For 
θ(t) = θw,e(t), the corresponding EIRF in a confined aquifer can be derived as: 

 

                                                (6) 

Additionally, the drawdown for spatially equivalent pumping rate Qe(tm) at discrete time intervals 
can be described as: 

k 

se(tk) = X Qe(tm)∆Θw,e(tk−m+1)                                         (7) 
m=1 

where 

 ,(8) 
and ∆Θw,e(tm) = Θw,e(tm)−Θw,e(tm−1), and Θw,e(t) represents the pumpingassociated 
equivalent unit response function (EURF). Finally, the calculation of pump-induced 
drawdown, based on Eq. (??), requires the EURF Θw,e(t) and the time series of pumping 
rate Q(tm). To  determine pumping activities from drawdown observations, if the drawdown 
∆s(tm) = s(tm)−s(tm−1), then the pumping process of Qe(tm) can be defined as Q∆s(tm)/∆t, 
where Q is a constant pumping rate 

. 
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2.3. Spatiotemporal Estimation of Water Extraction 
 

This study employed the HHT to decompose zˆ(s,t) and extract the IMFs corresponding to 
common pumping activities in the study area, such as those with frequencies of one to seven 
days. These are referred to as pumping-associated signals, denoted by cˆP(s,t). The 
spatiotemporal variation in GWL due to pumping activities can be estimated by summing these 
pumping-associated signals. The total signal can be represented as 

 

zˆP(s,t , 

 

where NP is the number of pumping-associated IMFs. Based on the identified pumping-

associated GWL variation, the spatiotemporal pumping flow rate can be obtained by calculating 
the rate of groundwater 112 head drawdown over time: 

 

zˆP(s,tl) − zˆP(s,tu) 
Q(s,t) = S(s)A(s) , tu ≤ t ≤ tl    (9)  

tl − tu 

In this equation, S(s) refers to the elastic storage coefficient, representing the volume of water 
released from storage for each unit decline in hydraulic  head in the aquifer. The symbol A(s) 
denotes the area size corresponding to the drawdown change, while tu and tl are the temporal 
instances at the local maxima and minima of the pumping-associated GWL variation, 
respectively. The corresponding drawdown between these two instances is zˆP(s,tl) − zˆP(s,tu). 
The flow rate Q(s,t) was estimated solely at locations of groundwater wells. To deduce the 
pumping rate distribution across the entire study area, the ordinary kriging method was initially 
applied to estimate the pumping- induced GWL change rates, specifically [zˆP(s,tl)−zˆP(s,tu)]/(tl 
−tu), in both 

space and time. Subsequently, the spatial distribution of storage coefficients was taken into 
account to estimate the spatiotemporal distribution of pumping rates. 
 

2.4. Study Area 
 

The Choshui River flows through an alluvial fan demarcated by the Tai- wan Strait to the west, 
the Central Mountain Ridge to the east, the Wu River to the north, and the PeiKang River to the 
south (Figure 1). Com- posed mainly of unconsolidated sediments like gravel, sand, and clay, 
the alluvial fan originates from the rock formations of the Western Foothills and the Central 
Range, which include diverse rock types such as slate, shale, metamorphic quartzite, 
sandstone, and mudstone. 

 In the upper segment of the alluvial fan, gravel and coarse sand are predominant, whereas the 
lower portion consists mainly of soil and fine sand. The fan receives an average annual rainfall 
of about 2460 mm, with 78% falling between May and Octo- ber, aligning with the plum rain 
and typhoon seasons. 

 The Choshui River’s annual runoff amounts to roughly 6.08 billion tons. Encompassing an area 
of approximately 1,800 km2, the alluvial fan is divided into proximal, mid- le, and distal regions, 
each characterized by unique hydrological properties. Sediment thickness ranges from 750 to 
3000 m, and mean grain size decreases 

from east to west. While the proximal fan mainly recharges the aquifer, the middle and distal 
fan regions show a pattern of diminishing permeability eastward. The hydrogeological structure 
of the area includes four aquifers situated at varying depths, separated by three aquitards, 
comprised of low- permeability sediments, such as clay to fine sand. As surface water is 
limited, groundwater within the alluvial fan is essential for irrigation, aquaculture, domestic, and 
industrial uses. 
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Figure 1: Geographical map of the Choshui river alluvial fan. 
 

3. Results and Discussion 

 

Two observation wells located in the Choushui alluvial fan have been 152 selected to validate 
the proposed method, which pertains to the estimation of groundwater withdrawal. 
Groundwater withdrawal refers to the extraction of water from the ground, a process that is 
often regulated to prevent negative impacts on the environment. The proposed method in 
question involves the application of specific coefficients and algorithms to better gauge this 
extraction. The storage coefficients for the two selected observation wells were determined 
from the pumping test and found to be 3.95 × 10−4 and 1.465 × 10−3, respectively. These 
coefficients are essential variables in the hydrogeological study as they represent the ability of 
an aquifer to release water. In comparison, the project’s estimated results for these coefficients 

are 4.52 × 10−4 and 3.54 × 10−3, respectively, illustrating the predictive capability of the method. 

According to the definition, the storage coefficient is a measure that allows the calculation of 
groundwater withdrawal. It can be derived from the product of the pumping trend and the 
storage coefficient itself. This relationship provides a vital link between observed data and the 
withdrawal prediction, adding robustness to the estimation process.  

In addition to the analysis based on storage coefficients, spatial estimation was employed to 
extend the understanding of groundwater withdrawal to unobserved locations within the aquifer 
system. This spatial analysis allows for a more complete view of the system, enhancing the 
ability to make informed decisions on water management. The proposed method and algorithm 
were specifically 174 applied to the second aquifer of the Choushui alluvial fan in 2018. The 
175 estimated groundwater withdrawal, as calculated, was 218.24 million tons.  

176 This quantification not only serves as a validation of the methodology but 177 also 
provides valuable insights into the state of the aquifer, enabling better planning and 
management. In conclusion, the research introduces a comprehensive method that in- volves 
both analytical and spatial tools to estimate groundwater withdrawal in the Choushui alluvial 
fan. By employing storage coefficients derived from observation wells and spatial estimation 
techniques, this approach offers a  nuanced understanding of groundwater dynamics. It could 
potentially be applied to other alluvial systems, contributing to the broader field of water 185 
resource management. 
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4. Conclusions 

The Choushui alluvial fan, situated in the midwestern region of Taiwan, stands as one of the 
most vital aquifers in the nation, supplying abundant groundwater resources. These resources 
are indispensable for the thriving agriculture and industry in the area. However, the region 
has not been immune to challenges. The incessant growth in water demand has led to long- 
term over-pumping, resulting in land subsidence. This issue has also raised concerns about 
personal safety, especially with the presence of a high-speed railway crossing the area. 
Although the plethora of uncensored pumping wells has added to the complexities of 
groundwater management, the Choushui 196 alluvial fan benefits from a relatively 
comprehensive groundwater observation 197 network with hourly recording data. In response 
to these challenges, this study has introduced a robust frame work for estimating groundwater 
withdrawal and spatial distribution based on water level data.  

This framework is tripartite, encompassing (1) the ex201 traction of the pumping signal, (2) the 
estimation of hydrogeological parameters, such as storage coefficients, and (3) spatial and 
temporal estimation of 203 water pumping. Key to this approach was the utilization of the 
Empirical Mode Decom- position method (EMD) and Empirical Orthogonal Function (EOF), 
enabling the decomposition of the water level signal and the exploration of spatial and temporal 
patterns within the decomposed sub-signals. Additionally, the innovative use of the impulse 
response function helped in representing the impact of pumping on water levels, aiding in the 
precise estimation of hydro210 geological parameters. 

The method was verified through the analysis of two observation wells in the Choushui alluvial 
fan, yielding accurate storage coefficients that were consistent with the results from the 
pumping test. Spatial estimation techniques were also employed to extrapolate groundwater 
withdrawal to unobserved locations. The application of this methodology to the second aquifer 
in 2018 216 revealed an estimated groundwater withdrawal of 218.24 million tons. groundwater 
dynamics of the Choushui alluvial fan but also provides a scientifically rigorous framework that 
could be instrumental in better water management.  

The innovative techniques applied in this research hold significant promise for addressing the 
challenges of over-pumping and land subsidence, thereby contributing to the sustainable 
development and safety of the region. It is a remarkable step towards understanding and 
managing the complex in- terplay of factors that govern groundwater behavior in one of 
Taiwan’s most crucial aquifers. 
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OPTIMIZATION METHOD FOR LARGE-SCALE PARTICLE IMAGE 
VELOCIMETRY APPLIED IN DRAINAGE FACILITIES 

 
 

Cheng-Wei Wu 1, Hao-Che Ho2 
 
 
 
 

ABSTRACT 
 

The discharge measurement and real-time monitoring can efficiently reduce the serious impact 
on food production and livelihoods due to the disparity in water resources under the climate 
change. Discharge measurement is usually costly, therefore non-contact measurement 
methods with the low-cost and accurate advantages have become mainstream in recent years. 
Large-Scale Particle Image Velocimetry (LSPIV) is a non-contact measurement method 
applied in the outdoor. It crops the image in a video into several small pieces of Interrogation 
Area (IA), and the surface flow velocity is obtained by tracking the displacement of particle 
features in the next image using Direct Cross-Correlation (DCC). However, LSPIV can be 
easily affected by the size of IA. Small IA results in insufficient internal information to track, 
while large IA does not show all the details of the velocity field. Therefore, in this study, we use 
PIVlab to generate artificial velocity field images, while information entropy is used to quantify 
the characteristic statistics of different IA sizes. Furthermore, we use statistical methods to 
calculate the relationship between the cross-correlation degree and entropy index of two 
matching IA. Finally, the entropy index can be used to determine the most suitable IA size. In 
order to verify the application potential of the method, several field trials were conducted in the 
Jingmei River in Taipei City, Taiwan. The measurement results were compared with the 
Acoustic Doppler Current Profiling (ADCP) data to improve the accuracy of flow measurement 
in irrigation and drainage channels and to optimize the efficiency of water supply. The research 
results demonstrate that the entropy method is a promising approach for quantifying particle 
information in LSPIV. It exhibits good accuracy, with RMSE values controlled below 0.9 in the 
u-direction and 2.5 in the v-direction in artificial particle images. Furthermore, the performance 
of the entropy method is enhanced by considering the grayscale around pixels. This 
improvement results in approximately a 50% enhancement in quantifying particle information. 
The observed phenomenon confirms that incorporating the surrounding image intensity 
contributes to the extraction of seeding in the entropy calculation. 
 

1. Introduction 
 
Under the influence of climate change, the disparity between water resources abundance and 
scarcity has significantly affected food production and domestic water supply. Accurate flow 
monitoring is essential to effectively reduce water shortage risks. Taiwan, located in a 
subtropical climate region, experiences dramatic fluctuations in river water levels due to its 
island-like climate and steep terrain. Using the Rating-curve to estimate channel flow can result 
in significant errors during high-flow events. Traditional flow measurement methods are costly 
and time-consuming, requiring substantial manpower. Consequently, non-contact 
measurement methods have gradually become mainstream in recent years. One of the most 
used non-contact measurement methods is Large-Scale Particle Image Velocimetry (LSPIV) 
(Fujita et al.). LSPIV utilizes image recognition technology to track changes in features within 
images, thereby calculating the two-dimensional surface flow velocity of rivers. In the image 
recognition process, computers need to recognize the pattern of the object under test. By 
comparing the stored patterns with the images frame by frame, the computer identifies the 
most likely position of the object under test, thereby achieving image recognition. The LSPIV 
algorithm segments the images into equally sized sub-images called Interrogational Areas (IAs) 
as patterns of the fluid. It employs Direct Cross-Correlation (DCC) to recognize the position of 
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the pattern in the next time frame, and finally calculates the instantaneous surface flow velocity 
of that point by measuring the pattern's displacement. However, the size of the IA has a 
significant impact on the calculation results of LSPIV. An excessively small IA leads to an 
insufficient number of particles for matching within its coverage area, while an excessively 
large IA prevents the presentation of detailed changes in the flow field. 

In recent years, there have been numerous image processing methods available, and 
Information Entropy is one approach that utilizes the distribution of brightness intensity in an 
image to extract its features. Information entropy is characterized by its ability to quantify the 
amount of information in an image(Shannon, 1948). When there is a higher seeding in the 
image, the information entropy is greater, and vice versa. Due to its suitability for quantifying 
particle information in images, information entropy has also been used as a method for image 
recognition. 

In the past, there were no formalized approaches to determine the pattern of the fluid, often 
resulting in the use of empirical rules or trial and error to determine the size of the IA in fluid 
image recognition. In this study, we attempt to utilize the quantifying ability of information 
entropy to measure the amount of particle information in IAs of different sizes. This can provide 
an indicator for LSPIV to select the appropriate IA size, replacing the previous use of empirical 
rules and trial and error. From a Eulerian perspective, the study quantifies the change in 
information entropy as the IA size increases at fixed locations within the flow field. To enhance 
the reliability of this method, we use PIVlab to generate 12 synthetic particle images for testing. 
These images include four different particle density distributions and three different particle 
sizes. We compare the differences and stability of LSPIV results using the information entropy 
method and the previous empirical rules. Additionally, to enhance the particle information 
extraction ability of the information entropy method, we consider the average intensity of the 
surrounding pixels as an additional parameter and analyse its influence. Finally, to validate its 
practicality, we apply the method to a field experiment. The aim is to establish an IA size 
selection criterion for LSPIV based on the information entropy method and achieve a certain 
level of accuracy in the calculation results. 
 

2.  Artificial Image and study area description 
 
In this study, there are a total of 13 experimental cases, including 12 synthetic particle image 
cases and 1 independent field experiment case. The synthetic particle images consist of 4 
different particle densities and 3 different particle sizes, resulting in a total of 12 images with 
different parameter settings. These images were designed to simulate the capture of leaf 
particles on a natural river using unmanned aerial vehicle (UAV) imaging. To validate the 
practicality of the method, this study applied the information entropy method to a real field 
experiment, and using leavies as the tracer particles.  
 

2.1 Artificial particle Image  
 
PIVlab (Thielicke & Stamhuis, 2014) is a software tool based on MATLAB that provides a 
graphical user interface and programming capabilities. PIVlab offers various functionalities 
including complete PIV analysis workflow, image preprocessing and post-processing, surface 
flow velocity analysis, and synthetic particle image generation. During the generation of 
synthetic particle images, PIVlab allows users to adjust parameters such as the number of 
particles, particle diameter, and random variation. Additionally, there are five built-in flow fields 
available for selection, enabling adjustments of flow velocity, vortex radius, and vortex position 
in different flow fields. When generating particle image patterns, PIVlab employs a Gaussian 
intensity distribution to determine the brightness of each particle. The formula for the Gaussian 
intensity distribution is as follows: I(x, y) = I0 exp [ −(x−x0)2−(y−y0)2dp28 ] (2.1) 

Where, I represents the Gaussian intensity, I0 is the peak intensity, and dp is the particle 

diameter. The center of the particle is located at (x0, y0). In this study, synthetic particle images 
were generated using PIVlab. These images aimed to simulate scenarios found in natural river 
channels.The image size was set to 1500×600 pixels, and the flow velocity was set to 4 
pixels/frame. Four different particle density levels were considered: 0.006, 0.011, 0.017, and 
0.022 particles per pixel (ppp). Additionally, three different particle diameters were included: 3, 
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4, and 5 pixels. While the simulated flow field in this study is a steady uniform flow (linear shift 
flow) as shown in Error! Reference source not found.. The parameters were arranged and 
combined to create a total of 12 different combinations of synthetic particle images. These 
parameters include particle density, particle size. By arranging these parameters, the study 
generated a comprehensive set of synthetic particle images to evaluate the performance of the 
information entropy method for LSPIV. 

 

Figure 2.1 Linear shift flow surface velocity results 

2.2 Field experiment  
 
The Jingmei River originates from Nanshikeng in Yongding River, located within the territory of 
New Taipei City. It converges with Xindian River in Wansheng, Taipei City. The main stream of 
the river has a total length of 29.6 kilometers, covering a watershed area of 120.43 square 
kilometers. In the past, the Liugongjun and the Wulixue River, which were used for irrigating 
the farmland in present-day Taipei City, originated from this river. Although they are currently 
less utilized for irrigation, they still serve as important water sources and provide the river 
channel. In this study, this river section was selected as the field experiment measurement 
segment, as shown in Figure 4.1. In terms of measurement, ADCP measurements were used 
as a reference for comparison with LSPIV. 
 

 
 

Figure 2.2 Linear shift flow surface velocity results 

 
In terms of measurement, this study conducted ADCP measurements on four cross sections of 
the Jingmei River. Each cross section was measured four times, and the average values were 
obtained. The measured data represents the average flow velocity across the cross section. 
Therefore, the log-law method was used to calculate the water velocity profile. In this method, 
without considering the wake effect, the relationship between flow velocity and water depth is 
related to the shear stress of the bed and the kinematic viscosity of the fluid(Cebeci, 2012). 
The formula for the log-law is as follows: 
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uu∗ = 1κ ln (zu∗ν ) + C (2.2) u∗ = √τwρ  (2.3) 

In the equation, u and z represent the velocity component in the x-direction and the position 

parameter, respectively. κ is the Von Kármán constant. u* is the shear velocity, which is 
influenced by the shear stress (𝜏𝑤) acting on the bed and the fluid density (ρ). ν represents the 
kinematic viscosity of the fluid. C is a general constant. The ADCP estimation results and the 

locations of the cross sections are shown in the  
Figure 2.3. 

(a) (b) (c) 

 

  

(d) (e) 

  

 

Figure 

 

3. Methodology 
 

In 
 

3.1 Information entropy  
 

In this study, information entropy is used as a method to quantify the patterns within the IA and 
provide an indicator for IA selection in LSPIV. The formula for information entropy is as HY =∑ p(xj)I(xj)2β−1j=0  (3.1). H(Y) = ∑ p(xj)I(xj)2β−1j=0  (3.1) 

In the formula, H represents the information entropy, Y represents the IA, xj represents the 
information within the IA, which we refer to as entropy parameters in this study. β represents 
the image depth, and in this study, we use 8-bit depth images, which means grayscale images 
with intensity values ranging from 0 to 256. p(xj) and I(xj) represent the probability of 
occurrence and the variable associated with xjwithin the entire IA, respectively. Shannon aimed 
to distinguish events with high and low probabilities within entropy and thus defined the entropy 
variable as follows (Shannon, 1948): I(x) = −log2(p(x)) (3.2) 
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In traditional information entropy, the image intensity of each frame in the image is used as the 
entropy parameter, as shown in x0= {ui,j}i = 1,2, … , wj = 1,2, … , h (3.3). 

x0 = {ui,j}i = 1,2, … , wj = 1,2, … , h  (3.3) 

In the formula, x0 represents the entropy parameter, u represents the image intensity of a 
single frame in the image, and w and h represent the width and height of the image, 
respectively. In order to improve the ability of this method to capture information from the 
surrounding pixels of each frame, this study considers the average image intensity around 
pixels. The definition of it is as follows: ui,jneighbour(n) = ∑ ∑ uk,mj+nm=j−ni+nk=i−n − ui,j (3.4) 

Where, uneighbour represents the surrounding image intensity, and n represents the size of the 
surrounding range. The second type of entropy parameter used in this study considers both u 
and u^(neighbour) as factors (Liu & Zheng, 2021). In this study, it is referred to as xn as shown 
in xn= {ui,j, ui,jneighbour(n)}i = 1,2, … , wj = 1,2, … , h  (3.5). 

xn = {ui,j, ui,jneighbour(n)}i = 1,2, … , wj = 1,2, … , h  (3.5) 

This study uses information entropy to quantify particle information within the IA (Interrogation 
Area) and employs LSPIV as an indicator for IA selection. The following steps are followed: 

(1) Selection of candidate IA options: In this study, IA sizes are chosen based on empirical 
rules, including five options: {16 pixels, 32 pixels, 64 pixels, 96 pixels, 128 pixels}. 

(2) Extraction of sub-images corresponding to the IA size: Retrieve the sub-images of the 
corresponding IA size with each grid as the center. 

(3) Calculation of information entropy for each sub-image: The information entropy matrix is 
computed according to the following equation: 

 H̅IA×1(i, j) = ∑ H(XIA×1(i, j, t))Tt=0 T⁄  (3.6) 

 

In the equation, H̅IA×1 represents the target information entropy matrix, where i and j denote the 

grid positions horizontally and vertically, respectively. H̅IA×1(i, j, t) represents the sub-image at 
time t, corresponding to the five different IA sizes. And T is the total number of image frames. 

The result of information entropy matrix, as shown in  

Figure 3.1, reveals a turning point at the 64-pixel position as the IA size increases. 
Subsequently, the slope of the IA entropy values decreases. This indicates that beyond an IA 
size of 64 pixels, there is a significant decrease in the amount of particle information gained. 
Moreover, increasing the IA size may introduce errors due to the neglect of flow velocity details 
in LSPIV. Based on these observations, the study selects the point of slope change as the 
optimized IA size. This inflection point is determined using the second derivative, as shown in 
the following equation: 

 H′(IAx) = H(IAx+1)−H(IAx)IAx+1−IAxH′′(IAx) = 2(H′(IAx)−H′(IAx−1))IAx+1−IAx−1IAselected = MAX{H′′(IAx)}x=32,64,96
 (3.7) 

 

In the equation, IAselected denotes the finally selected IA size. H(IA) represents the entropy 
value corresponding to the IA size, H̅'(IA) and H̅''(IA) represent the first and second derivatives 
of H(IA), respectively, and x represents the candidate IA sizes. After determining the most 
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suitable IA size for each grid, statistical methods will be applied to select the most frequently 
occurring IA size as the input parameter for LSPIV. 

 

 

Figure 3.1 The relationship between IA size and information entropy 

 

3.2 Large-Scale Image Particle Velocimetry 
 
The application of Particle Image Velocimetry (PIV) at real scales in field measurements was 
first introduced by Fujita in 1994, known as Large-Scale Particle Image Velocimetry (LSPIV). 
Fujita installed a fixed camera on the right bank of the Nagara River, capturing continuous 
water surface images at 30 frames per second. He utilized features such as floating leaves, 
bubbles, and ripples generated from the riverbed to the water surface. Although these ripple 
patterns underwent rapid fluctuations, they exhibited minimal deformation over short periods of 
time. By incorporating ground reference points (GRPs) placed on both banks and applying 
image orthorectification techniques, surface flow velocities could be calculated using PIV. The 
research findings demonstrated the practical feasibility of LSPIV in field flow measurements 
(FUJITA & KOMURA, 1994). Subsequently, the LSPIV technique continued to mature, and in 
1998, Fujita further conducted flow velocity measurements in three large-scale hydraulic model 
tests. Although there were still several unresolved challenges when applying LSPIV for outdoor 
flow measurements, such as strong reflections and uneven brightness caused by direct 
sunlight or obstructions on the water surface, insufficient density of feature points, reduced 
tracer visibility due to strong winds affecting floating objects, and distortion in image 
orthorectification. However, through appropriate parameter adjustments, the impact of these 
interferences could be mitigated ((Fujita et al., 1998); (Creutin et al., 2002); (Zhang et al., 
2013)). 

In the LSPIV algorithm, the input for image recognition is the sub-images, and the 
determination of the IA size is a crucial objective in this study. Traditional LSPIV methods divide 
the target image into several blocks of IA-sized sub-images. However, in this study, a grid-
based approach is employed, where sub-images are extracted at each grid point. The IA size is 
determined using a combination of empirical rules and information entropy methods. Once the 
sub-images are extracted, they are compared with the corresponding SA in the next frame 
using the Direct Cross-Correlation (DCC) method. The correlation coefficient is calculated 
using the following formula: rAB = ∑ ∑ (Aij−A̅)(Bij−B̅)Nj=1Mi=1√∑ ∑ (Aij−A̅)2 ∑ ∑ (Bij−B̅)2Nj=1Mi=1Nj=1Mi=1  (3.8) 

 

Here, rAB represents the correlation coefficient between the sub-images A and B. A and B are 
the extracted sub-images and SA sub-images, respectively. i and j denote the coordinates 
within the sub-images, while M and N represent the width of the sub-images. Aij and Bij denote 
the pixel intensities of A and B at the (i, j) position, respectively, and A̅ and B̅ represent the 
average pixel intensities of A and B, respectively. The correlation coefficients obtained from the 
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pixel-wise comparisons are recorded in a matrix called the correlation matrix. In the LSPIV 
algorithm, the IA's most likely position is determined by finding the peak value in the correlation 
matrix, and its coordinates indicate the most probable position of the sub-image in the next 
frame. By comparing the distance and time difference between sub-images in consecutive 
frames, we can calculate the surface flow velocity at the grid point. The formula for calculating 
the surface flow velocity is as follows: v(t) = posIA(t+∆t)−posIA(t)∆t  (3.9) 

 

Where, v(t) represents the surface flow velocity at time t, ∆t is the time difference between 
frames, posIA(t + ∆t) and posIA(t) denote the positions of the IA at times t+∆t and t, 
respectively. 
 
4.  Results and discussion 
 

Table 4.2 represents the proportions of different IA sizes determined in all grids after 
considering the surrounding image intensities. It can be observed that IA sizes of 32 pixels 
consistently account for approximately 0.65 or more of the total distribution.  

The second-highest proportion is occupied by IA sizes of 64 pixels, representing approximately 
0.25 of the distribution. Furthermore, the results show that after considering the surrounding 
image intensity, although the IA size of 32 pixels still has the highest percentage, the 
percentage of 64-pixel IA has slightly increased. It has risen from the original range of 24-28% 
to 25-33%, with an improvement of approximately 5%. 

 

Table 4.1 The proportion of each IA size selected by information entropy method(w/o considering 
grayscale around pixels s) 

Particle radius 

(pixel) 

Particle radius 

(pixel) 

IA Size 

32 64 96 

3 .006 .69 .26 .05 

3 .011 .69 .26 .05 

3 .017 .71 .22 .06 

3 .022 .70 .22 .08 

4 .006 .67 .26 .07 

4 .011 .70 .24 .05 

4 .017 .68 .26 .06 

4 .022 .68 .26 .07 

5 .006 .66 .28 .06 

5 .011 .67 .26 .06 

In this study, the information entropy method was tested on artificially generated particle 

images with varying degrees of particle density and particle size. A total of 12 different 

artificial particle images were included, consisting of four different particle density levels and 

three different particle sizes. Table 4.1 represents the proportions of different IA sizes 

determined in all grids without considering the surrounding image intensities, while  
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5 .017 .69 .24 .07 

5 .022 .68 .26 .06 

 

 

To validate the effectiveness of the IA determined by the information entropy method, this 
study evaluated 12 artificial particle images using Root Mean Square Error (RMSE). The 
results are shown in Table 4.3 and Table 4.4. The RMSE will be evaluated separately in the u 
and v directions. The research results indicate that the RMSE can be kept below 0.9 in the u 
direction and below 2.5 in the v direction. The difference compared to the empirical method is 
approximately 0.5 to 2.4. 

Table 4.3 RMSEu comparison of IA selected by Thumb rule and information entropy method 

Particle 

radius 
(pixel) 

Particle 

radius 
(pixel) 

Selected size of IA 

Thumb rule information 
entropy 
method 16 32 64 96 128 

3 .006 0.607 0.642 0.026 0.017 0.012 0.642 

3 .011 0.441 0.645 0.020 0.013 0.009 0.645 

3 .017 0.830 0.636 0.025 0.017 0.013 0.636 

 

Table 4.2 The proportion of each IA size selected by information entropy method(w/  considering 
grayscale around pixels ) 

 

Particle radius 
(pixel) 

Particle 
radius (pixel) 

IA Size 

32 64 96 

3 .006 .65 .27 .09 

3 .011 .61 .30 .09 

3 .017 .64 .27 .09 

3 .022 .67 .24 .09 

4 .006 .61 .29 .10 

4 .011 .67 .25 .08 

4 .017 .64 .27 .09 

4 .022 .62 .28 .11 

5 .006 .60 .30 .09 

5 .011 .63 .28 .09 

5 .017 .63 .28 .09 

5 .022 .62 .27 .11 
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3 .022 0.849 0.050 0.022 0.014 0.010 0.050 

4 .006 0.736 0.866 0.116 0.018 0.012 0.866 

4 .011 0.811 0.455 0.029 0.019 0.014 0.455 

4 .017 0.867 0.449 0.026 0.016 0.011 0.449 

4 .022 0.763 0.158 0.027 0.017 0.013 0.158 

5 .006 0.681 0.417 0.031 0.020 0.014 0.417 

5 .011 0.577 0.065 0.026 0.015 0.011 0.065 

5 .017 0.671 0.104 0.028 0.018 0.014 0.104 

5 .022 0.439 0.260 0.030 0.018 0.014 0.260 

Note. 𝐑𝐌𝐒𝐄𝐮= Root Mean Square Error in u direction. 

Table 4.4 RMSEv comparison of IA selected by Thumb rule and information entropy method 

Particle 
radius 
(pixel) 

Particle 
radius 
(pixel) 

Selected size of IA 

Thumb rule information 
entropy 

method 16 32 64 96 128 

3 .006 3.801 2.444 0.299 0.018 0.015 2.444 

3 .011 3.568 1.699 0.151 0.013 0.050 1.699 

3 .017 3.338 1.230 0.023 0.014 0.010 1.230 

3 .022 3.182 0.477 0.022 0.014 0.010 0.477 

4 .006 3.838 2.507 0.451 0.157 0.013 2.507 

4 .011 3.687 1.576 0.023 0.015 0.011 1.576 

4 .017 3.329 1.002 0.027 0.017 0.012 1.002 

4 .022 3.078 0.470 0.025 0.016 0.011 0.470 

5 .006 3.854 2.424 0.367 0.022 0.015 2.424 

5 .011 3.530 1.336 0.031 0.020 0.015 1.336 

5 .017 3.292 0.808 0.028 0.017 0.012 0.808 

5 .022 3.046 0.479 0.028 0.017 0.013 0.479 

Note. RMSE𝑣 = Root Mean Square Error in v direction. 

4.2 Field experiments result  

In this section, field experiments will be presented to demonstrate the application of the 
information entropy method. After determining the IA using the information entropy method, it 
will be compared with the IA determined by the conventional empirical method in LSPIV. The 
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evaluation will be based on the average relative error. The calculation method for the average 
relative error is as follows: 

𝐸𝑟𝑟̅̅ ̅̅ ̅ = ∑ |𝑉𝑃𝐼𝑉,𝑛−𝑉𝐴𝐷𝐶𝑃,𝑛|𝑉𝐴𝐷𝐶𝑃,𝑛 ×100%𝑛1 𝑛  (4.1) 

Where, 𝐸𝑟𝑟̅̅ ̅̅ ̅ represents the average relative error, 𝑉𝑃𝐼𝑉 and 𝑉𝐴𝐷𝐶𝑃 denote the surface velocities 
measured by LSPIV and ADCP respectively, and n represents the number of measurement 
points. 

Table 4.5 shows the IA ratio before and after considering grayscale around pixels, as well as the 
final decided IA size. It can be observed that the IA sizes of 32 pixels and 64 pixels are very 
close to each other. Prior to considering grayscale around pixels, the IA size of 32 pixels had 
the highest ratio. However, after considering grayscale around pixels, the IA size of 64 pixels 
had the highest ratio. The comparison results between LSPIV and ADCP are shown in Figure 

4.1. It can be observed that the IA sizes determined by the information entropy method have an 
average relative error of less than 21%. Although the error is relatively high, it is only about 5% 
higher compared to the empirical method. Moreover, considering grayscale around pixels can 
reduce the relative error by approximately 5% and control it below 15%. The larger errors are 
primarily attributed to the inherent measurement errors of ADCP. When combined with the 
errors of LSPIV, these errors can propagate and amplify, resulting in larger overall errors. 
Hence, the error propagation effect contributes to the generation of relatively larger errors. 

Table 4.5 The IA ratio before and after considering grayscale around pixels and the final decided IA 

size. 

 IA Size 
IA size with the 
highest ratio 

 32 64 96 

W/o considering grayscale 
around pixels 

.493 .410 .097 32 

W/ considering grayscale 
around pixels 

.498 .500 .002 64 

 

 

Figure 4.1 Comparison of LSPIV result and ADCP measurements in four cross sections 

 
(a) IA size selected by information entropy method w/o considering grayscale around pixels, 

(b) IA size selected by information entropy method w/ considering grayscale around pixels 
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Figure 4.2 shows the information entropy results before and after considering grayscale around 
pixels. It can be observed that after considering grayscale around pixels, there is a significant 
improvement in the information entropy value, with an approximate increase of 50%. 
Additionally, the lines in the figure appear to converge more closely. This phenomenon 
confirms that the image intensity around the pixels contributes to enhancing the effectiveness 
of information entropy in seed point recognition. 

(a) (b) 

  

Figure 4.2 The effect of surrounding pixels intensity on information entropy results 

(a) information entropy results w/o considering grayscale around pixels 

(b) information entropy results w/ considering grayscale around pixels 
 

5.  Summary and conclusions 
 
This study demonstrates that the information entropy method can effectively quantify particle 
information within the IA and serve as an indicator for LSPIV selection. In artificial particle 
images, the RMSE in the u and v directions can be controlled below 0.9 and 2.5., Furthermore, 
when considering the grayscale around pixels, the information entropy method shows an 
improvement of approximately 50% in quantifying particle information. In field experimental 
images, the accuracy of the entropy method is approximately 80%, and its performance is 
about 5% worse than the empirical method in terms of error comparison. However, after 
considering the grayscale around pixels, the accuracy of the entropy method can be improved 
by approximately 5%, indicating its potential as an algorithm for selecting IA parameters in 
LSPIV. After analysing and discussing the research findings, the following three conclusions 
are proposed: 
(1) The accuracy of the entropy method can be affected by external factors such as image 

noise and flow turbulence. These factors should be carefully considered and mitigated to 
improve the performance of the method. 

(2) Considering the grayscale around pixels enhances the performance of the entropy 
method. It leads to approximately a 50% improvement in quantifying particle information. 
This phenomenon confirms that incorporating the surrounding image intensity contributes 
to the extraction of seeding in the entropy calculation. 

(3) The entropy method is a promising approach for quantifying particle information in LSPIV. 
It demonstrates good accuracy with RMSE values controlled below 0.9 in the u-direction 
and 2.5 in the v-direction in artificial particle images. 
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Abstract 
 
Due to the impact of climate change in recent years, the average surface temperature of Earth has been rising 
specifically in several urbanized cities all over the world. This study aims to understand the Urban heat islands (UHIs) 
impact in the Taipei basin on thunderstorms in order to be a considerable input for future urban development. The 
initial step involves using the Hilbert Huang Transform (HHT) to uncover specific details about the UHI by analyzing 
the non-linear relationship trends in both the time domain and frequency domain. The obtained HHT trend results are 
then utilized to compare the UHI trends across different stations. Next, the main spatial pattern of thunderstorm 
events in the Taipei basin is extracted using Empirical Orthogonal Function (EOF) analysis. The findings indicate that 
urbanization in the Taipei basin has led to an increase in UHI intensity ranging from 0.2 to 1.1℃ over the past 20 
years, largely influenced by climate change.  

The EOF analysis reveals a significant 42.36% rise in thunderstorm occurrences in urban areas of the Taipei basin 
since 1998, in contrast to other regions. This suggests that the growing UHI might be contributing to the surge in 
thunderstorms within urban areas, and it's worth noting that rainstorms are no longer confined solely to metropolitan 
regions.  
Keywords: urban heat island, thunderstorm, Hilbert-Huang Transform, empirical orthogonal  function    
 

Introduction  
 
In recent decades, there has been a rapid increase in the world's population and urbanization. The growth of global 
population in cities and urban regions is projected to be approximately 50% higher than in rural areas. According to 
the United Nations' 2018 forecast, by 2050, cities are expected to accommodate 68% of the world's population [1]. 
This substantial growth in urban population has raised concerns about health and safety in future metropolitan areas 
worldwide. Consequently, extensive research has been conducted to understand the potential factors that could 
compromise the safety and livability of human settlements, particularly urban areas. This research includes 
investigating the causes of urban risks, the influencing conditions, and the implementation of policies to minimize or 
prevent adverse effects  [2].  

These concerns stem from the broader context of excessive and uncontrolled urbanization, which has widespread 
negative implications on psychological, social, economic, and environmental aspects of human well-being and quality 
of life in urban settings. For instance, high levels of urbanization have been found to be strongly associated with 
multidimensional poverty, encompassing various factors such as education, healthcare, living conditions, and 
environmental conditions, in addition to monetary indicators [3]. The competition for limited resources in highly 
urbanized areas, combined with inadequate municipal planning and governance, has resulted in social and economic 
hardships, potentially leading to mental health issues and even suicides. Such disparities have been linked to 
increased suicide rates in cities like Taipei [4].  

While the effects of urbanization on social, economic, and physicochemical aspects have been widely studied, its 
impact on the environment has received relatively less attention. Natural resources, considered as public goods, are 
susceptible to the tragedy of the commons, wherein individuals, companies, and governments believe their 
consumption of these resources has no significant impact on the environment [5]. Climate, which is also a public 
good, is less tangible and often overlooked in terms of its impact on human life, despite being crucial for quality of life 
[6]. This study specifically focuses on climate because urbanization has various implications for climate, including 
contributing to global warming, particularly evident in metropolitan areas, resulting in the urban heat island (UHI) 
effect. This UHI phenomenon affects other climate variables such as precipitation, humidity, and temperature [7] [8] 
[9] [10].  
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The present study aims to explore the relationship between UHIs and afternoon thunderstorms in Taipei. Afternoon 
thunderstorms are of particular interest due to their potential indirect links to negative consequences that could harm 
the quality of life in urban areas, similar to the tragedy of the commons concept discussed earlier. Some studies 
suggest that afternoon thunderstorms can lead to adverse effects like mercury contamination, extreme floods, 
landslides, accidents, and fatalities [11] [12] [13].  

To investigate this relationship, the study proposes the use of the Hilbert-Huang Transform (HHT) and Empirical 
Mode Decomposition (EMD) to analyze time series data of UHIs and thunderstorms. This innovative approach will 
help identify underlying patterns and relationships between UHIs and afternoon thunderstorms in Taipei. By 
combining meteorological observations and numerical modeling, the research aims to gain a comprehensive 
understanding of the spatial and temporal dynamics of UHIs and thunderstorms in the metropolitan area. The findings 
from this study are expected to be valuable for urban planners and policymakers, providing insights that can inform 
decision-making and mitigation strategies to address the impacts of UHIs and thunderstorms in urban environments.  
 

Materials and Methods  
 

Taipei as the study area  
 

Taipei, depicted in Figure 1, serves as the capital city of Taiwan and is situated in the northern part of the island, 
specifically at the northeastern edge of the Taipei basin. It shares boundaries with New Taipei City, together forming 
the Taipei–Keelung metropolitan area. As per the Taiwan Ministry of Interior, the city's population surpassed 2 million 
people in 2019. Taipei is geographically defined by the convergence of three rivers - Keelung, Dahan, and Xindian - 
which join to form the Tanshui river that runs through the city. Notably, the winding course of the Keelung River is the 
most prominent among these waterways. The urban area is nestled amid mountains, resembling a shallow and wide 
bowl, with some parts even being below sea level.  
 

 

Figure 1. Map of the study area and CWB stations 

Taipei experiences a humid subtropical climate, with an average temperature of 22.7 degrees Celsius. January is 
the coldest month, while July registers the highest temperatures. Interestingly, prior research indicates that while 
cities at higher elevations typically experience urban heat peaks during winter, Taipei encounters such heat 
peaks throughout summer, particularly around midday [26]. This subtropical climate is heavily influenced by the 
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movement of airflows and the East Asian monsoon, with Taipei witnessing two monsoon seasons - one from 
October to March and another from May to June [27].  

In terms of rainfall, Taipei received an average of 2,405 mm of rainfall annually in 2015, providing an adequate 
water supply from multiple sources. However, it experiences a higher number of dry days compared to wet days, 
particularly during the monsoon season. Taipei's climate is susceptible to extreme weather events, especially 
when Pacific storms sweep through during the summer, resulting in approximately three or four typhoons hitting 
Taiwan each year. Typhoons bring heavy rain and strong winds, posing risks to Taipei's ecosystems, including 
crop damage, floods, landslides, and waterborne diseases. Additionally, during the summer months, convective 
afternoon thunderstorms are frequent in Taipei due to elevated seasonal temperatures, leading to intense but 
brief periods of heavy rainfall. These climatic conditions can contribute to increased rainfall levels, causing 
excessive runoff and, in some cases, flash floods. Moreover, evidence indicates that Taipei's temperature has 
risen by 1.4 degrees Celsius over the past century [27].  
 

Data collection and pre-processing  
 

In this research, hourly temperature and rainfall data were collected from 21 ground sites operated by the 
Central Weather Bureau (CWB) and depicted in Figure 1. These meteorological stations are strategically located 
across the Taipei basin, and the study covers a time span of 20 years, from 1998 to 2017. Among the 21 
stations, eight were situated in metropolitan areas, while the remaining stations were in rural regions, as 
indicated in Table 1.  
 

Table 1. Weather station list of the study area 

 

No.  Station 
Number  

Station 
Name  

Elevation(m)  Station 
Status  

 466920  Taipei  6.3  Urban  
C0A980  Shezi  11  Urban  

 C0A9A0  Dazhi  24  Urban  

C0A9C0  Tianmu  35  Urban  

 C0A9E0  Shilin  26  Urban  
C0A9F0  Neihu  35  Urban  

 C0A9G0  Nangang  42  Urban  

C0A9I0  Sanchong  18  Urban  
 C0A520  Shanjia  48  Rural  

C0A530  Pinglin  300  Rural  

 C0A540  Sidu  401  Rural  

C0A550  Taiping  422  Rural  

 466900  Tanshui  19  Rural  
466910  Anbu  825.8  Rural  

 466930  Zhuzihu  607.1  Rural  

C0A860  Daping  362  Rural  

 C0A870  Wuzhishan  685  Rural  
C0A880  Fulong  6  Rural  

 C0A890  Shuangxi  40  Rural  

C0A920  Fuguijiao  196  Rural  
21  C0A970  Sandiaojiao  96  Rural  

 

Following the completion of the temperature and rainfall data, the hourly temperature data are utilized to 
generate the UHI intensity index in the Taipei region using the following equation:  
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𝑈𝐻𝐼 = 𝑇𝑈 − 𝜇𝑇𝑅         (1) 

where TU is the hourly observed temperature of each urban station and µTR is the mean of the hourly 
temperature of all the rural stations, expressed by oC.  

Typically, Taiwan experiences two distinct monsoon seasons: the winter/northeast monsoon from September to 
April, which influences precipitation during the cold season, and the summer/southwest monsoon from May to 
August, which affects precipitation in the warm season [28]. Precipitation patterns in Taiwan can be categorized 
into five main types: winter (December to February), spring transition (March and April), mei-yu season (mid-May 
to mid-June), typhoon season (mid-July to August), and fall regime (September to November). However, in 
recent times, these boundaries have become less distinct, resulting in years with insufficient rainy seasons or 
typhoons leading to droughts. On the other hand, there has been an increase in severe afternoon/evening 
thunderstorms during the summer, causing short-term heavy rainfall and flash flood events. Moreover, the 
spatial-temporal patterns or durations of these afternoon/evening thunderstorms have also undergone recent 
changes.  

The focus of this study is to identify afternoon/evening thunderstorms (rainstorms) specifically in the Taipei area 
while excluding other factors. Consequently, the hourly rainfall data during the typhoon season (July to 
September) will not be considered in this analysis. For the purpose of defining afternoon/evening thunderstorm 
events, any day with at least 10 mm of cumulative rainfall recorded at any station between 11:00 AM and 9:00 
PM Local Standard Time (LST) will be classified as such [29].  
 

Method of analysis: Hilbert-Huang Transform (HHT)  
 

The HHT employs Empirical Mode Decomposition (EMD) for signal decomposition, setting it apart from 
traditional Fourier transform and wavelet methods, as it does not rely on predefined basis functions or their 
relationships with the original signal. Instead, the decomposition process is based on the fundamental 
assumption that data at a given time instant can consist of multiple simple oscillation modes with significantly 
different frequencies, all active simultaneously.  

EMD is a data-driven signal decomposition technique that sequentially extracts normal or quasi-harmonic zero-

mean values from high-frequency to low-frequency signals. It acts as an adaptive binary filter resembling a 
wavelet. Each extracted component is known as an intrinsic mode function (IMF) and meets the following 
criteria: (1) The number of extrema and zerocrossings in the entire dataset can be the same or differ by no more 
than one, and (2) The mean value of the envelope is defined at each data point using the local maxima, while the 
local minima are set to zero [30].   

 

Figure 2. The sifting process of EMD: (a) original signal; (b) identified maxima (diamond) and minima (circles) superimposed on 
the original signal; (c) upper and lower envelope (thin solid line) and their mean (dashed line); (d) prototype of IMF (the 

difference between the bold solid  line and dashed line in Figure 3c) that is to be refined; (e) upper and lower envelope (thin 
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solid line) and their mean (dashed line) of a refined IMF; and (f) remain signal after IMF is subtracted from the original signal  
[30]. 

Each function can be disassembled using the following IMF definition throughout the verification phase. Figure 2 
depicts an example of obtaining IMF from any time series. Figures 3(a) and 3(b) show the original signal data x(t) 
as thick solid lines. The process of shifting begins with the identification of all local extrema (see Figure 2(b), 
where diamonds and the minima mark the maxima is marked by circles). Then, as demonstrated by the thin solid 
line in Figure 2(c), link all local maxima (minima) using cubic splines to build the upper (below) envelope. As 
seen in Figure 2(c), the upper and lower envelopes often cover all of the data in between. In Figure 2(c), their 
average value is represented by a dashed line as m1. The difference between the input and m1 is the first proto 
mode, h1, shown in figure 2(d),  

 ℎ1 = (𝑡) − 𝑚1               (2)  
 

Because of the design, it is assumed that h1 matches to the IMF definition. However, this is not always the case 
since moving the local zero from the rectangular to the curvilinear coordinate system may result in additional 
extrema, necessitating further modifications. That is why the filtering operation, as described before, must be 
repeated. This filtering procedure has two objectives: (1) to remove the background wave propagating in the IMF, 
and (2) to make the wave profile more symmetric. To guarantee that the recovered signal matches the IMF's 
criterion, the filtering procedure should be done as many times as feasible. h1 can only be viewed as the original 
IMF throughout the iteration process, and it will be processed as data in the following iteration:  

 ℎ1 − 𝑚11 = ℎ11  
                                    (3)  
After k times of iterations,   
 ℎ1(𝑘−1) − 𝑚1𝑘 = ℎ1𝑘;  
                                  (4)  
 

the estimated local envelope symmetry condition is satisfied, and h1k becomes the IMF c1, in other words,  
 𝑐1 = ℎ1𝑘,                  (5)  
 

which is the first IMF is expressed in Figure 2(e).  
 

This shifting procedure may remove low-frequency waves, symmetry from the waveform, and isolate high-

frequency IMF from the present residual signal. In each IMF's shifting procedure, the SDk determined from two 
successive shifting results:  
 

 ,                 (6)  

must be smaller than a predetermined value. The first IMF should contain the smallest scale or the shortest 
period of the signal that can be extracted from the data by,  

 

(𝑡) − 𝑐1 = 𝑟1                         (7)  
 

As illustrated in Figure 2(d), the residual component, or residue, r1, still contains significant periods of variance. 
The residue is then treated as fresh data (new signal), and the filtering procedure described above is repeated to 
produce a lower IMF frequency. This procedure may be repeated on every following, rj, the end result being,  

 𝑟1 − 𝑐2 = 𝑟2   ⋯                                (8)                    𝑟𝑛−1 − 𝑐𝑛 = 𝑟𝑛  
   
When the residue (rn) is turned into a monotonic function or a function with just one extremum, the 
decomposition process is terminated and the IMF cannot be retrieved. If we combine equations (7) and (8), we 
get,  𝑥  𝑟𝑛                           (9)  
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As a result, the original signal data are fragmented into n-IMFs and a residue, rn, which can be either the 
adaptive trend or a constant, is produced. Because the EMD approach only employs information pertaining to 
local extreme values, it does not require a constant mean or zero references. As a result, the sorting process 
yields zero references for each IMF. EMD avoids eliminating the trend by not requiring a zero reference, resulting 
in low-frequency components in the resultant spectrum.  

The Hilbert-Huang Transform (HHT) technique is a powerful signal processing method that has proven valuable 
in analyzing diverse physical phenomena, including climate data. When investigating the intricate and 
multifaceted relationship between urban heat islands and thunderstorm activity, the HHT method offers several 
advantages that make it particularly wellsuited for this task.  

To begin with, the HHT method excels at decomposing time series data into its individual components using 
empirical mode decomposition (EMD). This ability is especially valuable when dealing with complex systems like 
the atmosphere, where relevant signals may be obscured by noise or other irrelevant features. By breaking down 
the time series into its constituent parts, the HHT method can provide clearer insights into the underlying 
dynamics governing a specific phenomenon, such as the influence of urban heat islands on thunderstorm 
activity.  

Furthermore, the HHT method is adept at analyzing nonlinear and nonstationary data, which are common 
characteristics of atmospheric data. The adaptiveness and data-driven nature of the EMD algorithm used in the 
HHT method allow it to handle signals with diverse characteristics. In contrast, traditional Fourier-based methods 
often rely on assumptions of linearity and stationarity, which may not accurately capture the complexities present 
in atmospheric data. Moreover, the HHT method facilitates the analysis of phase relationships between different 
components of a time series, which is crucial in understanding the underlying dynamics of a system. In the 
context of urban heat islands and thunderstorm activity, where temperature and humidity gradients play a pivotal 
role, studying the phase relationships between these signals using the HHT method could offer valuable insights 
into how urban heat islands impact thunderstorm activity.  

Lastly, the HHT method has demonstrated successful applications across various climate data studies, including 
investigations of temperature trends, rainfall patterns, and extreme weather events. This underscores the 
method's versatility and reliability, suggesting it as a valuable tool for analyzing the influence of urban heat 
islands on thunderstorm activity. In summary, the HHT method's capabilities in decomposing time series, 
handling nonlinear and nonstationary data, analyzing phase relationships, and its track record in climate data 
analysis make it a highly suitable and promising approach for studying the impact of urban heat islands on 
thunderstorm activity.  
Method of analysis: Empirical Orthogonal Function (EOF)  
EOF calculates spatial-temporal data by reducing the data's dimension into spatial patterns and lowering all of 
the information into basic information that will clarify the incomplete fluctuation rates [31]. The spatial patterns 
resulted from a mechanism known as EOFs, whereas the temporal patterns are known as PCs.The primary goal 
of EOF was to accomplish spatial-temporal data decomposition X (t, s),  where t is temporal (time) and s is 
spatial (space) position, as  
 𝑋 (𝑡,) = ∑𝑀𝑘=1 (𝑡)(𝐬)        (10)  
 

where M is the number of modes present in the field, 𝑢𝑘(𝐬) is an optimum set primary spatial 234 function, and 𝑐𝑘(𝑡) is temporal expansion function (time). The EOF/PCA approach, in its  application, aims to identify a new set 
of variables that capture the majority of the observed 236 variation in the data through a combination of the 
original variables utilizing the linear 237 combination to achieve the goal.  

The value of the spatial-temporal field X (t, s) at time t and spatial position s is recorded in the gridded dataset. 
For i = 1,n and j = 1, …p, the value of the field at discrete time ti and grid 240 point sj is denoted xij. The data 
matrix then represents the observed field: a  

 

 𝑥11 𝑥12 … 𝑥1𝑝 

  𝑋 = (𝑥1, 𝑥2, .. . ,𝑥𝑛)𝑇 =   (𝑥21⋮ 𝑥22⋮ …⋮ 𝑥2⋮𝑝 )          
                  (11) 𝑥𝑛1 𝑥𝑛2 … 𝑥𝑛𝑝 
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  where 𝑥𝑡 = (𝑥𝑡1, 𝑥𝑡2,. . ., 𝑥𝑡𝑛)𝑇, t = 1, …n,  indicated the value of the map or field at t time. Then, denote the �̅�.𝑖 the field's 
temporal average with the i’th spatial grid point. This temporal average is 244 accompanied by:  
 �̅�𝑖 = 𝑛 1 ∑𝑛𝑘=1 𝑥𝑘𝑖                  (12) 
 

The climatology of the field is determined by,  
 �̅� = (�̅�.1,. .. , �̅�.𝑝) = 𝑛 1 1𝑛𝑇𝑋                            (13) 
 
where 1n = (1, …1)T is the column vector of the length n contained only ones. The anomaly part 249 of the climatology is 
calculated by (t, sk), t = 1,…n, and k = 1,…p, by:  
 

250  𝑥𝑡𝑘′ = 𝑥𝑡𝑘 − �̅�.𝑘                    (14) 
 

Or in matrix form as shown below,  
 𝑋′ = 𝑋 − 1𝑛x̅ = (𝐼𝑛 − 𝑛 1 1𝑛1𝑇𝑛) 𝑋 = 𝐻𝑋                            (15)  
 
Once the anomaly matrix is found (equation 15), the covariance of the sample matrix is determined by:  

 𝑆 = 1 𝑋𝑇𝑋,                                   (16)  𝑛 

which contained the covariance, sij, i, j = 1,…p, between the time series of the field at any pair of 257 the grid points (sj, 
sj), as shown below,  
 𝑠𝑖𝑗 𝑛 𝑛𝑡=1 𝑥𝑡𝑖𝑥𝑡𝑗.               (17)  

The goal of EOF/PCA analysis is to discover uncorrelated linear combinations of the individual variables that explain the 
most variation, or to find a unit-length direction u = (u1,…, up)T in which Xu has the most variability. This was quickly 
followed by,  
 

max(u𝑇𝑆u), s.t. u𝑇u = 1                            (18)  

Therefore, EOFs are obtained as the solution to the eigenvalue problem:  

𝑆u = 𝜆2u                                  (19)  

The k’th EOF is simply the k’th eigenvectors uk of S. The corresponding eigenvalue 𝜆2𝑘, k 266  = 1,…p is then,  

𝜆2𝑘 = u𝑇𝑘𝑆u𝑘 = 𝑛 1 ‖𝑋u𝑘‖2                             (20)  

It also provides a measure of the variance of data calculated in the direction uk. The 269 eigenvalues are generally sorted 
in decreasing order as 𝜆21 ≥ 𝜆22 ⋯ ≥ 𝜆2𝑝 after determining the 270 eigen components of the sample covariance matrix  S in 
equation 18. Typically, the variance is 271 stated as a percentage as:  
 

272 100𝜆2 .                 
   (21)  
∑𝑘=1 𝜆𝑘 
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The projection of the anomaly field X onto k’th EOF 𝑢𝑘 = (𝑢𝑘1, 𝑢𝑘2, ⋯ , 𝑢𝑘𝑝)𝑇, in other words 𝑎𝑘 = 𝑋𝑢𝑘 is the k’th PC 
whose elements 𝑎𝑡𝑘,𝑡 = 1, ⋯ 𝑛, are given by:  
 𝑎𝑡𝑘 = ∑𝑝𝑗=1 𝑥𝑡𝑗𝑢𝑡𝑗                   (22)  
 

Usually, in a practical calculation, calculating the covariance (equation 16) and solve the eigenvalue problem 
(equation 19) is not necessary since the matrix could be calculated using linear algebra named as the singular 
value decomposition (SVD). Any 𝑛 × 𝑝 data matrix type could be decomposed as:  
 𝑋 = 𝐴Λ𝑈𝑇                    (23)  
 

Results   
 

UHI trend in Taipei area  
 

Since 1985, urban warming in Taipei has been observed, with a warming rate of 1.57°C per 100 years. In 
comparison, other cities in low latitudes might experience a more pronounced warming trend, reaching 1.74°C 
per 100 years [32]. This section employs the Hilbert-Huang Transform (HHT) analysis to investigate the Urban 
Heat Island (UHI) intensity in the Taipei area over the past two decades. Initially, the UHI intensity in the region 
was calculated by subtracting the urban temperature from the rural temperature to assess the degree of heat 
increase. Given that UHI data is nonlinear and nonstationary, the HHT method was utilized to analyze its trend. 
HHT is renowned for its effectiveness in analyzing datasets with nonstationary and nonlinear characteristics. 
This technique yielded hourly UHI intensity values from the collected meteorological data, enabling an 
understanding of the temperature rise over the last 20 years by examining the increasing or decreasing trend of 
UHI intensity in Taipei.  

However, the original data stream at times remains convoluted with seasonal components or other influencing 
factors. Figure 3 illustrates an example of an HHT result from one station in Taipei. As evident in Figure 3(a), the 
time series of UHI intensity from 1998 to 2017 did not show a discernible increasing or decreasing trend due to 
the dominance of seasonal or other components. To isolate the trend, it became necessary to extract these 
components, resulting in several signals until only the residual remained, as shown in Figure 3(e).  

  

Figure 3. One of the HHT results from 8 stations in Taipei, (a) UHI intensity original signal, (b) (c) (d) The first 3 IMFs out of 10 
IMFs total, (e) The residual or trend of the UHI intensity in one of a station in Taipei. 

 

The residual results of the HHT analysis indicate that the majority of stations in Taipei have exhibited an 
increasing trend in UHI intensity, as depicted in Figure 4. However, there are exceptions, such as the Sanchong 
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( b )   
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station (Figure 4(a)) and the Neihu station (Figure 4(b)), which have shown a decreasing trend in recent years. It 
can be argued that while the overall trend of UHI intensity in Taipei's urban regions is generally increasing, there 
are variations in the warming rate across different stations, ranging from 0.2 to 1.1°C over the past 20 years, as 
shown in Figure 5, encompassing all areas of Taipei city station.  

 

 
 

 

 

 

 

 

 

 

 

 

    
(a) Sanchong                                                           (b) Neihu 

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

 

(c) Nangang                 (d) Shilin 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

(e) Dazhi          (f) Tianmu  
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(g) Shezi                                          (h) Taipei 

 
Figure 4. (a) to (h) is UHI trend result from HHT analysis for each station, with the y-axis shown as 

amplitude or the magnitude of UHI and the x-axis shown as the timestamp 

 

 

 
 

Figure 5. UHI trend result from HHT analysis 

 

Yearly distribution, trend, and spatial variations of thunderstorms  
 

Between 1998 and 2017, there were a total of 225 thunderstorm occurrences in the Taipei 
basin, primarily concentrated during the mei-yu season compared to other seasons (Figure 6). 
During the first ten years (1998-2007), there were 100 thunderstorm incidents, and this 
number increased to 125 during the subsequent decade, indicating a 25% increase in 
thunderstorms in the Taipei area over the two decades 

.  

 
Figure 6. Yearly and seasonal distribution of thunderstorm in Taipei 
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The utilization of Empirical Orthogonal Function (EOF) analysis on the 225 thunderstorm 
occurrences in the Taipei basin allowed for the identification of main spatial variances. The 
variance explained by the first EOF (Figure 7(a)) was 42.36% (Table 2), suggesting that 
42.36% of the observed thunderstorm events exhibited spatial fluctuations similar to the first 
EOF. Notably, thunderstorms were found to be concentrated in urban regions according to the 
first EOF, while the second EOF indicated 24.84% variance centered in rural-coastal areas 
(Figure 7(b)).   

 

           (a)                                                                                                             (b) 

 

(c)                                                                                          (d) 

 

(e) 
Figure 7. (a) to (e) is the result of spatial variations of thunderstorm events using EOF analysis starting 

from the first to fifth variations, respectively. 
 

Table 2. Variance explained for each spatial variation 

 

Pattern  
(EOF)  

Variance explained 
(%)  

1  42.36  

2  24.84  

3  8.03  

4  4.65  

5  4.38  
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A more focused study was carried out by performing EOF analysis on two separate fiveyear 
thunderstorm periods: (1) thunderstorm events from 1998 to 2002, and (2) thunderstorm 
events from 2013 to 2017. It was observed that the geographical variances from each time 
series were dissimilar. In the past, thunderstorms tended to be localized in metropolitan areas 
(Figure 8(b)), but in recent years, short-duration rainstorms spread to adjacent suburbs (Figure 
8(c)). This suggests a shift in thunderstorm spatial patterns, with an increase in thunderstorm 
days and frequencies (Figure 6). Previous research has indicated an increase in rainfall in 
Taipei since 1897, especially after 1980 [32], and thunderstorm event days have also grown 
during the last two decades. As a result, both downtown areas and rural regions are now at a 
higher risk of flash flooding.  

Analyzing the HHT trend data in Figure 9(a), it appears that the concentration of 
thunderstorms in the urban region has remained consistent or even decreased over the last 20 
years. Although most thunderstorms still occur in urban areas, the concentration has not 
significantly increased, as indicated by the EOF results. However, this does not mean that the 
concern about thunderstorms should be disregarded, as the possibility of more frequent 
afternoon thunderstorms in the future could extend beyond metropolitan areas. It is essential 
to be prepared for unexpected thunderstorms and their potential impacts.  

                              (a)  

 
                                                    (c)  

Figure 8. Result of spatial variations of thunderstorms in two different time series, (a) First EOF of 
afternoon thunderstorm from 1998 - 2017, (b) First EOF of afternoon thunderstorm from 1998 – 2002, and 

(c) First EOF of afternoon thunderstorm from 2013 – 2017 

 
The impact of UHI towards thunderstorms  
 

The HHT analysis of urban heat island (UHI) and afternoon thunderstorms indicates that 
consistent patterns of UHI may lead to a reduction in the frequency of thunderstorms. This can 
be attributed to the fact that steady UHI patterns imply minimal fluctuations in temperature 
differences between urban and rural areas, resulting in fewer natural cooling mechanisms. 
Consequently, this reduced cooling potential could lead to a decrease in afternoon 
thunderstorm activity.  

  ( b )   
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The UHI effect occurs due to the absorption and re-emission of solar radiation by urban 
infrastructure like buildings and roads, causing elevated temperatures in urban areas. The 
HHT analysis of UHI reveals that in certain weather stations (Figure 5), the UHI effect remains 
relatively stable over time, with little variation in the temperature difference between urban and 
rural regions. This stability suggests fewer opportunities for natural cooling mechanisms, such 
as convective clouds, to form and trigger afternoon thunderstorms. On the other hand, the 
HHT analysis of afternoon thunderstorms (Figure 9a) indicates decreasing patterns in some 
weather stations. This decrease may be attributed to the lack of natural cooling mechanisms 
typically associated with thunderstorm activity, as these mechanisms rely on temperature and 
moisture gradients, which may be less pronounced in areas with a steady UHI effect.  

It is also crucial to examine which parts of the Taipei area experienced the most significant 
changes in thunderstorm behavior over time. As shown in Figure 9(b), the lightest blue 
indicates a declining trend in thunderstorm occurrence, while the darkest blue signifies the 
most substantial growth trend. The picture illustrates the concentration of thunderstorms 
shifting towards the rural and mountainous areas in the basin's east and north. However, it is 
essential to note that an accumulation of thunderstorms in a short period of time in these 
regions may elevate the risk of landslides.  

 
      (a)  

 
      (b)  

Figure 9. (a) HHT trend result of a thunderstorm in urban areas, (b) Mapping of HHT trend result slope of 
urban areas 

 

It is essential to emphasize that even though the concentration of thunderstorms in the 
mountain area is increasing, it still represents a small portion of the overall rainfall (Table 3). As 
shown in Figure 10(b), thunderstorms in the rural region contribute only modestly to the total 
rainfall. The primary concern that arises from the EOF results of thunderstorms in the 
mountain area is the potential disruption of the water supply for the Taipei region, given that 
the main water source for Taipei is located in the Pinglin station area.  
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) ( mm   
1891   240.7   

 
 

Figure 10. Overall changes of accumulated rainfall and thunderstorm in urban and rural areas. 
 

Table 3. Accumulated rainfall in urban areas (A) and rural areas (B) 
 

Rainfall Thunderstorm  Contribution  Rainfall  Thunderstorm  Contribution  Difference 

Year  (A)  (A)  (A)  (B)  (B)  (B) 
(mm)  (%)  (mm)  (mm)  (%)  (mm) 

 
 

1998  1788  564.2  31.6  323.5  17.1 
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However, upon closer examination of Table 3, it becomes evident that the contribution of 
thunderstorms to the total rainfall trend in the rural region is at most around 17 percent. This 
implies that the scenario of thunderstorms significantly impacting water resources is unlikely to 
occur. In other words, the afternoon rainstorms concentrated in downtown Taipei do not have a 
substantial impact on water resources (such as reservoirs in the suburbs), but the 
characteristics of the afternoon rainstorms spreading to metropolitan areas may actually 
benefit water sources. Nonetheless, it is more probable that such thunderstorms may result in 
short-term hydrological disasters.   
 

Discussion  
 

Given the rising urban heat island (UHI) effect in Taipei over the last two decades, 
thunderstorms in the region often initiate in the mountain peaks, spread to the terrain slope, 
and bring heavy rain to the basin [36]. Thunderstorms in the Taipei region are frequently linked 
to the interaction between the sea breeze and UHI in the central metropolitan area and the 
southern mountain area of the basin [14]. The thunderstorm phase begins with sufficient 
moisture, and the sea-breeze circulation transports unstable flow to the basin. By 1400 LST, 
the interaction of the sea breeze with UHI in the Taipei region and the orography of the 
southern section of the basin can trigger thunderstorm convection and rainfall over the 
mountain slopes [37]. This mechanism indicates that the increased frequency of 
thunderstorms over the past 20 years could be attributed to the intensification of UHI in the 
Taipei area, leading to the possibility of even more frequent thunderstorms in the future.  

The urbanization of Taipei, which has accelerated since 1967, and the subsequent urban 
warming since 1985, have prompted concerns about local weather and climate change [32]. 
As urban surface temperatures rise over time, the severity of UHI becomes unavoidable. The 
sudden downpours and accompanying thunderstorms can cause havoc in the urban area. 
Thunderstorms not only impact the comfort of living in a city but also influence urban 
environmental sustainability. In metropolitan areas, it is crucial to swiftly direct rainwater to 
drainage systems during heavy rainfall to prevent road hazards. However, with the intensity 
and brevity of these rainfall events, excess precipitation can overwhelm drainage systems. 
Due to the predominance of impermeable surfaces like asphalt or concrete in urban areas, 
rainwater cannot be absorbed, leading to more frequent occurrences of urban flash floods. 
  
Conclusion  
 
Over the past two decades, the urban heat island (UHI) effect in Taipei has shown a significant 
increase, which has led to a higher risk of thunderstorms. The number of thunderstorms in 
Taipei has risen by 25%, and while they are becoming more frequent in metropolitan areas, 
their intensity is relatively lower. This poses a threat to the drainage system and urban areas, 
making them more vulnerable to flash floods. Notably, the Shuangxi station area in the eastern 
mountains has experienced the highest increase in thunderstorm concentration. 
Thunderstorms now account for 32% of overall rainfall patterns in metropolitan areas, 
underscoring the importance of acknowledging and addressing the potential risks associated 
with thunderstorms.  

As UHI severity continues to escalate in Taipei, so does the likelihood of unexpected 
thunderstorms. The results of EOF analysis show that 42.36% of thunderstorm occurrences 
are concentrated in urban areas, while 24.84% are observed in rural-coastal areas. The 
analysis also reveals a trend of thunderstorms becoming more localized in urban regions, with 
short-duration rainstorms spreading to suburban areas in recent years. However, it is crucial to 
note that although the accumulated concentration of thunderstorms is relatively stable and 
decreasing, this does not rule out the possibility of severe thunderstorms occurring. The 
combination of frequent, lowintensity thunderstorms alongside occasional severe ones may 
potentially overwhelm the drainage system.  

In light of these findings, it is paramount for Taipei to prepare and mitigate the potential risks 
posed by the escalating UHI and thunderstorms. This includes improving the drainage system 
and ensuring that urban areas are equipped to handle flash floods effectively. Additionally, 

178.8  14.7  257  13.8  

2017  1222.3  279  22.8  1815 292.1  16.1  -13.1 
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closely monitoring areas with high thunderstorm concentration is crucial for timely response 
and risk management. Implementing measures to reduce UHI intensity, such as increasing 
green spaces and utilizing green roofs, should also be seriously considered. With proper 
planning, preparation, and proactive measures, Taipei can effectively mitigate the potential 
risks associated with UHI and thunderstorms, providing its residents with a sense of safety and 
security.  
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