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IMPROVING INUNDATION FORECASTING MODEL ACCURACY THROUGH
DEEP LEARNING BASED ON AN OPTIMIZATION ALGORITHM

Bing-Chen Jhong®”, Feng-Wen Chen®, Hsiang-Kuan Chang¢, Jung-Lien Chu¢

ABSTRACT

Typhoon-induced heavy rainfall often leads to severe urban inundation disasters. This study proposes
an hourly inundation forecasting model by integrating deep learning with an optimization algorithm to
enhance predictive accuracy for long lead times. The model autonomously selects influential input
factors while optimizing its predictive performance. To highlight the advantages of the proposed
approach, conventional machine learning models based on traditional input selection methods are
developed as model benchmark for comparison. Yilan County in Taiwan is selected as the study area,
covering nine reference inundation points. A cross-validation procedure is applied to rigorously evaluate
model performance. Results demonstrate that, while traditional models perform slightly better at a few
points, the proposed model consistently achieves higher predictive accuracy across most reference
locations. Moreover, it effectively mitigates overfitting, maintaining robust and reliable performance
during both training and testing phases. In conclusion, the proposed model provides a promising and
stable solution for urban inundation forecasting, with potential applications in disaster management and
water resource planning. The findings are expected to serve as a valuable reference for decision-making
in hydrological disaster mitigation.

Keywords: Urban inundation forecasting, Deep learning, Optimization algorithm, Input factor selection,
Disaster risk management

1. INTRODUCTION

In recent decades, climate change has emerged as a critical driver of increasing hydrometeorological
hazards. The increase in both rainfall intensity and total accumulated precipitation, particularly during
typhoon events, has significantly amplified the risk of urban flooding. Global climate models and regional
climate assessments consistently project a rise in extreme rainfall events, which presents substantial
challenges for densely populated urban areas with aging or inadequate drainage infrastructure. In
Taiwan, for instance, typhoon-induced torrential rain has frequently led to flash floods and prolonged
inundation in low-lying regions. As climate change continues to escalate the frequency and severity of
such hazards, it becomes imperative to improve short-term flood forecasting systems to enhance
preparedness and resilience.

To mitigate the consequences of urban inundation, robust and accurate early warning systems are
indispensable. Recent advancements in artificial intelligence (Al), particularly in machine learning and
deep learning, have shown great potential in augmenting traditional hydrological and hydrodynamic
models. Al models are capable of efficiently processing large volumes of historical and real-time data,
thereby generating timely forecasts, making them highly suitable for flood prediction tasks. A growing
body of literature has applied neural networks, such as long short-term memory (LSTM), convolutional
neural networks (CNN), and gated recurrent units (GRU), to predict streamflow, water level, or
inundation depth. These models have demonstrated promising capabilities in capturing temporal
dependencies and nonlinear relationships intrinsic to hydrological processes. However, despite these
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achievements, challenges remain regarding model interpretability, input feature selection, and
generalization across spatial domains.

One critical aspect influencing the performance of Al-based flood forecasting models is the quality and
relevance of input features. Feature engineering plays a pivotal role in extracting meaningful patterns
from data, especially in time series tasks where temporal lags, seasonal trends, and meteorological
interactions must be properly captured. In the context of inundation modeling, input variables may
include rainfall, river discharge, tide levels, antecedent soil moisture, and land cover characteristics.
Determining the optimal feature set for model training remains a significant challenge, as including too
many irrelevant variables may lead to overfitting, while omitting key predictors can severely reduce
forecast accuracy. Furthermore, identifying the appropriate temporal lags for each feature, particularly
under the rapidly changing conditions associated with typhoon events, requires a rigorous and
systematic approach.

Numerous studies have attempted to optimize input features using sensitivity analysis, correlation-
based filtering, and manual trial-and-error. In recent years, evolutionary algorithms—including genetic
algorithms (GA), particle swarm optimization (PSO), and simulated annealing—have been increasingly
adopted to automate the selection of influential predictors. Among these, multi-objective genetic
algorithms (MOGA) have gained attention for their ability to simultaneously optimize multiple conflicting
objectives, such as predictive accuracy, model complexity, and generalization ability. However, few
studies have applied MOGA specifically to optimize input features for Al-based inundation forecasting
models. The integration of MOGA with deep learning architectures holds promise for developing more
efficient, adaptive, and explainable models, especially when considering the complex spatiotemporal
dynamics of typhoon-induced floods in urban environments.

To contextualize the current study, a literature review was conducted on representative research efforts
integrating artificial intelligence (Al) models with optimization algorithms across diverse domains,
including water distribution networks, energy load prediction, financial forecasting, and aquaculture
monitoring. As shown in Table X, multiple studies have explored the application of evolutionary
algorithms such as Genetic Algorithm (GA), Non-dominated Sorting Genetic Algorithm 11 (NSGA-II), and
Multi-Objective Particle Swarm Optimization (MOPSOQO) in conjunction with machine learning or deep
learning models. Although GA-based tuning of LSTM models has been employed in previous studies in
applications like short-term load and financial time-series forecasting (e.g., Santra & Lin, 2019; Huang
et al., 2021), these studies have typically focused on hyperparameter optimization or data preprocessing
rather than on input feature selection. Moreover, most approaches employed single-objective
optimization frameworks, lacking the capacity to balance multiple evaluation metrics—a limitation
addressed by multi-objective genetic algorithms (MOGAS). Review articles such as Bansal et al. (2022)
have highlighted the potential of combining LSTM with GA, SVM, and other Al techniques, though the
input selection process remains underexplored. Notably, no prior studies have specifically applied
MOGA to optimize both input feature selection and temporal lag structures within LSTM-based flood
forecasting frameworks. This gap underscores the novelty of the current research, which proposes a
hybrid MOGA-LSTM framework to automate input variable optimization for urban inundation prediction.
Details of the reviewed literature are summarized in Table 1.

To address the aforementioned gaps, this study proposes a novel hybrid framework that integrates deep
learning with MOGA-based input feature optimization for short-term inundation forecasting. Specifically,
the objectives of this study are:

e To construct a deep learning-based model (e.g., LSTM) that accurately forecasts inundation
depth at grid-based spatial resolution;

e To develop a MOGA procedure for selecting the most informative input features and their
respective temporal lags;

e To evaluate the model performance under multiple typhoon events using various statistical
indices and;
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To provide a benchmark comparison between baseline models and the proposed hybrid model in terms
of accuracy, stability, and transferability.

Table 1 Summary of Representative Studies Integrating Al Models with Optimization Techniques
across Various Forecasting Domains.

forecasting

series

Reference Research Topic Model Input Data Limitation
. . No LSTM involved; focused
Monsef et al. (2019) WD.N _des_lgn NSGA-ll, MODE, | Pipe parameters, cost, purely on evolutionary WDS
optimization MOPSO pressure AT
optimization.
. GA used for LSTM parameter
Santra & Lin (2019) Short-term load GA +LSTM Load + weathertime | 06t 2 MOGA, and no

input variable optimization.

Huang et al. (2021)

Financial time series
forecasting

GA +VMD + LSTM

Stock price data

GA optimizes VMD, not LSTM
inputs; no MOGA used.

Bansal et al. (2022)

Comparative ML
algorithm review

GA, LSTM, SVM,
KNN, etc.

Various applications
(e.g., face recognition,
electricity)

Review paper; LSTM and GA
discussed separately, no
integrated MOGA-LSTM input
optimization.

Guo et al. (2022)

Aquaculture water

Dual-Memory LSTM

Environmental and

No GA or MOGA used; input
factors not optimized via

temp. forecasting + Attention water temp. data evolutionary algorithms.
Kazadi Mbamba & Effluent & biogas GA + Bi-LSTM Wastewater process GA used for tuning, but lacks
Batstone (2023) prediction data multi-objective framework.

Khosravi et al. (2023)

Stream water quality
prediction

Multivariate LSTM

Stream variables (DO,
pH, etc.)

No GA or MOGA used; input
variables selected via feature
engineering only.

Shirajuddin et al.
(2023)

Review of NSGA-II for
WDS

NSGA-Il variants
(review)

WDS parameters

No LSTM involved;

Salamattalab et al.
(2024)

Biogas prediction in
anaerobic digesters

LSTM + GA (feature
selection)

Wastewater & sludge
data

GA is single-objective; no multi-
objective optimization applied.

Qiu et al. (2024)

Reservoir operation
optimization

LSTM_1DCNN + ¢-
MOACOR

Hydrological &
temperature data

MOGA optimizes reservoir
objectives, not LSTM input
selection.

The proposed framework is expected to enhance the predictive capabilities of Al-based flood
models, reduce the dimensionality of input space, and provide a foundation for integrating data-driven
methods into real-time early warning systems. Ultimately, this research contributes to the development
of climate-resilient urban infrastructure and disaster risk reduction under the pressures of global climate
change.
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2. METHODS AND MATERIALS

2.1. Methods

Support Vector Machine (SVM) is a supervised learning algorithm that finds the optimal hyperplane to
separate or regress data in a transformed feature space using kernel functions. In the context of flood
forecasting, SVM—particularly its regression variant (SVR)—is valued for its robustness with small
datasets, resilience to overfitting, and ability to model non-linear relationships between
hydrometeorological variables such as rainfall and inundation depth. Its simplicity and efficiency make
it a strong baseline model in inundation modeling tasks, especially when high-dimensional input features
or limited training data are available.

Long Short-Term Memory (LSTM) networks are a type of recurrent neural network (RNN) designed to
capture long-term dependencies in sequential data by using internal memory cells and gating
mechanisms. In flood forecasting, LSTM excels at modeling the time-dependent nature of hydrological
processes, such as the lagged response between rainfall and inundation. Its ability to learn both short-
and long-term patterns enables accurate prediction of flood depth over multiple forecast lead times.
Furthermore, LSTM’s end-to-end learning capability makes it ideal for integrating multi-source temporal
data, enhancing spatially distributed early warning systems.

Multi-Objective Genetic Algorithm (MOGA) is an evolutionary optimization method that simultaneously
considers multiple conflicting objectives to discover a set of Pareto-optimal solutions. In Al-based flood
forecasting, MOGA is particularly effective for input feature selection, helping to identify the most
relevant hydrological and meteorological variables and their optimal time lags. By balancing model
complexity and predictive accuracy, MOGA enables the construction of more efficient and generalizable
models. Its stochastic search capability ensures a diverse exploration of the solution space, making it a
powerful tool for optimizing deep learning model configurations in complex flood scenarios.

In data-driven flood forecasting models, particularly those based on deep learning architectures such as
LSTM, the selection of appropriate input features and their associated time-lag structures (lag lengths)
plays a critical role in determining model accuracy and generalization. Traditional approaches to input
variable selection often rely on expert knowledge, manual trial-and-error, or correlation-based filtering
methods. While these methods can offer baseline guidance, they are typically limited in their ability to
capture the complex, nonlinear interdependencies between meteorological-hydrological variables and
spatial-temporal flood responses. To overcome these limitations, this study incorporates a MOGA for
the automated selection and optimization of LSTM input features. The strength of MOGA lies in its ability
to simultaneously evaluate multiple conflicting objectives, such as minimizing prediction error while
reducing model complexity, and to generate a Pareto-optimal set of solutions. In this context, the
algorithm is tasked with identifying not only the most influential hydrometeorological and geophysical
input variables, but also their optimal lag lengths with respect to the forecast horizon. Unlike manual or
heuristic-based selection methods, MOGA enables the model to autonomously explore a vast
combinatorial search space of input configurations. It evaluates the forecasting performance of each
configuration through iterative genetic operations—selection, crossover, mutation—and directs the
population toward solutions with higher fitness. This results in a more systematic, data-driven, and
reproducible approach to feature engineering.

2.2. Study area and data

The selected study area is Yilan County, located in the northeastern region of Taiwan, characterized by
its humid subtropical climate and complex topography. This region is highly susceptible to
hydrometeorological hazards due to its exposure to frequent typhoons and monsoon systems. The
region frequently experiences prolonged rainy periods, particularly during the plum rain and typhoon
seasons, making it one of the most precipitation-prone areas in the country. These persistent and
intense precipitation events significantly elevate the risk of both urban and rural inundation, especially
under the influence of extreme weather systems.
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For this study, nine spatial reference sites were strategically selected across the county to represent
key hydrological and urban drainage conditions. In addition, six sewer water level monitoring stations
were employed to capture subsurface hydraulic dynamics during rainfall events. The dataset comprises
rainfall observations from 16 rain gauges, capturing both spatial and temporal rainfall variability.
Furthermore, several typhoon events between 2005 and 2022 were selected for model training and
validation, ensuring that the deep learning framework could generalize across a wide range of flood-
inducing scenarios. These comprehensive datasets provide a robust foundation for developing and
optimizing data-driven inundation forecasting models tailored to Yilan County’s unique environmental
challenges.

2.3. Model inputs and outputs

The input features utilized in this study consist of a comprehensive set of hydrometeorological and
hydraulic data collected during typhoon events. Specifically, three primary types of data were integrated:
(1) observed and KRID rainfall data, (2) flood depth outputs simulated by the SOBEK hydrodynamic
model, and (3) sewer water level observations from stormwater drainage systems. These inputs are
representative of both surface and subsurface hydrological responses under extreme rainfall conditions.
The target output of the proposed model is the forecasted inundation depth at lead times of 1 to 6 hours,
aiming to provide short-term early warnings for urban flood management.

Fig. 1 The rain gauges and inundation reference points used in this study.
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The KRID rainfall dataset, which stands for Kriging Radar-Integrated Data, is a high-resolution
spatiotemporal rainfall estimation product. It is derived by integrating radar-based precipitation estimates
with ground-based gauge observations using Kriging interpolation techniques. This dataset is generated
through the Quantitative Precipitation Estimation and Segregation Using Multiple Sensors (QPESUMS)
system developed by the Central Weather Administration (CWA) of Taiwan, and further processed and
provided by the National Science and Technology Center for Disaster Reduction (NCDR). The spatial

comprehensiveness and temporal responsiveness of the KRID product make it particularly valuable for
data-driven flood forecasting applications.

In this study, conventional machine learning models including SVM and LSTM were constructed using
manually selected input features based on domain knowledge and data availability. These models serve
as benchmark comparisons to evaluate the performance of the proposed optimization-driven approach.
In contrast, the input feature selection for the proposed model is fully determined by the MOGA, which
autonomously identifies optimal input combinations and corresponding lag lengths without manual
intervention. This not only alleviates the subjectivity and inefficiency associated with traditional feature
engineering but also allows the model to dynamically adapt to varying lead times and spatial contexts,
enhancing its robustness and forecasting accuracy.

3. RESULTS AND DISCUSSION
3.1. Comparative Evaluation of Model Performance

As shown in Table 2, the RMSE results demonstrate clear disparities in prediction accuracy among the
three evaluated models: SVM, LSTM, and the proposed MOGA-LSTM approach. Across the nine
inundation sites and six lead times (1 to 6 hours ahead), the proposed model consistently achieved the
lowest RMSE values, with an overall average of 0.100 m, outperforming both LSTM (0.122 m) and SVM
(0.1233 m). This superior performance was evident in both short-term (1-2 hours ahead) and longer-term
forecasts (5-6 hours ahead). Notably, in downstream areas characterized by complex hydrodynamic
interactions—such as Sites 5 and 9—the proposed deep learning-based model significantly
outperformed the baselines, indicating enhanced generalization and robustness under dynamically
varying flood conditions. These findings highlight the model's strength in capturing nonlinear
spatiotemporal flood responses through multi-source input integration.

In Table 3, the correlation coefficient (CC) values across the nine inundation sites and six lead times (1-
to 6-hour ahead forecasts) offer clear insight into the temporal consistency of each model. On average,
SVM achieved a CC of 0.826, reflecting a moderate to strong linear agreement between observed and
predicted inundation depths. LSTM followed closely with an average CC of 0.771, indicating relatively
stable yet slightly less reliable predictions. In contrast, the proposed model—enhanced by MOGA-driven
input optimization—produced a significantly higher average CC of 0.883, underscoring its superior
capability in capturing the dynamic flood evolution under varying hydrological conditions. These
improvements highlight the proposed model's effectiveness in delivering more temporally coherent and
hydrologically robust forecasts.

3.2. Improvement Analysis of the Proposed Model Compared to Baseline Models

To quantify the enhancement achieved by the proposed model, percentage improvements in RMSE
were calculated relative to both SVM and LSTM baselines, as shown in Table 2. The model
demonstrated average improvements of approximately 24.7% over SVM and 17.9% over LSTM, with
the most pronounced gains observed at longer lead times. Notably, at 6-h forecast ahead, the RMSE
improvement over SVM reached nearly 30%, suggesting that the MOGA-optimized input structure and
lag configurations were especially beneficial under extended forecast horizons where error propagation
is typically more severe. The consistent reduction in RMSE across all sites and lead times underscores
the advantage of automating input selection and lag determination, as opposed to manual heuristics.
These improvements are not merely statistical—they reflect meaningful gains for operational flood
forecasting, where each centimetre of error reduction could translate into more effective early warning
issuance and mitigation planning.
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In Table 3, the enhancement in correlation coefficient achieved by the proposed model was evident
across all lead times and reference points. Specifically, the model showed an 8.15% average
improvement in CC when compared to the SVM model, and a more remarkable 1.34% improvement
over the LSTM model. Although the latter figure may appear marginal, it is important to note that CC
values tend to saturate near the upper limit of 1.0, making even small percentage gains statistically and
practically significant in forecasting performance. These improvements affirm the value of input factor
optimization through MOGA, which enables the model to better capture relevant temporal dependencies
and spatial patterns, ultimately enhancing predictive reliability and stability across diverse inundation
scenarios.

4. CONCLUSIONS

This study proposed an advanced deep learning-based inundation forecasting model that integrates
Long Short-Term Memory (LSTM) networks with a Multi-Objective Genetic Algorithm (MOGA) to
optimize input variable selection and lag lengths. The model was trained and evaluated using typhoon-
induced flooding events in Yilan County, Taiwan, leveraging rainfall data (including KRID radar-gauge
estimates), sewer water levels, and simulated inundation depths from the SOBEK hydrodynamic model.
Quantitative comparisons with traditional models—Support Vector Machine (SVM) and conventional
LSTM—demonstrated the superior performance of the proposed approach. Specifically, the proposed
model achieved lower RMSE values and higher correlation coefficients (CC) across all forecast lead
times and spatial reference points. The RMSE reduction and CC enhancement highlight the advantages
of automated input factor optimization, enabling the model to capture more relevant hydrometeorological
patterns and temporal dependencies critical for real-time flood forecasting.

Despite these promising results, several avenues remain open for future research. First, expanding the
model to incorporate ensemble forecasts or multiple climate scenarios could improve its robustness
under uncertainty. Second, applying probabilistic deep learning techniques (e.g., Bayesian LSTM or
guantile regression neural networks) may enable the model to produce flood forecasts with associated
confidence intervals—critical for decision-making in emergency management. Third, integrating real-
time Internet of Things (I0T) data, such as flood sensors and mobile crowdsourced observations, could
enhance model adaptability and spatial resolution.

In conclusion, this study underscores the potential of combining deep learning with optimization
algorithms to develop next-generation, interpretable, and data-efficient inundation forecasting systems,
particularly under the increasing threat of extreme weather events driven by climate change.

Table 2 Comparison of RMSE Values for SVM, LSTM, and Proposed Model across 9 Inundation Points (Testing Phase).

Lead Time (h) SVM LSTM Proposed Relative RMSE Relative RMSE
Model Improvement Improvement
(Proposed vs. (Proposed vs.
SVM) (%) LSTM) (%)
Point 1
1 10.2 28.0 8.4 18% 70%
2 15.0 17.3 13.6 9% 22%
3 18.2 32.1 15.5 15% 52%
4 20.4 29.1 17.2 15% 41%
5 22.8 28.2 19.3 15% 31%
6 25.4 33.2 18.9 26% 43%
Point 2
1 6.5 49 2.0 70% 60%
2 7.5 6.3 3.4 54% 46%
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Lead Time (h) SVM LSTM Proposed Relative RMSE Relative RMSE
Model Improvement Improvement
(Proposed vs. (Proposed vs.
SVM) (%) LSTM) (%)
3 8.6 8.9 5.2 39% 41%
4 9.5 10.9 6.5 31% 40%
5 10.2 12.4 7.9 23% 36%
6 11.1 12.8 8.6 22% 33%
Point 3
1 4.8 4.0 25 47% 37%
2 5.6 5.8 4.1 28% 30%
3 6.8 6.6 5.4 20% 17%
4 8.1 8.7 6.2 23% 28%
5 9.2 9.5 7.6 18% 21%
6 10.3 10.7 8.2 20% 23%
Point 4
1 6.3 6.8 3.3 47% 51%
2 7.3 8.1 5.6 24% 31%
3 8.1 10.1 6.8 15% 32%
4 8.6 115 7.9 8% 31%
5 9.2 13.3 8.4 10% 37%
6 10.2 14.0 8.1 20% 42%
Point 5
1 9.7 55 3.4 64% 38%
2 11.7 8.9 5.3 55% 40%
3 13.9 10.9 7.3 48% 33%
4 16.1 16.0 9.6 41% 40%
5 18.2 18.9 13.7 25% 27%
6 19.9 20.0 12.7 36% 37%
Point 6
1 6.6 5.8 4.1 38% 29%
2 7.9 8.0 6.3 20% 21%
3 9.2 9.2 7.6 17% 18%
4 9.6 10.1 7.7 20% 24%
5 9.9 9.5 7.9 21% 17%
6 10.7 9.3 7.9 26% 16%
Point 7
1 6.4 35 2.2 66% 38%
2 7.0 5.3 3.6 48% 32%
3 7.7 6.7 51 34% 24%
4 8.6 8.4 6.5 25% 23%
5 9.6 9.4 7.7 19% 18%
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Lead Time (h) SVM LSTM Proposed Relative RMSE Relative RMSE
Model Improvement Improvement
(Proposed vs. (Proposed vs.
SVM) (%) LSTM) (%)
6 10.6 10.8 8.6 19% 21%
Point 8
1 7.9 10.5 4.4 44% 58%
2 10.1 10.7 7.3 28% 32%
3 12.2 13.9 9.6 21% 31%
4 14.1 15.7 11.7 17% 26%
5 16.1 17.5 11.9 27% 32%
6 17.9 17.7 13.6 24% 23%
Point 9
1 11.2 8.8 6.2 45% 30%
2 13.3 13.3 10.1 24% 24%
3 14.8 15.8 12.4 16% 21%
4 15.9 19.4 13.5 15% 30%
5 17.4 19.8 14.6 16% 26%
6 20.2 20.7 15.0 26% 28%

Table 3 Comparison of CC Values for SVM, LSTM, and Proposed Model across 9 Inundation Points (Testing Phase).

Lead Time (h) SVM LSTM Proposed Model | Relative CC Relative CC
Improvement Improvement
(Proposed vs. (Proposed vs.
SVM) (%) LSTM) (%)

Point 1

1 0.97 0.78 0.98 1% 26%

2 0.94 0.93 0.94 1% 2%

3 0.90 0.83 0.93 2% 11%

4 0.88 0.82 0.90 2% 10%

5 0.85 0.85 0.88 3% 3%

6 0.83 0.75 0.89 7% 19%
Point 2

1 0.92 0.95 0.99 8% 4%

2 0.89 0.93 0.98 10% 5%

3 0.85 0.86 0.95 11% 11%

4 0.82 0.77 0.92 12% 20%

5 0.79 0.69 0.88 12% 28%

6 0.76 0.66 0.87 15% 33%
Point 3

1 0.99 0.99 1.00 1% 0%

2 0.98 0.99 0.99 1% 0%
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3 0.98 0.98 0.98 1% 0%
4 0.97 0.97 0.98 1% 1%
5 0.96 0.97 0.97 1% 1%
6 0.95 0.95 0.97 2% 2%
Point 4
1 0.79 0.77 0.91 15% 18%
2 0.73 0.60 0.79 8% 31%
3 0.68 0.51 0.67 -1% 32%
4 0.63 0.34 0.67 6% 97%
5 0.59 0.01 0.61 4% 6031%
6 0.50 0.17 0.59 20% 247%
Point 5
1 0.96 0.99 0.99 3% 1%
2 0.94 0.97 0.99 5% 2%
3 0.92 0.95 0.97 6% 2%
4 0.90 0.90 0.96 7% 6%
5 0.87 0.85 0.91 5% 7%
6 0.84 0.82 0.92 9% 12%
Point 6
1 0.85 0.87 0.94 11% 8%
2 0.79 0.73 0.85 7% 16%
3 0.73 0.65 0.75 2% 15%
4 0.70 0.64 0.75 7% 17%
5 0.67 0.63 0.73 9% 16%
6 0.62 0.65 0.72 16% 10%
Point 7
1 0.97 0.99 1.00 3% 0%
2 0.96 0.98 0.99 3% 1%
3 0.95 0.97 0.97 2% 1%
4 0.94 0.95 0.95 2% 0%
5 0.93 0.93 0.94 1% 0%
6 0.92 0.93 0.93 1% 0%
Point 8
1 0.89 0.71 0.96 8% 36%
2 0.81 0.79 0.89 10% 13%
3 0.70 0.62 0.81 15% 30%
4 0.60 0.49 0.71 18% 45%
5 0.49 0.35 0.72 47% 108%
6 0.39 0.23 0.62 61% 170%
Point 9
1 0.93 0.96 0.98 5% 2%
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2 0.90 0.90 0.94 4% 5%

3 0.87 0.86 0.91 4% 6%

4 0.85 0.73 0.89 5% 22%

5 0.81 0.77 0.86 6% 12%

6 0.74 0.75 0.86 16% 14%
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LONG-TERM IRRIGATION WATER QUALITY MONITORING AND

SPATIALTEMPORAL ANALYSIS IN THE RINAN IRRIGATION
DISTRICT OF CENTRAL TAIWAN

Yun-Wei Tan?, Feng-Wen Chen?, Ming-Che Hu®3, Li-Chi Chiang?®

ABSTRACT

This study focuses on the Rinan Irrigation Area in central Taiwan, utilizing 12 years (2013-2024) of long-
term water quality data to investigate spatiotemporal analysis characteristics of water quality. The data
include river flow rates from the main irrigation intake and water quality data from 13 monitoring stations.
The water quality data contains EC (electrical conductivity) and SAR (Sodium Adsorption Ratio). Spatial
distribution is modeled using the IDW (Inverse Distance Weighting) method to estimate water quality
indices across the area. Additionally, irrigation water quality is assessed using by the USSL diagram for
classification (the US Salinity Laboratory).

The results show that the Rinan Irrigation Area is classified as C2S1 for 14.3~58.7%, whereas C3S1 for
41.3~85.7% in the downstream area. The northwestern downstream region has poor irrigation water
quality, classified as C3S1, while the southeastern upstream region is classified as C2S1. The
persistently poor irrigation water quality in the downstream region is likely associated with the inflow of
industrial wastewater into the irrigation system. In contrast, the deterioration of irrigation water quality in
the upstream region in 2021 and 2023 may be linked to high-EC industrial effluent discharged further
upstream of the Daan River (the main irrigation intake river). Under normal hydrological conditions, the
river's dilution capacity helps mitigate the impact of high-EC wastewater. However, the pollution
observed in 2021 may be attributed to the drought event from late 2020 to May 2021, while in 2023,
annual precipitation was also relatively low. Reduced precipitation and decreased river discharge during
these drought events led to a decline in the river’s dilution capacity, resulting in inadequate dilution of
high-EC wastewater and subsequent irrigation water contamination. As climate change continues to
drive prolonged droughts and reduced river flow, the risk of irrigation water contamination due to
insufficient dilution may persist in the future. To mitigate these risks, it is recommended to separate
industrial wastewater discharge from irrigation systems to prevent the intake of contaminated water.
Additionally, alternative water sources such as groundwater or hyporheic water should be explored in
nearby areas to address the issue of contaminated agricultural water supplies.

Keywords: Irrigation Water quality, Inverse Distance Weighting, Climate Change

I INTRODUCTION

Taiwan's early economy was primarily agrarian, with its geographical and climatic conditions favoring
agriculture, particularly the cultivation of rice, sugarcane, and tea as the core of economic development.
However, since the 1960s, Taiwan has undergone a shift from an agriculture-based economy to
industrial and service-oriented trade sectors (National Federation of Industries, 2000). Industrialization
and urbanization have led to the overlapping of industrial and agricultural zones due to inadequate
regional planning. The rapid growth of industrial enterprises and increase in the number of factories in
agricultural regions have created complex mixed-use areas. If industrial and urban wastewater drainage
systems are not properly managed, contaminants may infiltrate irrigation networks, potentially
compromising irrigation water quality, leading to soil and crop contamination, and ultimately posing food
safety risks (Agricultural Engineering Research Center, 2023). The quality of irrigation water plays a
crucial role in agricultural activities, caused the salinity and alkalinity of irrigation water can significantly

! Agricultural Engineering Research Center, Taoyuan, Taiwan (R.0.C.)
2 Department of Water Resources and Environmental Engineering, TamKang University, New Taipei City, Taiwan (R.O.C.)
8 Department of Bioenvironmental System Engineering, National Taiwan University, Taipei, Taiwan (R.O.C.)
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impact soil properties and crop growth. Therefore, assessing the salinity and alkalinity of irrigation water
is critical for determining appropriate agricultural management practices (Minhas, 2024).

Soil salinity has already affected approximately 3,230,000 km? globally, with the affected areas
continuing to expand (Awaad, 2023). Consequently, extensive research has been conducted on soil and
irrigation water salinity-related issues. Fadeyibi(2011) investigated the impact of irrigation water salinity
at Maizube Farm in Nigeria, focusing on SAR (sodium adsorption ratio) and LR (leaching fraction). Their
findings indicated that the water quality in the area posed no significant salinity risk, making it suitable
for maize cultivation. In Bangladesh, over 30% of agricultural land is located in coastal regions, with
approximately 53% of these areas suffering from salinity intrusion, severely limiting agricultural
productivity and restricting crop growth (Haque, 2006; Rasel et al., 2013). Additionally, climate change-
induced sea level rise has exacerbated soil salinity problems in coastal zones, making it a primary
concern for agricultural sustainability in the region (Hasan et al., 2019). Musa (2025) conducted a salinity
assessment in the Sudano-Sahelian agroecological zone to inform appropriate agricultural management
strategies. They collected eight soil samples from a depth of 0~20 cm, analyzing EC (electrical
conductivity) and TDS (total dissolved solids) while employing the IDW (Inverse Distance Weighting)
interpolation method to map the spatial distribution of soil salinity. Their results indicated moderate to
low salinity levels in the studied region. In Uzbekistan, Khasanov et al. (2023) examined the effects of
soil salinization on cotton and wheat production. Their study, which utilized Google Earth Engine to
monitor long-term soil salinization trends from 2000~2020 under climate change scenarios, revealed
that excessive fertilizer application could exacerbate salinity issues. The case of the Zayandeh-Rud
Basin in Iran illustrates the impact of water scarcity on agricultural irrigation. Due to limited freshwater
availability, farmers have resorted to using high-salinity margin water as an alternative irrigation source,
increasing the risk of soil salinization. Research suggests that varying LR can improve maize production
under such conditions; however, severe salinity issues necessitate the application of calcium and
magnesium amendments for soil remediation (Moghbel et al., 2025).

These studies highlight the critical role of salinity management in agriculture. Without effective
agricultural management strategies, salinity can lead to reduced crop yields and soil degradation,
ultimately threatening long-term agricultural sustainability. Prolonged use of irrigation water with high
salinity and sodicity can lead to the accumulation of salts in the soil. Sodium hazard soils typically contain
excessive Na*, which disrupt soil aggregate structure and cause particle dispersion. These changes
negatively impact soil physical properties, pH balance, and cation exchange capacity, leading to reduced
tillage depth, impaired water infiltration, and structural degradation. Excess sodium ions also disrupt
plant nutrient balances, causing ionic toxicity within plant tissues and impairing cellular functions. This
inhibits photosynthesis and reduces plant growth capacity. In terms of soil, increased sodium levels
displace Ca?* and Mg?* from clay mineral surfaces, causing clay particles to swell and disperse.
Additionally, Na* enhances the electric double layer around soil particles, increasing interparticle
distances, weakening soil cohesion, and reducing aggregate stability. As a result, small soil particles
detach from aggregates, decreasing soil porosity. The interaction between soil and plant root systems
is also affected, as reduced soil aeration and unbalanced osmotic pressure make roots absorbing water
difficultly. Consequently, more energy is needed for plants to obtain water, leading to slower growth,
resulting in dehydration stress and reduced soil productivity eventually. (Drever, 1982; Nielsen, 1986;
Chang, 1990; Lin, 1999; Corwin, 2003; Hasan, 2019; Rengasamy et al., 2022 Saludo et al., 2023).

This study aims to assess the spatiotemporal trends of irrigation water salinity and alkalinity using long-
term regional monitoring data on EC and SAR. The IDW interpolation method is applied to evaluate
variations in irrigation water quality across the study area. The primary objectives of this research are
identifying regions where irrigation water quality is significantly affected by salinity and sodicity,
analyzing long-term trends in irrigation water quality and assess potential changes over time, and
providing recommendations for local agricultural agencies and irrigation water management
organizations to improve future agricultural management strategies.

. STUDY AREA

The study area focuses on the Rinan Irrigation Area, located on the northern side of the Daan River
Basin in central Taiwan. The Rinan Irrigation Area is approximately 1,991 ha, water supply by irrigation
systems from 3 intake points along the north bank of the Daan River. These intake points supply water

—
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to the Rinan canal, the Jiuzhangli canal, and the Shuangliao supply branch, flowing sequentially from

upstream to downstream.

In the northern part of the study area, an industrial zone was established from 1977, comprising 277
legally registered factories. Additionally, about 4.7 km in the upstream of the Rinan Irrigation Canal
intake, on the north bank of the Daan River, an industrial chemical factory has been directly discharging
high EC wastewater into the Daan River for several decades (Agricultural Engineering Research Center,
2023). The remaining areas are agricultural zones, primarily cultivating rice and taro (Taichung City
Dajia District Office, 2024), as shown in Figure 1.

Taiwan .. Miaoli County
Strait T

TAIWAN

Industrial Park
The Rinan Irrigatiorp""“
/ / Area '

The Shuangliao

Supply Branch

9, "
?
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- : 3 Canal
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The Jiuzhangli Canal

/ The Chemical
Factory\

~—_

Figure 1 The Study Area

. MATERIALS AND METHODS

3-1 Water Quality Parameters and Standards

This study evaluates and classifies the salinity and sodicity of irrigation water within the research area.
The classification of irrigation water salinity, sodicity and alkalinity was initially proposed by Hilgard
(1900) and later refined by the United States Salinity Laboratory (USSL), which established a framework
for assessing the risk of sodium accumulation and salinization in irrigation water. This classification is
based on two key parameters: the EC of irrigation water and the SAR, where SAR is calculated using
the concentrations of Ca2*, Mg?*, and Na*, as shown in Equation (1) (Council of Agriculture, 2005;
Minhas, 2024).

The classification system for EC, which represents the salinity hazard, consists of 5 levels. Low salinity
hazard (C1) with EC <250uS/cm presents minimal risk and is suitable for most crops and soil types.
Normal irrigation and leaching practices are sufficient to prevent salinity issues, although soils with
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extremely poor permeability may require additional management. Medium salinity hazard (C2), with EC
values ranging 250~750uS/cm, is generally suitable for moderately salt-tolerant crops and does not
necessitate specific salinity control measures. High salinity hazard (C3), ranging 750~2,250uS/cm, is
unsuitable for soils with drainage limitations. Even in well-drained soils, additional salinity management
strategies are necessary, and only salt-tolerant crops can be cultivated under such conditions. Very high
salinity hazard (C4), with EC values 2,250~4,000uS/cm, is generally unsuitable for irrigation. However,
it may still be used in cases where extensive leaching is feasible and when cultivating highly salt-tolerant
crops. Extremely high salinity hazard (C5), with EC >4,000uS/cm, can only be used in highly permeable
soils, requiring frequent leaching and the selection of crops with extreme salt tolerance.

In addition to salinity hazard classification, the sodicity risk of irrigation water is evaluated based on
SAR, which determines the potential for sodium accumulation and its detrimental effects on soll
structure. The classification consists of four levels. Low-sodium hazard (S1) presents minimal sodicity
risk, making it suitable for most soils without significant structural concerns. Medium-sodium hazard (S2)
has the potential to cause sodicity problems in clayey soils, particularly those with high CEC (cation
exchange capacity). However, its impact on coarse-textured soils with good permeability remains
minimal. High-sodium hazard (S3) can increase exchangeable sodium concentration, thereby affecting
soil structure, necessitating soil management measures to mitigate potential degradation. Very high
sodium hazard (S4) poses an extreme sodicity risk, which, if left untreated, can lead to severe soll
structural deterioration and reduced permeability.

The sodicity classification is primarily determined by considering EC levels with SAR values. The
assessment follows equations (2)~(4), which delineate classification boundaries, resulting in a total of
twenty irrigation water quality categories, combining 5 salinity hazard levels (C1~C5) and 4 sodicity
hazard levels (S1~S4) (Mirabbasi et al., 2008; Saghebian et al., 2013; Council of Agriculture, 2005).
This classification framework provides a comprehensive approach to evaluating the suitability of
irrigation water for agricultural use, supporting informed decision-making in water resource management
and soil conservation practices.

[Na*]
SAR = ——
[ca®*1+Mg**] (1)
2
Upper curve:S = 43.75 — 8.87log C (2)
Middle curve: S = 31.31 — 6.66log C (3)
Lower curve: S = 18.87 — 4.441log C (4)

where S and C are abbreviations of SAR ((meq/L)"?) and EC (uS/cm), respectively.

3-2 Spatial estimation- IDW

To comprehensively understand the spatial distribution of salinity and sodicity contamination in irrigation
water within the study area, this research employs the IDW method to estimate the spatial distribution
of surface water quality. Developed by the U.S. National Weather Service in 1972, IDW is based on the
principle of weighted averages, where hydrological measurements at an unknown location are estimated
using data from nearby monitoring stations (Bedient, 1992; Burrough et al., 1998; Goovaerts, 2000;
Heap , 2008).

The IDW method is widely applied in spatial environmental pollution assessments, particularly in water
quality and soil contamination studies. It could estimate pollutant distribution across an area by using a
limited number of observation points. A notable example is the study conducted in the Xin’an River Basin
of Huangshan, China, covering about 5,830 km2, where 10 years of continuous monitoring data from 8
stations were utilized to assess regional pollution trends (Yang et al., 2020). Similarly, in the coastal
regions of Bangladesh, where seawater intrusion has adversely affected agricultural productivity, IDW
has been used to evaluate the extent of contamination by integrating surface water and soil sampling
data (Haldar et al., 2020; Musa, 2025). Another case study in the Garraf oil field in southern Irag applied
IDW to analyze spatial pollution trends based on water quality data from 10 monitoring stations,
effectively identifying pollution hotspots and their spatial distribution (Falih et al., 2025).

—_———————
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These studies underscore the significanc
effectiveness in identifying contamination

e of IDW in spatial pollution analysis, demonstrating its
hotspots and supporting environmental management and

remediation strategies. The method estimates values at target locations by assigning weights to data
from monitoring stations based on their proximity to the target point. Stations closer to the target location
receive higher weights, whereas those farther away are assigned lower weights. By applying these
weights to hydrological or geochemical data from the stations and performing a weighted summation, it
is possible to estimate contamination levels at unmonitored locations, as formulated in equations (5)~(6).

N
R\p = Z w; Ri (5)
i=1
d;“
w; = =
bOXm At 6)

where }?p represents the estimated data at the unknown point, R; is the water quality data at each
monitoring point, N is the number of soil sampling stations, and w; is the weight assigned to each
sampling. d; is the distance between the unknown point and each monitoring point(m), and « is the
exponent, set to 2 in this study (Zhu et al., 2004; Heap and Li., 2008).
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IV. RESULTS AND DISSCUSSION

4-1  Annual Average Electrical Conductivity of Irrigation Water

Analysis of the average EC of irrigation water in 2013~2024 indicates that EC values in the Rinan
irrigation area ranged between 393~2,086uS/cm. According to the salinity hazard classification, these
values correspond to C2 (medium salinity hazard) and C3 (high salinity hazard) levels, demonstrating
that irrigation water in this area presents a considerable salinity risk. Based on the proportional
distribution of different water quality levels, between 2013~2020, the percentage of the irrigation area
classified as C2 ranged from 38.2% to 58.7%, while the proportion of C3 ranged from 41.3% to 61.8%.
Overall, the area with irrigation water classified as C3 slightly exceeded that of C2, except in 2013 and
2016, when the C2 covered a larger area than C3. However, by 2021, the proportion of C2 irrigation
water had declined significantly to only 14.3%, while the C3 area increased to 85.7%, indicating that a
majority of the irrigation water had reached high salinity hazard levels. Although a slight improvement
was observed in 2022, with C2 and C3 covering 43.3% and 56.7% of the area, respectively, irrigation
water quality deteriorated again in 2023, with the C2 area decreasing to 14.4% and the C3 area rising
to 85.6%. In 2024, however, water quality showed improvement, with 50.4% of the area classified as
C2 and 49.6% as C3.

The spatial distribution of EC values, estimated using the IDW interpolation method, is shown in Figure
3. From a spatial perspective, the northwestern region of the study area (downstream) has consistently
exhibited EC values exceeding 1,800 uS/cm over the years. In contrast, the southeastern part of the
study area, particularly the upstream of the irrigation system, has generally had lower EC values, ranging
480~750 uS/cm. However, substantial variations in EC levels have been observed. Between 2013 and
2020, irrigation water EC in the upstream reaches remained within the 480~750uS/cm range. However,
in 2021 and 2023, large portions of the upstream region exhibited EC values between 750~1,000uS/cm.
This level exceeds Taiwan'’s irrigation water quality standard of EC=750 uS/cm and falls under the C3
classification, indicating a deterioration in irrigation water quality during those years. By 2024, a notable
improvement was observed, with a significant portion of irrigation water EC decreasing to below
450uS/cm, suggesting a recovery in water quality. These temporal and spatial trends highlight
fluctuations in irrigation water salinity in the Rinan irrigation area and emphasize the need for continued
monitoring and management strategies to mitigate potential impacts on soil health and agricultural
productivity.

4-2  Annual Average Sodium Adsorption Ratio of Irrigation Water

Analysis of the average SAR of irrigation water in 2013~2024 indicates that in the Rinan irrigation area
ranged 0~5.58 (meg/L)"2. According to the sodium hazard classification, these values consistently fall
under the S1 category (low sodium hazard), suggesting that irrigation water in this region does not pose
a significant sodium hazard. Furthermore, all recorded SAR values comply with Taiwan’s national
irrigation water quality standard, which sets a simplified limit at 6 (meq/L)"2. The spatial distribution of
SAR values, estimated using the IDW method, is shown in Figure 4. From a spatial perspective, between
2013 and 2018, slightly elevated SAR values were observed in the northwestern region of the study
area (downstream). However, after 2019, no significant variation in SAR trends was observed across
the study area.

In 2019, SAR peaked in the west study area, reaching 5.6 (meq/L) 2. By 2021, most of the SAR of the
study area increased to approximately 0.9~3.3 (meq/L)"?, with notably higher values in the southeastern
upstream regions. However, by 2024, SAR had generally declined across the entire region, ranging
between 0.3 and 2.1 (meg/L)"2. These findings indicate that while minor temporal and spatial
fluctuations in SAR have occurred over the years, the overall sodium hazard in the Rinan irrigation area
remains low. The decreasing SAR trend observed in 2024 suggests an improvement in irrigation water
quality, reinforcing the necessity of continuous monitoring and effective water management practices to
sustain soil health and agricultural productivity.
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Figure 4 Annual SAR distribution
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4-3 The USSL Classification of Irrigation Water

The USSL classification system was applied to categorize the irrigation water quality in the study area
in 2013~2024, based on the long-term monitoring of EC (salinity hazard) and SAR (sodium hazard)
values. The results indicate that irrigation water in the study area falls into 2 salinity hazard categories,
C2 (medium salinity hazard) and C3 (high salinity hazard), while the sodium hazard classification are
only S1 (low sodium hazard). According to Equation (4) and Figure 2, the irrigation water in the study
area is classified into C2S1 and C3S1 categories, with the spatial distribution in 2013~2024 shown in
Figure 5.

Between 2013~2020, the northwestern downstream region of the study area accounted for 38.2% to
58.7% of the total irrigation area and was predominantly classified as C3S1, whereas the southeastern
upstream region, covering 41.3% to 61.8% of the area, was classified as C2S1. However, by 2021, a
significant deterioration in irrigation water quality was observed in the southeastern upstream region,
where the proportion of C3S1 expanded to 85.7%, leaving only 14.3% of the irrigation area within the
C2S1 category. In 2022, the situation showed signs of improvement, with C2S1 and C3S1 areas
accounting for 44.3% and 55.7%, respectively. However, in 2023, the irrigation water quality deteriorated
again, with C3S1 areas increasing to 85.6%, while the C2S1 region declined to just 14.4%. In 2024,
water quality improved, with C2S1 and C3S1 areas covering 50.4% and 49.6%, respectively.

The annual proportion of C2S1 and C3S1 classifications from 2013 to 2024 is shown in Figure 6. In
2013, irrigation water quality was relatively favorable, with C2S1 accounting for 58.7%. However, in
2014, there was a brief decline, reducing C2S1 to 41.2%, followed by an increase to 51.3% in 2016.
From 2016 to 2021, the proportion of C2S1 steadily declined, indicating a gradual deterioration in
irrigation water quality, with 2021 and 2023 being the years of the most severe degradation.

Preliminary analysis suggests that the study area can be divided into 2 zones based on different pollution
characteristics. The northwestern downstream region appears to have experienced long-term pollution,
likely due to industrial wastewater discharge. This region is situated downstream of industrial drainage
systems, where industrial effluents, particularly those with high EC levels, may have continuously
contributed to the degradation of irrigation water quality, resulting in a persistent high salinity hazard.

On the other hand, the southeastern upstream region generally exhibits lower levels of contamination.
However, significant water quality deterioration was observed in 2021 and 2023. Initial analysis suggests
that this could be linked to climatic change and upstream river pollution. An upstream chemical plant
located about 4.7 km from the intake point has consistently discharged high-EC wastewater into the
Daan River. Under normal conditions, river runoff provides sufficient dilution to mitigate pollution impacts
on irrigation water.

Analysis of rainfall and river discharge data suggests that extreme weather events have influenced
irrigation water quality. In 2021 and 2023, the total annual precipitation was 2,067mm and 769.5mm,
respectively. Compared to the long-term average precipitation of 1,779mm, this represents a 16.2%
increase in 2021 but a 56.7% decrease in 2023. Although rainfall in 2021 was above average, a closer
examination of rainfall patterns from June 2020 to May 2021 reveals that total precipitation during this
12-month period was only 890mm, which is 50% lower than the long-term average. This period
corresponded to the century-scale drought event in Taiwan, which significantly reduced river discharge
in the Daan River, the primary water source for agricultural irrigation in the region.

Considering the flow rate of the Daan River, hydrological data indicate that in 2021 and 2023, the annual
average discharge was 20.72cms and 8.51cms, respectively. Compared to the long-term average flow
rate of 17.73cms, the 2021 flow rate increased by 16.9%, while the 2023 flow rate decreased by 52%.
Further analysis shows that in 2020, the river discharge was only 3.97cms, representing a 77.6%
decrease from the average. This marked the beginning of the severe drought event that affected Taiwan,
significantly reducing water availability for dilution. The relationship between precipitation, Daan River
discharge, and C2S1 proportion is illustrated in Figure 7.

The findings suggest that the deterioration of irrigation water quality in 2021 was likely influenced by the
prolonged drought event in 2020, which resulted in reduced water resources and inadequate dilution of
high-EC industrial effluents upstream. Similarly, in 2023, below-average precipitation and reduced river
discharge contributed to water quality degradation, reinforcing the importance of water resource
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management and pollution control measures in mitigating the impacts of climate variability on
agricultural irrigation systems.
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Figure 5 Annual USSL classification
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Figure 6 Annual changes in USSL classification area proportion

Figure 7 Rainfall, flow rate and C2S1 ratio scatter

V. CONCLUSIONS AND SUGGESTIONS

This study evaluates EC and SAR of irrigation water in the Rinan irrigation area in 2013~2024,
employing the USSL classification system for irrigation water quality assessment. The IDW method was
applied to estimate the spatiotemporal trends. The results show that EC ranged from 393~2,086 pyS/cm,
corresponding to C2 (medium salinity hazard) and C3 (high salinity hazard) classifications. SAR ranged
from 0~5.58 (meq/L)"?, consistently falling under the S1 (low sodium hazard) category. Consequently,
the USSL classification of irrigation water in the study area includes only 2 categories: C2S1 and C3S1.
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The southeastern upstream region of the study area was generally classified as C2S1, indicating better
irrigation water quality. However, in 2021 and 2023, water quality deteriorated significantly, with the
proportion of C2S1 areas dropping to 14.3% and 14.4%, respectively. This decline is likely related to
high-EC wastewater discharged from a chemical plant located upstream of the Daan River intake point.
Under normal conditions, river flow provides adequate dilution, but reduced precipitation during

2020~2021 and 2023 led to flow reductions to 48% and 22.4% of the average, respectively, limiting
dilution capacity and contributing to water quality degradation.

For the northwestern downstream region, which has been persistently classified as C3S1 due to long-
term industrial wastewater influence, field inspections of the irrigation system are recommended to
identify potential entry points and implement separation measures to prevent industrial water from
entering agricultural system. For the upstream area, although pollution is generally not severe under
normal conditions, future droughts linked to climate change may continue to reduce river flow. Therefore,
it is recommended to install dedicated discharge pipelines downstream of the intake or to relocate the
intake point upstream of the industrial discharge to safeguard irrigation water quality and crop safety.
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DEVELOPING A NEW WAVELET-BASED SPATIOTEMPORAL
DROUGHT INDEX AND RISK UNDER CLIMATE CHANGE

Hsin-Wen Pai?, Yuan-Chien Lin'

ABSTRACT

With climate change, drought events are becoming more frequent worldwide. Taiwan, which
experiences uneven rainfall distribution across regions and seasons, is situated in a high-risk area for
drought disasters globally. As such, effective drought assessment is crucial. Most existing drought
indices require multiple meteorological parameters, making analysis difficult when data is insufficient or
missing. The commonly used Standardized Precipitation Index (SPI) uses only rainfall as an input, but
it presents challenges when applied across various time scales. This study aims to develop a new
drought index to overcome the limitations of existing indices and understanding the spatiotemporal
rainfall patterns in Taiwan.

In this study, Wavelet Analysis (WA) is applied to historical rainfall data to evaluate drought conditions,
leading to the development of a new index, the Wavelet Precipitation Index (WPI). The WPI not only
addresses limitations in current drought indices but also, with its noise reduction capabilities, enables
clearer observation of rainfall trends and comparison of relative dryness across different periods, making
early drought detection more feasible.

Furthermore, using the Wavelet Precipitation Index, this study conducts an annual-scale drought
assessment under various climate change scenarios. The results indicate that the highest frequency of
drought events occurs in the SSP3-7.0 scenario, which poses the greatest challenges for mitigation and
adaptation. The WPI is intended to serve as a reference for innovative drought assessment methods,
facilitating early planning and implementation of mitigation measures to reduce drought impacts.

Keywords: Climate Change, Drought Index, Wavelet Analysis, Wavelet Precipitation Index,
Standardized Precipitation Index

1. INTRODUCTION

In recent years, climate change has altered global climate patterns, increasing the frequency of extreme
weather events, particularly intense rainfall and droughts (Houghton, 2001). In 2021, Asia experienced
the most major disasters, mainly floods, while droughts were concentrated in subtropical regions of Asia
and Africa. These events negatively affect human health, agriculture, and ecosystems (Rummukainen,
2012; Abbaspour & Sabetraftar, 2005; McCarty, 2001; Wheeler & von Braun, 2013). The UN'’s
Sustainable Development Goals, especially Goal 13 “Climate Action,” highlight the need for global
responses. Global warming increases evapotranspiration and atmospheric water vapor, intensifying
rainfall and exacerbating droughts and floods. Dry regions, particularly subtropical areas, face worsened
droughts, while mid- to high-latitude humid regions experience increased rainfall (Rummukainen, 2012;
Trenberth, 2005). Taiwan, at the intersection of Asia’s subtropical and tropical zones, is highly vulnerable
to drought due to its mountainous terrain and short rivers, which limit water retention. In the past decade,
three major droughts occurred, prompting water-saving measures that affected agriculture, industry, and
domestic use. Climate change has intensified extreme rainfall patterns, increasing the frequency of
floods and droughts. To assess the severity and distribution of drought disasters in a region, drought
indices can be used for analysis.(CWA, 2024)
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Drought lacks a universal definition, but it is generally categorized into four types: meteorological,
agricultural, hydrological, and socioeconomic. Drought assessment typically considers rainfall along with
local climate, geography, and water resource management conditions. Various indices have been
developed to evaluate drought events from different perspectives. These include meteorological indices
like the Standardized Precipitation Index (SPI) (McKee, Doesken, & Kleist, 1993) and the Standardized
Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano, Begueria, & Lopez-Moreno, 2010),
agricultural drought indices like the Standardized Soil Moisture Index (SSMI) (Vicente-Serrano et al.,
2010), and hydrological drought indices like the Streamflow Drought Index (SDI). Among them, SPI,
which only requires rainfall data, is relatively straightforward to calculate. Studies have shown SPI to be
effective in identifying varying drought levels, making it a valuable index for drought assessment (Baidu,
Amekudzi, Aryee, & Annor, 2017; WMO, 2016). However, calculating these indices often requires
multiple meteorological inputs, which can be challenging if data is missing. Although SPI only needs
rainfall data, it is difficult to analyze at finer temporal scales or compare relative dryness across different
periods, making it less suitable for early drought prediction. Therefore, this study aims to develop a new
drought index using wavelet analysis techniques. Taking Taiwan as an example, the Empirical
Orthogonal Functions (EOF) and Standardized Precipitation Index (SPI) methods are used to analyze
the spatiotemporal characteristics of rainfall and drought in Taiwan and to validate the applicability of
the new drought index.

Empirical Orthogonal Functions (EOF), also known as Principal Component Analysis (PCA), is a
multivariate analysis tool commonly used in atmospheric science and climate research to reduce data
dimensionality. Its main purpose is to find new orthogonal axes and their corresponding variables
through linear combinations of different independent data variables. These new axes maximize data
variance, capturing the primary variance characteristics, known as principal components. When
visualized, these components reveal spatial patterns in the data. Methods such as Singular Value
Decomposition (SVD) and Eigendecomposition are often used to extract data features (Hannachi,
Jolliffe, & Stephenson, 2007; Tripathi & Sharma, 2021).Singh (2004) used EOF analysis to study
seasonal and annual rainfall variations in India from 1979 to 1989, finding that rainfall was mainly
concentrated in the northeastern and southeastern regions, aligning with monsoon distribution. The first
five principal components accounted for 92.2% of total rainfall variance. Lyons (1982) conducted EOF
analysis on monthly average rainfall data from different stations in Hawaii, identifying three primary
annual rainfall patterns associated with trade winds, southwest winds, and convective rainfall,
respectively. These studies demonstrate EOF analysis's effectiveness in extracting key spatial and
temporal patterns from climate data, making it suitable for analyzing rainfall characteristics.

Wavelet Analysis (WA) is a signal analysis technique initially used for seismic data but now applied
across fields such as geophysics, biomedicine, sound recognition, and image processing. Wavelet
analysis can remove noise and enhance data quality, making it ideal for analyzing non-stationary
signals. Wavelet Transform offers higher resolution at high frequencies, making it especially useful for
studying short-term events. Wavelet analysis has two main types: Continuous Wavelet Transform
(CWT) and Discrete Wavelet Transform (DWT), which differ in the continuity of wavelet displacement.
(Bordeianu, Landau, & Paez, 2009; Sifuzzaman, Islam, & Ali, 2009) Continuous wavelet analysis is
particularly useful for studying meteorological data trends like rainfall, as it allows simultaneous
observation of changes across both frequency and time domains, making it easier to detect temporal
trends and remove noise for clearer analysis (Baidu et al., 2017; Oliveira-Janior et al., 2022).

Due to Taiwan’s uneven spatial and temporal rainfall distribution, it has experienced multiple drought
events in recent years. Establishing an index to assess the timing and spatial distribution of potential
droughts would enable early planning and response to reduce drought impacts. Current drought indices
often combine rainfall with other meteorological factors, which may be impractical to calculate when data
is limited. Although the Standardized Precipitation Index (SPI) uses only rainfall, it is challenging to
analyze across various time scales. Therefore, this study evaluates the use of wavelet analysis for
rainfall and drought analysis, applying historical data and drought events through Empirical Orthogonal
Functions (EOF) and SPI methods to assess its applicability. By examining the spatial and temporal
characteristics of rainfall and drought trends in Taiwan, this study develops a new drought index using

—_——————
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wavelet analysis, referred to as the Wavelet Precipitation Index (WPI). This Wavelet Precipitation Index
(WPI) aims to provide an innovative drought assessment method, facilitating early planning and
mitigation efforts against drought impacts. In this study, the WPI is further applied under different climate

change scenarios to analyze the distribution and severity of drought disasters in Taiwan, assessing
drought disaster trends.

2. METHODS
2.1. Area

The study area of this research is the main island of Taiwan, located at the junction of the Eurasian
Plate and the Pacific Ocean and surrounded by ocean on all sides. Taiwan lies within both tropical and
subtropical monsoon climate zones, where monsoon circulations strongly influence its climate, together
with tropical and mid-latitude weather systems. The Central Mountain Range bisects the island from
north to south, forming distinct western and eastern regions and giving rise to diverse weather patterns.
The island’s average annual rainfall is about 2,500 mm, with some regions receiving over 4,000 mm.
However, precipitation is unevenly distributed in both space and time. Northern Taiwan receives rainfall
year-round, while southern Taiwan is characterized by abundant summer rainfall and dry winters. During
summer, the main rainfall sources are plum rains, convective storms, and typhoons. Overall,
precipitation decreases from north to south, with mountainous areas receiving more rainfall than the
plains, making the southwestern region more vulnerable to drought (CWA, 2024).

2.2. Data

The rainfall data used in this study were obtained from the Central Weather Administration (CWA)
stations. Data were sourced from the Atmospheric Science Research and Application Databank
(ASRAD) and consist of hourly observations from January 1, 2013, to December 31, 2022, covering a
10-year period, totaling 446 stations. Figure 1 provides the location of each weather station.

Figure 1. The map of CWA weather station locations used in this study.
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The historical drought data employed in this study were obtained from two primary sources: the Disaster
Risk Adaptation Platform, established by the National Science and Technology Center for Disaster
Reduction (NCDR), and the Water Disaster Response Learning Center under the Water Resources
Agency, MOEA. These databases document three major drought events that occurred between January
1, 2013, and December 31, 2022, specifically in 2014, 2017, and 2020. The criteria for selecting these
drought events included seasonally low precipitation across Taiwan and widespread drought conditions
over the island, thereby reducing the influence of water resource management and allocation on drought
assessment. Future rainfall projections were obtained from the Taiwan Climate Change Projection
Information and Adaptation Knowledge Platform (TCCIP) (Lin et al., 2022), developed by the National
Science and Technology Council (NSTC). These climate projections are based on the Sixth Assessment
Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC). The AR6 framework integrates
Shared Socioeconomic Pathways (SSPs) with Representative Concentration Pathways (RCPs). This
study considers four scenarios, ranging from low to very high emissions: SSP1-2.6 (low emissions),
SSP2-4.5 (medium emissions), SSP3-7.0 (high emissions), and SSP5-8.5 (very high emissions)..

2.3. Methods
Empirical Orthogonal Function (EOF)

Empirical Orthogonal Functions (EOF), also known as Principal Components Analysis (PCA), is a
multivariate analysis tool widely used in the fields of atmospheric science and climate research for
reducing the dimensionality of data. Its primary objective is to identify a new set of orthogonal axes and
their orthogonal variables through linear combinations of different variables in the data, which explain
the maximum variance, thereby retaining important variance characteristics in the data. These are
known as principal components, and their variables can be plotted as spatial maps. When extracting
data features, methods such as Singular Value Decomposition (SVD) and Eigen-decomposition are
commonly used (Hannachi et al., 2007; Tripathi & Sharma, 2021). EOF can decompose a continuous
spatiotemporal matrix and use singular value decomposition to extract eigenvalues, thereby extracting
key characteristic information from multivariate matrix data to reduce computational burden. This
process decomposes a multidimensional variable matrix containing time and space into multiple time
coefficients and spatial vectors as follows:

X(t,s) = Xkeq (O uk(s) (Equ. 1)

where X(t,s) is the time function matrix containing time series and spatial coordinates; c, (t) represents
the kth time coefficient; u, (s) is the kth spatial vector (feature). The EOF or PCA model reflects the
spatial features with the largest variance in the original data. The original coordinates can be used to
restore the EOF to the spatial domain, and the corresponding PC time series can be observed to monitor
changes in space and time (Hannachi et al., 2007; Pearson, 1901). The more prominent the EOF in the
ranking, the more significant the feature it represents. This study employs EOF to analyze rainfall
characteristics, using this method to understand Taiwan's rainfall features and evaluate the applicability
of wavelet analysis in analyzing these characteristics.

Wavelet Analysis (WA)

Wavelet signal analysis is a tool for processing long-term data, using a rapidly decaying mother wavelet
to represent local oscillations and waveforms of the signal. Continuous wavelet transform (CWT) is often
applied in hydrological and meteorological data analysis to observe continuous signals. The Morlet
wavelet is commonly used as the mother wavelet function ¥ (t). Through scaling and translation, wavelet
sequences can be obtained. For a signal x(t), the continuous wavelet transform formula is:

WT, (@, 6) == [ x(O) ¢ (5F)at(@eR*1eR) (Equ. 2)
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where «a is the scale parameter, T is the translation parameter, ¥ (t)is the mother wavelet function, and

\/% is the normalization factor. The Morlet wavelet mother wavelet function is:

—t2

Y(t) = Tielte T (Equ. 3)

After the continuous wavelet transform, a time-frequency plot can be generated, allowing simultaneous
observation of changes in both the time and frequency domains. The desired frequencies can be
extracted and then used in the inverse continuous wavelet transform (ICWT) to reconstruct the original
signal. This process produces a time series plot of the waveform with noise removed, making it easier
to observe data trends at different frequencies over time (Houghton, 2001; Kumar & Foufoula-Georgiou,
1997).Wavelet analysis allows simultaneous observation of variations at different times and frequencies.
After inverse transformation, the denoised signal can be more easily observed for its trend, providing
smoother data processing. This study uses wavelet analysis as the basis to establish a drought index.
This new drought index based on wavelet analysis is called the Wavelet Precipitation Index (WPI).

Standardized Precipitation Index (SPI)

The Standardized Precipitation Index only requires precipitation as a parameter, making it more
convenient to use compared to other indices. It is often used to identify the timing and severity of drought
events. The distribution of precipitation approximates a Gamma distribution, which is then transformed
to a normal distribution through cumulative probability. The SPI value can be expressed as the number
of standard deviations from the mean:

Xi—X

SPI = T (Equ- 4)

Where x; is the cumulative precipitation over the selected time scale, x is the long-term mean
precipitation, and o is the standard deviation for the selected time scale. SPI values for different time
scales can identify different types of droughts. Common time scales include 1 month (meteorological
drought), 3 months, 6 months (agricultural drought), and 12 months (hydrological drought), denoted as
SPI1, SPI3, SPI6, and SPI12, respectively. A positive SPI value indicates a wet condition, while a
negative value indicates a dry condition. Specifically, an SPI value less than or equal to -2 indicates
extreme drought, values between -2 and -1.5 indicate severe drought, and values between -1.5 and -1
indicate moderate drought (Shiau & Lin, 2016; Tirivarombo, Osupile, & Eliasson, 2018).This study
chooses this index because, similar to wavelet analysis, SPI uses only precipitation as an input
parameter. Furthermore, SPI is an internationally common index, making it suitable for comparing the
results of both methods to evaluate the applicability of wavelet analysis in drought analysis.

Radial Basis Function (RBF)
The Radial Basis Function (RBF) is an interpolation method. It is a real-valued function of the distance

from data points to the measurement point or from the measurement point to another point (center point).
If there are N original values x,, x,, ...xy and N estimated values y,, y,, ... yy that satisfy:

yi=F() (Equ. 5)
The value at an estimation point can be calculated using an RBF with the following formula:

F(o) =ZLic0(lx — x; D (Equ. 6)
where @ is the RBF and c; is the weight.
This method calculates weights based on the distance between data points and the estimation point,

then sums the original data values according to their weights to estimate the value at the desired location
for spatial estimation (Zou, Hu, Zhou, Li, & Dunn, 2013).
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Wavelet Precipitation Index (WPI)

This study introduces a new drought index based on wavelet analysis, called the Wavelet Precipitation
Index (WPI). The process of establishing the WPI is shown in Figure 2. The method begins with applying
continuous wavelet analysis to rainfall data from the past 10 years, using the Morlet Wavelet as the
mother wavelet function. Afterward, the relevant frequencies are extracted. The signal is then
reconstructed using an inverse continuous wavelet transform and subsequently standardized After
standardization, the wavelet time series for each station across different time scales is represented in
units of standard deviation. . Higher wavelet amplitudes indicate greater rainfall and wetter conditions,
while lower amplitudes signify reduced rainfall and drier conditions. From these wavelet time series at
selected time scales, signals are extracted from periods corresponding to historical drought events over
the past 10 years. Only drought events affecting the entire study area were selected to minimize the
influence of water resource allocation. Using spatial estimation methods, the spatial distribution of these
average amplitudes for each historical drought event can be mapped, revealing the spatial trends of
drought conditions. The average amplitude values, expressed in standard deviation units, are used to
establish drought thresholds. The overall average standard deviation across all historical drought events
is set as the threshold for severe drought, while the standard deviation of the most extreme drought
event in the past decade is set as the threshold for extreme drought. This threshold-setting approach
allows for flexible identification of drought severity according to regional characteristics, offering a more
practical and comprehensive assessment of drought levels.

Rainfall Historical
Observation Drought
Data Event Data

Wavelet
Analysis

l

Signal
Extraction

l

Signal

Standardization

+

Extraction of Historical
Drought Period Signal

Average Amplitude of Average Amplitude of the
All Historical Drought Most Severe Historical

Per] 1ods Drou ght Period

Severe Drought Extreme Drought
Threshold Value Threshold Value

Figure 2. The flowchart of establishing the Wavelet Precipitation Index (WPI)

3. RESULTS AND DISCUSSION
3.1. Spatial Characteristic Analysis Results

In the EOF analysis, characteristics ranked earlier indicate greater importance. EOF1 (Figure 3, left)
reveals significant differences between mountainous and plain areas, as well as between the southwest
and northeast regions. Based on Taiwan’s climate and environment, these patterns can be attributed to
the influence of topography and monsoons (the northeast monsoon in winter and the southwest
monsoon in summer). EOF2 (Figure 3, center) reflects the southwest—northeast contrast, also driven

—_———————
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by monsoon effects, while EOF3 (Figure 3, right) shows east—west differences caused by mountain

range barriers. The EOF results are consistent with actual conditions.

The SPI analysis results (Figure 4, left) indicate drier conditions and lower rainfall in the southwest, with
slight contrasts between mountainous and plain areas, as well as between the western and eastern
regions. These findings are consistent with Taiwan’s actual rainfall and drought spatial characteristics,
confirming that SPI is suitable for Taiwan.

Similarly, the WA results (Figure 4, right) display spatial patterns comparable to SPI, incorporating the
first three EOF spatial characteristics and aligning with the observed spatial characteristics of rainfall
and drought in Taiwan. This confirms the feasibility of applying WA to identify droughts and analyze their
characteristics.

Figure 3. Spatial distribution of EOF analysis results

Figure 4. Spatial distribution of SPI (left) and WA (right) analysis results (anuul)
3.2. Time Trend Analysis Results

In Figure 5, larger WA amplitudes indicate higher rainfall, whereas smaller amplitudes correspond to
lower rainfall. Most of the WA results are consistent with the SPI analysis, for example, around 2015
and 2018, demonstrating that WA can serve as a foundation for establishing drought indices. The SPI
analysis is based on accumulated rainfall and is influenced by preceding periods, while WA analyzes
rainfall at each time scale, making it easier to determine whether a given period is drier than others at
that scale. This allows for earlier detection of droughts and their precursors.

3.3. Spatiotemporal analysis of drought under different climate change scenarios

Using the WPI, both the spatial distribution of droughts (Figure 6) and their temporal variations (Figure
7) can be analyzed. The WPI can identify the severity levels of regional drought events. In addition to
drought classification, it also reveals the spatial distribution of drought conditions, with categories divided
into non-drought (Figure 6, left), severe drought (Figure 6, center), and extreme drought (Figure 6,
right). Under different climate change scenarios, drought analysis using the WPI shows that SSP1-2.6
includes 15 severe drought years and 5 extreme drought years; SSP2-4.5 includes 19 severe drought
years and 2 extreme drought years; SSP3-7.0 includes 17 severe drought years and 7 extreme drought
years; and SSP5-8.5 includes 15 severe drought years and 7 extreme drought years. In the time series,
SSP1-2.6 (Figure 7, left) exhibits an increasing rainfall trend, with fewer drought occurrences and lower

—_———————
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severity. In contrast, SSP3-7.0 (Figure 7, right) represents the scenario with the greatest challenges for
mitigation and adaptation. Although rainfall shows a slight overall increase, the variability between wet
and dry conditions is more pronounced than in other scenarios, with droughts being more severe, often
falling below the extreme drought threshold, and persisting for longer durations. Thus, SSP3-7.0 is
identified as the scenario with the most severe drought disasters among all four pathways.

BWA and SPI time series analysis results

Figure 5. WPI drought spatial analysis
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Figure 6. Analysis of WPI drought time series under different climate change scenarios

4. CONCLUSIONS

This study demonstrates that wavelet analysis effectively captures the spatiotemporal characteristics of
rainfall and drought in Taiwan. High-frequency signals identify extreme rainfall events, while low-
frequency signals reveal long-term trends such as drought. The spatial distribution of wavelet results
aligns with EOF features, and both wavelet analysis and SPI confirm that southwestern Taiwan is drier,
consistent with observed rainfall patterns. These findings verify the applicability of wavelet analysis for
drought assessment. The proposed Wavelet Precipitation Index (WPI) provides several advantages: (1)
time scale flexibility, enabling multi-scale drought assessment and earlier detection; (2) regional
adjustability and global applicability, allowing comparisons across different regions; and (3) improved
trend detection, offering smoother observations after noise reduction and overcoming the limitations of
SPI. Future projections using the WPI indicate that higher greenhouse gas emissions, particularly under
SSP3-7.0, will result in more frequent and severe droughts. Wavelet analysis can further be applied to
assess extreme rainfall risks through high-frequency signals, supporting the development of monitoring
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and early warning systems. While this study focuses on Taiwan, the methodology shows potential for
application in other regions to evaluate rainfall variability and drought risks under climate change.
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IMPACT OF DIFFERENT NUTRIENT MANAGEMENTS AND
IRRIGATION LEVELS ON CROP PRODUCTIVITY OF AEROBIC RICE

P. Sruthi, U. Surendran®2, Kumar Veluswamy®* and P Raja*
ABSTRACT

Aerobic rice cultivation, a water-efficient alternative to traditional flooded rice systems, has gained
significant attention, especially in the face of increasing water scarcity exacerbated by climate change.
This study, which evaluated the impact of different irrigation levels and nutrient management practices
on crop growth and yield, provides practical insights for sustainable farming and water management.
The field experiment, conducted at the CWRDM experimental plots in Calicut, Kerala, included two
irrigational levels, viz 1. 100% ETc (I11) and 2. 120% ETc (12), and three nutrient management regimes:

e N1: 75% recommended dose of N and 100% P & K application of inorganic fertilizers
¢ N2: 100% recommended dose of N and 100% of P & K application of inorganic fertilizer
o N3: 125% recommended dose of N and 100% of P & K application of inorganic fertilizer

The study revealed that nutrient management, particularly nitrogen application, had a significant impact
on all key growth parameters. The highest yield and growth performance were consistently observed in
the treatment with 120% ETc irrigation and 125% nitrogen (12N3). However, irrigation alone did not
significantly influence yield, indicating that 100% ETc was sufficient to meet the water requirements of
aerobic rice under the conditions of this study. While higher irrigation levels supported growth, they did
not translate into yield benefits beyond the 100% ETc level. Therefore, a combination of adequate
irrigation (100% ETc) and higher nitrogen application (125% of recommended dose) is recommended
for improving the performance of aerobic rice in similar agro-climatic conditions. From a policy
perspective, combining direct line sowing and enhanced nutrient offers a robust strategy for maximizing
crop and water productivity. This approach aligns with climate-smart agricultural practices, reducing the
carbon footprint associated with water pumping while ensuring sustainable food production. Adopting
aerobic rice systems could be further encouraged through subsidies for water-efficient irrigation
technologies, farmer training programs, and incentives for integrated nutrient management practices. In
the context of climate change, which intensifies water resource challenges, the study underscores the
need for widespread dissemination of knowledge on aerobic rice systems. Future research should
explore integrating precise irrigation methods, weather-based decision tools, and enhanced organic
nutrient formulations to optimize water and nutrient use efficiencies. This multi-faceted approach can
ensure the resilience and sustainability of rice cultivation amidst evolving climatic uncertainties.

Keywords: Aerobic Rice Cultivation; Climate Change; Nutrient Management
1 INTRODUCTION

Rice (Oryza sativa L.) is one of the most important cereal crops. Globally, India ranks first in rice area
and second in rice production after China. Rice is a submerged crop and rice accounts for 34—43% of
the world's irrigation water (Bouman et al., 2007). This anomaly is due to the low productivity of rice and
lower rice yields below the national average in 348 districts of the country contribute to the overall low
productivity of rice in India. This situation is prevailing even when about 60% of the rice-growing areas
in the country are irrigated and more than 50% of the irrigation water is used in rice cultivation.
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Water scarcity is one of the most threatening issues that is facing all across the world. Severe water
shortages are developing in many countries, and water for agriculture is becoming increasingly scarce,
particularly in India, in the light of growing water demands of different sectors (Surendran et al., 2014;
2015; & 2017). The seasonal water input to rice fields is the combination of water used in land
preparation and the water needed to compensate for evaporation, transpiration, seepage, and
percolation losses during crop growth. Most of the water applied during crop growth is not used directly
for transpiration and is therefore considered lost from fields. Typically, water input for rice varies between
660 to 5280 mm depending on the environmental conditions, growing season, length of the growing
period, climatic conditions, soil type, and hydrological conditions (Tuong and Bouman, 2003; Tripathi,
1996).

In Kerala, extensive cultivation of rice is concentrated in three pockets - Palakkad, Kuttanad and Kole
area. The elevation of rice growing areas in Kerala ranges from below mean sea level (MSL) to 1200 m
above MSL. It is cultivated during three seasons, viz., Virippu, Mundakan and Punja seasons in Kerala.
Though rice is the staple food of over three million people of Kerala, the area under rice cultivation has
decreased each year. Seventy-four per cent of the rice growing area in the Kerala state is irrigated, with
the major irrigated areas being located in Palakkad, Alappuzha, Thrissur and Wayanad districts. The
total seasonal water requirement for rice in Kerala varied from 852 to 2362 mm for the Virippu,
Mundakan and Punja seasons. Nearly 50 to 55% of the total requirement is accounted for percolation
and seepage losses at all reaches of the command area during Viruppu season as compared to 55 to
70% during Mundakan and Punja seasons (KAU, 2011).

Continuous land submergence for rice is typically practiced due to its associated major advantages,
including increased nutrient availability and fewer weed management problems (KAU, 2011). Although
rice thrives in anaerobic conditions, it still requires some oxygen for optimal growth, as it is fundamentally
a semi-aquatic plant. This explains why irrigated rice systems often yield higher outputs compared to
rainfed lowland, deepwater, tidal, or upland ecosystems, where either oxygen or water is in limited
supply. Despite its preference for waterlogged environments, rice is highly adaptable to changes in soll
moisture, humidity, and temperature. The main motivation behind aerobic rice cultivation is to use water
more efficiently. Aerobic rice is cultivated under non-flooded, well-drained soil conditions where the crop
is grown with intermittent or limited irrigation, rather than continuous submergence (Vanitha, 2008). In
fact, aerobic rice has been shown to save up to 73% of irrigation water during land preparation and 56%
during the crop growth period. By keeping all these facts together, the present investigation was,
therefore, undertaken to understand the influence of irrigation and nutrient management on Uma rice
variety.

2 METHODS

An experiment was conducted during the Viruppu season of 2019 on transplanted seedlings of the Uma
rice variety in the Land of Water Management (Agriculture) Division at CWRDM, Kunnamangalam,
Kozhikode, Kerala. The first experiment has a randomized block design (RBD). Different irrigational and
nutrient management were attempted. Two irrigation management practices were selected. They were
1. 100% ETc (11) and 2. 120% ETc (12). Three different nutrient management practices were opted for.
These were comprised of 1. 75% recommended dose of N and 100% P & K application of inorganic
fertilizer (N1); 2. 100% recommended dose of N and 100% of P & K application of inorganic fertilizer
(N2); 3. 125% recommended dose of N and 100% of P & K application of inorganic fertilizer (N3). A
recommended dose of fertilizers (KAU, 2016) was applied, and the exact quantities of nutrients were
applied to the individual treatments based on the nutrient content present in the inorganic fertilizers. The
dosage was applied at three stages: 1/3 dose of N at bed preparation, 1/3 dose at the maximum tillering
stage and the remaining 1/3 dose at panicle initiation stage, as per the package of practices
recommendations of KAU. All the cultural and management practices were adopted as per the package
of practices of Kerala Agricultural University (KAU, 2016). The experiment comprised six treatments with
five replications and was conducted in puddled soil. According to the package of practices
recommendation, the field has been ploughed well to bring fresh nutrients to the surface and to
incorporate the stubble.
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The soils of the experimental fields were analysed for their physico-chemical properties by adopting

standard procedures. Biometric observations were carried out at the initial and final stages. Paddy
harvest was done after maturity, and the total yield was calculated.

3 RESULTS AND DISCUSSION

The soil exhibits a sandy clay loam texture, characterized by a bulk density of 1.1 g cc™ and a particle
density of 2.18 g cc™. Taxonomically, the soil belongs to the Kunnamangalam series under the USDA
class of Mixed; Isohyperthermic, Typic Kanhaplustults, and is characterized as lateritic in nature. The
soil's pH was 6.75, with an organic carbon content of 1.72% and an available nitrogen (N) content of
205 kg ha™. The available phosphorus (P) content of the experimental soil falls within a medium range,
measuring 19.61 kg ha™, while the available potassium (K) content is also medium, with a value of
110.8 kg ha™. Field capacity and wilting point of the soils are found to be 22.42% and 13.54%,
respectively.

3.1 Climatic parameters

The experimental field site experiences a humid tropical climate characterized by scorching, dry
summers and chill winter seasons. The region falls under the climate of humid tropical with average
annual precipitation of 3085 mm. Details about the observed weather parameters were given in Figure
1. The maximum temperature experienced in experimental location during the crop period was 40.7 °C
and minimum temperature prevailed during the experimental period was 19.0 °C. Throughout the crop
period total rainfall received was 105.0 mm. Average maximum relative humidity and minimum relative
humidity was found 97% and 50% respectively during the experimental period.
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Figure 1. Weather data during crop growth period - CWRDM Farm
3.2 Biometric characteristics

Crop biometric and yield parameters showed that the nutrient management and method of irrigation
influenced the parameters. The results showed that Uma treated with 120% Nitrogen under 100%
irrigation, produced higher parameters. Similarly, Uma with farmer’s practices is the lowest crop growth
parameters. Plant height was significantly influenced by both irrigation and nutrient management
(Figure 2). The highest height was observed in treatment 12N3 (120% ETc + 125% N), followed by I1N3
and I2N2. The lowest height occurred under 11N1 (100% ETc + 75% N). Irrigation affected plant height
at both growth stages, while nutrient effects were significant only at the final stage. Higher nitrogen
levels promoted vegetative growth due to improved nutrient uptake and chlorophyll synthesis (Ohyama,
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2010; Leghari et al., 2016), but no significant interaction was found between irrigation and nutrient
treatments.

Tillering was significantly affected by nutrient management at both stages and by irrigation during the
initial stage. I2N3 produced the highest number of tillers, while I1N1 had the lowest. Nitrogen enhances
axillary bud development, increasing tiller numbers (Liu et al., 2011; Ramesh et al., 2009). Although
100% ETc irrigation supported tiller growth, increasing to 120% ETc didn’'t show further benefit. The
effects of water and nutrients acted independently, with no significant interaction.

Photosynthetic rate was significantly affected by nutrient management but not by irrigation. 12N3
recorded the highest rate, while 11N1 and 12N1 had the lowest. Higher nitrogen promoted chlorophyll
formation and enhanced photosynthetic activity (Hassan et al., 2007; Song et al., 2013). The lack of
irrigation effect may be due to sufficient water availability across treatments and the crop's adaptation
to aerobic conditions (Kaiser et al., 2014).

Hence, among the methods, 100% of irrigation performed better when compared to 75% of irrigation
and 120% N dosage of inorganic fertilizer can influence the yield better than 100% N, 75% N applications
and also the local farmers’ practices.

3.3 Yield

Grain yield was significantly influenced by nutrient management treatments, while differences due to
irrigation were not statistically significant (Figure 3). The highest yield was recorded in treatment I2N3
(120% ETc + 125% N) at 4311.8+48.9kgha™", followed by I1N3 (4204.2+213.4kgha™) and 11N2
(4004.3+81.4kgha™). The lowest yield was observed in I1IN1 (80% ETc + 75% N), with
3617.3+150.3 kgha™.

The positive response of yield to increased nitrogen levels highlights the crucial role of nitrogen in rice
productivity. As reported by Brahmana and Ranjbar (2007), nitrogen supports carbohydrate
accumulation in culms, sheaths, and grains, contributing to yield formation during both vegetative and
ripening stages. The application of 125% recommended nitrogen likely enhanced nutrient availability,
photosynthetic efficiency, and overall biomass, resulting in higher grain yields.

In contrast, irrigation management (100% vs. 120% ETc) did not significantly affect yield, suggesting
that the crop’s water needs were sufficiently met even at 100% ETc. This implies that within the tested
range, additional irrigation may not translate into yield benefits in aerobic rice systems. These results
emphasize the importance of optimized nitrogen application in enhancing grain yield, while moderate
irrigation levels may suffice under aerobic cultivation conditions.

4. CONCLUSIONS

The study revealed that nutrient management, particularly nitrogen application, had a significant impact
on all key growth parameters—plant height, number of tillers, photosynthetic rate—as well as final grain
yield. The highest yield and growth performance were consistently observed in the treatment with 120%
ETc irrigation and 125% nitrogen (12N3). However, irrigation alone did not significantly influence yield,
indicating that 100% ETC was sufficient to meet the water requirements of aerobic rice under the
conditions of this study. These findings underscore the importance of optimized nitrogen management
in enhancing the productivity of aerobic rice systems. While higher irrigation levels supported growth,
they did not translate into yield benefits beyond the 100% ETc level. Therefore, a combination of
adequate irrigation (100% ETc) and higher nitrogen application (125% of recommended dose) is
recommended for improving the performance of aerobic rice in similar agro-climatic conditions. In the
context of increasing water scarcity, climate change, and the growing demand for food, aerobic rice
cultivation offers a sustainable alternative to traditional flooded rice systems. Conventional rice farming
consumes large volumes of water, making it unsustainable in water-stressed regions. The present study,
conducted under aerobic conditions, demonstrated that rice can achieve significant yields with reduced
irrigation, particularly when combined with optimized nitrogen management. By maintaining soil
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moisture without continuous flooding, aerobic rice systems reduce water input, lower methane
emissions, and improve water use efficiency. This makes aerobic rice highly relevant for regions like
Kerala and other parts of the world facing erratic rainfall and depleting water resources. The study
highlights that with proper nutrient strategies—especially increased nitrogen—aerobic rice can bridge
the gap between sustainability and productivity, supporting food security under changing environmental
conditions.

Figure 2. Growth characteristics such as number of tillers, plant height, and photosynthetic rate, is represented as Mean +
Standard Deviation (SD) of five replications. Where, 11- 100% ETc, 12- 120% ETc, N1- 75% N- application of inorganic fertilizers,
N2- 100 % N application of inorganic fertilizers, N3- 125% N application of inorganic fertilizer
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Figure 3. Yield is represented as Mean + Standard Error of five replications. Where, 11- 100% ETc , 12 — 120% ETc,
N1- 75% N- application of inorganic fertilizers, N2- 100% N application of inorganic fertilizers, N3- 125%
N application of inorganic fertilizer.
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RESOLUTION MASS SPECTROMETRY FOR APPLICATION OF RECLAIMED
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ABSTRACT

As climate change exacerbates, over 70% of global land has experienced drier conditions in the last 30
years than before. Reclaimed water derived from treated domestic wastewater may be used as an
alternative irrigation water. However, conventional wastewater treatment processes would not
thoroughly remove micropollutants, resulting in their presence in the reclaimed water, thus provoking
safety controversies. This study applied high-resolution mass spectrometry (HRMS) to screen
micropollutants in domestic wastewater potentially used to produce reclaimed water. To evaluate the
capability of two advanced treatments in removing micropollutants, comparisons between the
occurrence of micropollutants before and after the treatments were conducted. Domestic wastewater
samples (100 mL) that were processed before and after the membrane bioreactor treatment (MBR) were
grabbed once a month in a water recycling center (WRC A) for the whole year of 2024. Also, water
samples processed before and after anaerobic-aerobic biological treatment (A/O) were collected
monthly in WRC B from May to December 2024. The samples were prepared with solid-phase extraction
and analyzed using a liquid chromatography-quadrupole-time of flight mass spectrometry device. The
HRMS data were searched on a commercial database recording > 2500 micropollutants. A total of 136
micropollutants were found in the wastewater sampled in WRC A (n = 24), while 125 were in that of
WRC B (n = 16). Pharmaceuticals were the most frequently occurring micropollutants in both WRCs,
with 106 and 98 in WRC A and B, respectively. In addition, industrial chemicals were the second most
frequently occurring micropollutants (14 and 12 chemicals in WRC A and B, respectively). In WRC A,
27 micropollutants were only present in the water before the MBR, with miconazole, an antifungal
medicine, found in nine out of 12 samples. As for the A/O, 21 micropollutants were removed after
treatment, with acesulfame, an artificial sweetener, and three pharmaceuticals occurring in seven out of
eight samples not treated by A/O. Conversely, 20 and 21 micropollutants found in the water after the
MBR and A/O, respectively, were absent before the treatments. Taking hydraulic retention time into
consideration in sampling would be crucial as the water was not homogeneous. Besides, the
transformation of precursors in the water during processing may not be ignored. Suspect screening
using HRMS was successfully applied to identifying the micropollutants in the wastewater before and
after MBR and A/O treatments employed by WRCs. The list of micropollutants found in the wastewater
could be a reference for improving the treatment process and target micropollutants for future monitoring
of reclaimed water used on irrigation.

Keywords: reclaimed water, micropollutant, membrane bioreactor treatment, anaerobic-aerobic
biological treatment, high-resolution mass spectrometry

1. INTRODUCTION
Water is fundamental to all aspects of our life. However, water scarcity is a global issue. As climate

change exacerbates, over 70% of global land has experienced drier conditions in the last 30 years than
before (United Nations, 2024). Agriculture is the largest water user worldwide, accounting for about 70%
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of global water withdrawals (Food and Agriculture Organization of the United Nations, 2017). Using
alternatives to freshwater on irrigation may be beneficial to mitigate water scarcity.

Reclaimed water derived from treated domestic wastewater could be an alternative irrigation water.
However, concerns have been raised over the micropollutants in the wastewater effluent because
conventional treatment processes were not designed to remove micropollutants (Morin-Crini et al., 2022;
Quesada et al.,, 2019). The micropollutants in the reclaimed water may include pharmaceuticals,
personal care products, and pesticides, which provoke safety controversies.

Advanced treatment processes such as membrane bioreactor (MBR) systems and anaerobic-aerobic
(A/O) biological treatment have emerged as alternatives to conventional treatments. MBR combines
biological degradation with membrane filtration, and has been found to efficiently remove suspended
solids and pathogens. Reports also showed the biodegradation and adsorption of some micropollutants
onto sludge, followed by membrane retention (De Wever et al., 2007). A/O systems utilize both reductive
and oxidative microbial pathways to eliminate micropollutants and have shown high removal efficiency
for pharmaceuticals, including ketoprofen and naproxen (Jelic et al., 2011).

Myriads of studies determined target micropollutants in water and provided reliable absolute
guantification results. Nevertheless, wide-range screening could facilitate the discovery of multiclass
micropollutants not previously included in target analyses, thus provide a relatively comprehensive view
of contamination. Suspect screening using high-resolution mass spectrometry (HRMS) is a potential
resolution to uncover micropollutants in surface water and food (Hernandez et al., 2024; Zhu et al.,
2022). Information of a large number of molecules can be collected and matched with data recorded in
the chemical database. High mass resolution and scanning speed facilitate a high level of confidence in
chemical identification based on molecular and fragment mass spectra (Schymanski et al., 2014).

This study aims to disclose the multiclass micropollutants in domestic wastewater potentially used to
produce reclaimed water for the use of irrigation. The occurrences of micropollutants before and after
two advanced treatments were compared for primarily evaluating these treatments’ micropollutant
removal potential.

2.  Methods
2.1. Sample collection and preparation

Domestic wastewater samples were collected monthly in 2024 at a water recycling center (WRC A),
both before and after the membrane bioreactor (MBR) treatment. Similarly, the wastewater before and
after anaerobic-aerobic (A/O) biological treatment was sampled monthly from May to December 2024
at another water recycling center (WRC B). Each sample was preserved in a 100 mL pre-silanized
amber glass bottle containing 30 mg of ethylenediaminetetraacetic acid (EDTA) and 4.5 mL of acetic
acid.

The sample preparation was conducted based on and modified from Lin et al. (2011). Briefly, a 100-mL
sample was filtered through a 0.45 um cellulose acetate membrane filter, followed by solid-phase
extraction using an Oasis HLB cartridge (6 cc, 200 mg, Waters, Milford, MA, USA). The cartridge was
preconditioned sequentially with 6 mL of methanol and 6 mL of ultra-pure water. After the sample
loading, the cartridges were washed with 6 mL of ultra-pure water to remove excessive EDTA. The
elution was conducted using 4 mL of methanol and 4 mL of a methanol-ether (1:1 v/v) solution. The
eluates were concentrated to about 2 mL and filtered through a 0.22 ym polyvinylidene fluoride
membrane. The filtrates were finally concentrated to nearly dry and reconstituted with 100 pL of
methanol-water (1:1 v/v) solution before the instrumental analysis.

2.2. HRMS analysis and suspect screening

Water samples were analyzed using a liquid chromatography-quadrupole-time of flight mass
spectrometry (LC-QTOF) device (Agilent 1290 Infinity Il UHPLC Coupled with 6545 Q-TOF MS, Agilent
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Technologies, Santa Clara, CA, USA) was employed to analyze the water samples. A Luna Omega 1.6
pm Polar C18 column (100 A, 100 x 2.1 mm, Phenomenex, Torrance, CA, USA) was used to separate
micropollutants of various polarities at 40 °C with a flow rate of 0.3 mL/min over 30 minutes. The mobile
phases were 5 mM ammonium acetate and methanol in positive ion mode and water and acetonitrile,
containing 0.04% acetic acid in negative ion mode. The gradient started with 5% organic phase, which
was sustained for 0.5 min and then linearly increased to 100% over 24 min, which was sustained for 3
min before being returned to 5% for re-equilibrium. The compounds were ionized by electrospray at
4500 V. The small-molecular ions (m/z 70-1100) were acquired in data-independent acquisition mode
at a scan rate of 3 spectra/s. Three collision energies (0, 20, 40 eV) were employed to obtain the mass
spectra of molecular ions, including adduct and isotope ions (MS) and fragment ions (MSMS).

Suspect screening for micropollutants involved molecule extraction, database searching, and
identification. The HRMS data of each small molecule found in the samples were searched in the
commercial database (Agilent MassHunter Personal Compound Database and Library), which recorded
over 2500 micropollutants, including pharmaceuticals, personal care products, pesticides, and industrial
chemicals. A micropollutant was identified if the mass error was < 5 ppm, and the MSMS spectra showed
at least two identical fragment ions (Schymanski et al., 2014).

3. Results and discussion
3.1. Occurrence of micropollutants in the domestic wastewater

A total of 136 micropollutants were found in the wastewater sampled in WRC A (n = 24), while 125 were
in WRC B (n = 16). Pharmaceuticals were the most frequently occurring micropollutants in both WRCs,
with 106 and 98 in WRC A and B, respectively (Figure 1). The results agree with previous reports
indicating a wide variety of pharmaceuticals in domestic wastewater resulting from considerable human
consumption (Balakrishna et al., 2017; Gwenzi et al., 2023). The second most frequently occurring
micropollutant class was industrial chemicals (14 and 12 in WRC A and B, respectively), including
perfluoroalkyl substances (PFASs). PFASs are used globally in industrial and commercial applications,
and are consequently contained in consumer products, including textiles and detergents. PFASs
released from consumer products would enter the domestic wastewater system (Barisci & Suri, 2021).
Previous studies demonstrated that removing PFASs by domestic wastewater treatments is challenging
(Wang et al., 2019). In addition to PFASSs, pesticides, personal care products, and artificial sweeteners
were also found in the water of both WRCs (Figure 1).

Figure 1. Number of micropollutants in WRC A (n = 24) and WRC B (n = 16)
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3.2.  Occurrence of micropollutants before and after MBR treatment

In WRC A, micropollutants of relatively lower polarity (logKew > 5) were frequently found in the water
before MBR treatment, while the water treated by MBR contained more micropollutants with higher
polarity (logKow < 3). In the water prior to MBR processing, 27 micropollutants were found. Among them,
miconazole, an antifungal medicine, was detected in 9 out of 12 samples. Miconazole is hydrophobic
(logKew = 5.3) and therefore likely to be removed through sorption onto sludge, retention by the
membrane, and biodegradation by microorganisms (Burzio et al., 2022; De Wever et al., 2007). The
high retention of hydrophobic compounds in MBR could be further supported by our findings of
hydrophilic micropollutants in the MBR-treated wastewater. They included pharmaceuticals, such as
carbamazepine and furosemide (logKow = 2.5 and 2, respectively). Their limited removal likely resulted
from lower sorption affinity to sludge and partial resistance to biodegradation, consistent with earlier
studies indicating that carbamazepine is recalcitrant in biological treatments (Jelic et al., 2011; Luo et
al., 2014).

Among the micropollutants that occurred in the MBR-treated wastewater, 20 were absent in the
untreated, accounting for 15% of screened micropollutants. Venlafaxine (a pharmaceutical) and its
transformation product (TP), desvenlafaxine, were found in the wastewater, probably indicating the
formation of TPs during treatment processes. Other research also reported the identification of TPs for
venlafaxine in wastewater treatment plants (Ma et al., 2018). Moreover, the concentrations of
venlafaxine’s TPs were higher than those of venlafaxine in the effluent. This finding suggested that TPs
may constitute a portion of the pollution load released by wastewater treatment.

Besides, the high temporal heterogeneity in wastewater composition could also result in micropollutants
uniquely occurring in the MBR-treated wastewater. The sampling of the MBR-treated wastewater was
conducted subsequently after sampling the untreated water, without awaiting hydraulic retention time.
The water before and after MBR were sourced from different batches of influent and may contain various
contaminants. In this case, the evaluation of micropollutant removal taking hydraulic retention time into
consideration is recommended.

3.3. Occurrence of micropollutants before and after A/O treatment

In WRC B, the combined microbial activities within both aerobic and anaerobic zones enable the
degradation of hydrophilic (logKow < 3) micropollutants. Before A/O processing, 21 micropollutants were
found but absent in all A/O-treated wastewater. They included acesulfame (an artificial sweetener),
found in 7 out of 8 samples not treated by A/O. Acesulfame (ACE) is hydrophilic (logKow = -0.3), with
lower sorption affinity to sludge and therefore likely to be removed through biodegradation by
microorganisms rather than sorption. Although hydrophilic compounds were once considered
recalcitrant to biodegradation, Huang et al. (2022) have demonstrated that the microorganisms can use
ACE as the only carbon source under either aerobic or anoxic conditions. Similarly, the absence of
cefalexin (logKow = 0.6) in A/O-treated wastewater further supported microbial activity in the degradation
of hydrophilic compounds. This is consistent with previous research that the 8-lactam ring in cefalexin
can be broken by aerobic or anaerobic bacteria producing B-lactamases (Al-Wasify et al., 2023).

Among the micropollutants that occurred in the A/O-treated wastewater, 21 were absent before A/O.
They included pharmaceuticals such as antazoline and bambuterol, and herbicides such as
dimethachlor and oxadiazon. Their exclusive presence in the wastewater effluent resulted from temporal
heterogeneity in wastewater composition. As the samples before and after A/O were not collected from
the same influent batches, the primary results were not sufficient to accurately assess removal
efficiency. It is recommended to take hydraulic retention time into consideration when evaluating
micropollutant removal.
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4, CONCLUSIONS

Suspect screening using HRMS was successfully applied to the micropollutant exploration in the
wastewater before and after MBR and A/O treatments employed by WRCs. Over 100 micropollutants
were found in each water recycling center, mainly including pharmaceuticals and industrial chemicals.
The primary results provided a reference for the future monitoring list of micropollutants in future
reclaimed water. The presence of TPs in the MBR and A/O-treated wastewater suggests the importance
of monitoring both parent pharmaceuticals and their TPs in future reclaimed water inspections. Besides,
future sampling campaigns will take the hydraulic retention time into consideration to exclude the effects
of inter-batch compositional differences of the influent.
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E-FLOWS AND WETLAND CONSERVATION FOR SUSTAINABLE
AGRICULTURE: CHILIKA LAKE
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ABSTRACT

This paper explores the critical interlinkages between environmental flows (e-flows), natural wetlands,
and agriculture in India. Natural Wetlands—such as floodplains, lakes, and coastal systems—not only
support agriculture by providing water and nutrients but also serve as natural regulators of hydrological
regimes. However, disruptions caused by dams, barrages, and land-use changes have transformed
these dynamic ecosystems into degraded landscapes, undermining both ecological integrity and
agricultural productivity. Focusing on Chilika Lake in the Mahanadi Basin, this study demonstrates how
integrating e-flow regimes with wetland conservation can promote sustainable water management in
agriculture. Hydrological analysis reveals a 6.7% decline in average river discharge between 1978 and
2021, while satellite-based assessments show modest reduction in Chilika’s water spread area from
2016 to 2025. E-flow estimates using the Tennant method highlight the need to maintain a minimum
flow of 140.65 cumecs to support ecological balance. The study advocates for an integrated water—
wetland-agriculture framework that combines e-flow regulation, nature-based solutions, and
participatory governance to enhance agricultural productivity, biodiversity, and long-term water security
in wetland-dependent regions.

Keywords: Deltaic ecosystems, flow regulation, e-flow assessment, remote sensing analysis,
Mahanadi river basin.

1. INTRODUCTION

Wetlands are defined as areas where water covers the soil or is present either at or near the surface,
playing a crucial role in sustaining biodiversity and providing vital ecosystem services. They serve as
natural reservoirs, buffering floods, recharging groundwater, filtering pollutants, and even sequestering
carbon, which makes them indispensable for agricultural productivity (Arya et al., 2020). Owing to India’s
varied rainfall, physiography, geomorphology and climate, it homes a diverse array of wetlands
(Panigrahy et al., 2012). As per Wetlands decadal change Atlas 2022, prepared by Ministry of
Environment, Forest and Climate Change, Government of India, is the latest inventory on Indian
wetlands that classifies wetlands in India into Natural and Man-made types, with natural wetlands
covering 66.6% (10.64 Mha) and manmade wetlands 33.4% (5.34 Mha) of the total area (EnviStats
India, 2022). Natural wetlands include Himalayan lakes, river floodplains, arid region wetlands, and
coastal systems, while man-made wetlands are constructed for purposes such as irrigation, aquaculture,
and recreation. The natural wetlands also play a crucial role in supporting agriculture by providing water,
fertile soils, and acting as flood buffers, while also sustaining diverse ecosystems and livelihoods.

Despite their importance, nearly half of the wetlands have degraded worldwide due to anthropogenic
pressures (Verhoeven & Setter, 2010). In India, extensive reclamation for industrial, urban, and
agricultural development—coupled with pollution, altered water inflows and outflows, and over-
extraction of water—has led to significant losses. Nearly one-third of India's natural wetlands have
disappeared in the last three decades, undermining their capacity to support both ecological and
agricultural systems (Mehla et al., 2023). These wetlands are particularly affected by changes in flow
regimes (Jugindro Singh, 2018; Dujovny, 2009). The disruption of natural hydrological regimes—
whether by dam construction, water diversions, or industrial water use—has profound impacts on

Deputy Dierctor, Central Water Commission, Remote Sensing Directorate, 425(N), Sewa Bhawan, R.K. Puram Sector-1, New
Delhi; E-mail: kbmiit2021@gmail.com

2 Deputy Director, R & D Division, National Water Mission, DOWR RD & GR, Ministry of Jal Shakti, West Block -1, R.K. Puram
Sector -1, New Delhi; E-mail: karmbir007@gmail.com

Professor, Department of Civil Engineering, [IT Delhi, New Delhi; E-mail: aknema@civil.iitd.ac.in

53



4% World Irrigation Forum WG-CLIMATE
7-13 September 2025, Kuala Lumpur, Malaysia Paper No.06
wetlands, leading to diminished ecosystem functionality and reduced agricultural productivity. Figure 1

below outlines the utilization of natural wetlands for agriculture highlighting the role of e-flows.

Figure 1: Role of E-Flows in Agricultural Utilization of Natural Wetlands

A key strategy for sustainable wetlands that can be used for agricultural demands is maintaining e-flows,
ensuring wetlands receive adequate water throughout the year, particularly during dry seasons, to
support both hydrological functions and irrigation needs. E-flows defined as the quantity, timing, and
quality of water required to maintain freshwater ecosystems, including wetlands are essential to maintain
the ecological integrity of riverine and wetland ecosystems ensuring natural sediment transport, nutrient
cycling, and habitat connectivity. However, e-flows are often overlooked in water allocation decisions
(Dujovny, 2009). Given that over 80% of India's water consumption is for agriculture (Mehla et al., 2023),
understanding the interplay between e-flows, wetlands, and farming is critical for sustainable water
management.

In many instances, water resource development projects—while aimed at enhancing hydropower and
irrigation—have neglected the ecological dynamics of wetlands, leading to significant degradation. The
construction of the Ithai Barrage downstream of Loktak Lake in Manipur transformed a dynamic
floodplain wetland into a static reservoir, disrupting the habitat of the endangered Manipur Brow-antlered
Deer and blocking fish migration routes linked to the Chindwin—Irrawaddy system (Jugindro Singh,
2018). In Wular Lake, Jammu and Kashmir, wetland area declined from 215 km?in 1911 to 176 km? by
2007 due to marsh conversion into farmland, diminishing the lake's flood-buffering capacity and
disrupting seasonal water regulation (Kaul et. al, 2016). In the East Kolkata Wetlands, extensive flow
regulation has reduced monsoon inflows by up to 85%, leading to siltation, reduced canal capacity, and
diminished fish pond productivity due to disrupted wastewater and monsoon runoff access (EKWMA,
2021). In Bangladesh's coastal wetlands, diversion of freshwater from the Ganges has raised salinity
levels, degraded water quality, and weakened natural salt barriers, affecting mangroves and agriculture
(Islam, 2019). At Chilika Lake, Odisha, historical flood control measures, dredging, and intensive
aquaculture have altered salinity and sedimentation dynamics, contributing to an overall shrinkage rate
of approximately 14.7 km? per year, including a 1.5 km? annual reduction in water spread area (Ganesh
et al., 2024). These case studies illustrate how disrupted environmental flows and poorly integrated
water management can compromise the ecological integrity of wetlands and reduce their capacity to
support agriculture and livelihoods. They underscore the urgent need for holistic, flow-sensitive
approaches to water and wetland management.
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From above it can be concluded that Wetlands in India are increasingly under threat due to a complex
interplay of factors, including altered water regimes, unsustainable irrigation practices, and declining
flows. These water regimes are fundamental in maintaining the biodiversity, ecological integrity, and
hydrological functions of wetlands. Managed e-flow releases offer a critical solution to sustain wetland
health while simultaneously supporting agricultural water needs. This paper explores the intricate
linkages between environmental flows, wetland ecosystems, and agricultural sustainability, using case
studies from the Mahanadi River Basin—patrticularly focusing on the natural wetland Chilika Lake. The
lower Mahanadi sub-basin is used to illustrate how engineered water releases, along with natural
hydrological processes, influence wetland conditions and agricultural productivity. We review relevant
e-flow assessment methodologies and demonstrate how they can be applied in a data-scarce context.
Based on secondary data analysis, GIS-based tools, and policy review, this study proposes a practical
and scalable framework that integrates wetland conservation, e-flow regulation, and smart irrigation
practices. The objective is to enhance ecological resilience while promoting efficient and sustainable
agricultural water management in the region.

2. METHODS
2.1 Study Area: Chilika Lake

Chilika Lake is a vast, pear-shaped tidal lagoon located in the lower Mahanadi Basin along the Odisha
coast, connected to the Bay of Bengal through a natural sea mouth. Recognized as Asia’s largest
brackish water lagoon, it stretches approximately 65 km in length and 20 km in width, with its area
fluctuating from around 1165 km? during the monsoon (July—October) to 906 km? in the dry season
(April-duly). The lake is fed by 52 rivers and streams within a 4300 km? catchment, including prominent
tributaries of the Mahanadi system such as the Daya and Luna rivers (Dujovny, 2009). Chilika supports
rich aquatic biodiversity, with fish landings increasing from 1600 metric tons in 1997-98 to 14,000 metric
tons by 2003, and is home to 50-85 Irrawaddy dolphins (Sinha, 2004), numerous migratory bird species,
and a variety of flora and fauna. Designated as a Ramsar site in 1981, the lake sustains the livelihoods
of approximately 300,000 people across 141 communities (CDA, 2017). Two GDSQ (Gauge, Discharge,
Sediment and Quality) monitoring stations of the Central Water Commission (CWC)— Boudh and
Tikarpara—are located downstream of the Hirakud Dam, serving as key hydrological observation points.
Figure 2 presents an index map of the lower Mahanadi Basin, illustrating the location of Chilika Lake
and the associated CWC GDSQ sites.

2.2 Need for Assessment

The Mahanadi Basin, historically considered both water- and food-surplus, is classified as non-water
scarce by Amarasinghe et al. (2005). However, in the past two decades, human interventions and
climate change have increasingly threatened its sustainability (Samuel et al., 2017). As per basin closure
theory, environmental water allocation is more feasible prior to major development, while in closed
basins it becomes far more challenging (Smakhtin, 2008). The Mahanadi faces severe silt deposition,
the highest in India, pushing its deltaic front further into the sea (Swain, 2014). Additionally, it is highly
vulnerable to climate change, with a temperature rise of 1.1°C/100 years, significantly above the national
average of 0.35°C/100 years (Swain, 2014). Globally, the basin ranks among the top 30 basins
prioritized for aquatic habitat protection and is categorized as strongly affected due to flow regulation
and fragmentation (Smakhtin, 2006).

Within this context, Chilika Lagoon—Asia’'s largest brackish water body, situated in the Mahanadi
delta—is under increasing ecological stress. Altered freshwater inflows, siltation, and coastal erosion
have disrupted the balance between freshwater and saline inputs, primarily due to upstream flow
regulation, catchment degradation, and climate variability. These changes have resulted in habitat loss,
biodiversity decline, and reduced fishery productivity, with direct consequences for agriculture.
Increased saline intrusion has degraded soil fertility, damaged crops, and threatened local livelihoods.
Once a thriving Ramsar site, Chilika now reflects the broader hydrological stress in the basin,
underscoring the urgent need for integrated environmental flow and land-use management. The lake’s
water spread area fluctuates from 1,144 km? during the monsoon to 780 km? in the dry season (Rout et.
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al, 2014). Persistent issues such as mouth shifting, salinity decline, sedimentation, and the proliferation
of freshwater weeds have altered its ecological character. A remote sensing and GIS-based analysis
conducted from 1975 to 2014 revealed that emergent vegetation increased from 18 km?in 1975 to 92.12
km? in 1988, later declining to 56.29 km? by 2004 following the opening of the Sipakuda inlet (Rout et
al., 2014).

Figure 2: Index Map of the Lower Mahanadi Basin Showing Chilika Lake and CWC GDSQ Sites

2.4  Assessment of Water Spread Area (WSA) Dynamics Using Sentinel-1 SAR Imagery (2016—
2025)

To evaluate changes in Chilika Lake’s water spread area (WSA) between 2016 and 2025, Sentinel-1
Synthetic Aperture Radar (SAR) imagery was utilized due to its allweather, cloud-penetrating
capabilities. SAR images were downloaded from the ESA Copernicus Open Access Hub. Pre-
processing was conducted in ESA SNAP software, including steps such as orbit correction, radiometric
calibration, speckle filtering, and terrain correction. The processed images were then exported to
ArcGIS, where threshold-based classification was applied to delineate water bodies. The extracted
water masks for 2016 and 2025 were compared to quantify changes in WSA (Figure 3), enabling an
understanding of hydrological shifts and wetland dynamics over time.
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Figure 3: Chilika Lake water spread area change maps between 2016 and 2025
2.5 E-flow estimation using Hydrological Methods

Environmental Flow Assessment (EFA) methods have evolved since the late 1940s, with early
developments in the USA, and later in countries such as Australia, South Africa, and the UK. Over 200
EFA methods exist globally (Tharme, 2003), broadly categorized into hydrologic, hydraulic, habitat
simulation, holistic, and adaptive approaches. Among these, hydrological methods are the most widely
used due to their simplicity and minimal data requirements, relying primarily on historical discharge
records. These methods are useful in early planning stages to estimate preliminary flow needs but
typically provide only minimum flow thresholds and do not account for full flow variability (Arthington et
al., 2004).

This study applies the Tennant method, a widely used hydrological approach developed in 1976, which
prescribes minimum and optimum flow percentages based on the Mean Annual Flow (MAF), including
recommendations for seasonal variability and flushing flows (Tennant, 1976).

Based on the findings of Bhattacharjee (2014), the mean river discharge for the period 1978-2009 was

1505.134 cumecs. In comparison, this study estimates the mean flow for the extended period 1978—
2021 as 1406.496 cumecs, reflecting a decline of approximately 6.7% in average discharge.

Figure 4: Mean Daily flow at Tikarpara, CWC GDSQ Site
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Table 1: Results of Tennant method

% of MAF for % of MAF for
Narrative condition of general NONMONSOON MONSOON

condition of flow (%) (Cumec) (Cumec)

Flushing or maximum (200%) 2812.992 2812.992
Optimum range (60-100%) 843.898 - 1406.496 843.898 - 1406.496

Outstanding (40/60%) 562.598 843.898

Excellent (30/50%) 421.949 703.248

Good (20/40%) 281.299 562.598

Fair or degrading (10/30%) 140.650 421.949

Poor or minimum (10%) 140.650 140.650

Severe degradation <10% <140.650 <140.650

3. RESULTS AND DISCUSSION

Hydrological analysis in this study indicates that the Mahanadi basin has experienced a 6.7% decline in
average discharge—from 1505.134 cumecs (1978-2009) to 1406.496 cumecs (1978-2021)—likely due
to upstream diversions, land-use changes, and climate variability. Based on the Tennant method,
sustaining a minimum flow of approximately 140.65 cumecs is essential to uphold the ecological integrity
of river systems and wetlands like Chilika (Tennant, 1976). Furthermore, satellite-based assessments
using Sentinel-1 imagery reveal a modest reduction in Chilika's water spread area between 2016 and
2025, paralleling trends observed in long-term Landsat analyses (Ganesh et al., 2024).

Utilizing natural wetlands for sustainable water management in agriculture calls for an integrated
approach that draws on both ecological functions and contemporary management practices. In the case
of Chilika Lake, maintaining environmental flows— by regulating upstream water diversions—ensures
that wetlands receive the seasonal floodwaters critical for recharge, cleansing, and maintaining
ecological processes such as sediment transport and nutrient cycling (Dujovny, 2009; Tennant, 1976).
Such flows also support agroecological practices, including the creation of buffer zones, agroforestry,
and wetland planting, which naturally modulate floodwaters and slowly release water during dry spells,
thereby lessening dependence on expensive irrigation systems.

Simultaneously, nature-based solutions—like constructed wetlands to treat agricultural runoff and
wastewater—improve water quality and mitigate soil salinity, further contributing to the health of both
the ecosystem and agricultural lands (Verhoeven & Setter, 2010). Complementary measures, such as
controlled grazing, precision irrigation, and sustainable land management, enhance water use efficiency
while preserving the ecological integrity of the landscape. This multidisciplinary strategy is reinforced by
feedback from wetland users, with preferences for measures such as wetland edge farming (26%),
regulated cultivation (23%), avoiding vegetation burning (20%), reducing pesticide/herbicide use (18%),
and fallowing (13%), which collectively emphasize livelihood preservation alongside conservation
(Kayendeke et al., 2024).

Real-world experiences underscore the importance of adaptive and inclusive approaches. For instance,
while a proposal in Western Scheldt, The Netherlands, to convert reclaimed farmland to tidal wetlands
met with resistance due to concerns over reduced agricultural productivity (Van Buuren, 2012),
Sweden’s LIFE Project successfully established 65 small wetlands over 74 hectares as part of a
collaborative restoration initiative (Ayris et al., 2008). Similarly, Australia’s Wetland Care Initiative and
restoration efforts at Everglades National Park demonstrate that reestablishing natural water flows
according to e-flow principles can yield promising ecological and socio-economic outcomes (Xu et al.,
2019).
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Drawing on these insights, we propose the Wetland-Agriculture-Water Nexus (WAWN) Framework as

a practical and scalable model tailored for the Chilika context. The framework emphasizes four core
components:

1. Hydrological Zoning and E-flow Mapping: Identify critical zones within the Mahanadi sub-basin
where upstream abstractions and altered flow regimes most significantly impact Chilika Lake's
hydrological balance.

2. Eco-Agricultural Water Budgeting: Develop integrated water budgets that reconcile crop water
requirements with the seasonal inflow needs essential to sustain Chilika’s ecological functions.

3. Smart Irrigation Technologies and Governance: Promote efficient irrigation practices (e.g.,
drip/sprinkler systems, soil moisture sensors) and establish incentives and water credits for farmers
reducing water use, thereby ensuring that e-flow regimes are maintained.

4. Community-Driven Wetland Stewardship: Strengthen participatory governance by incorporating
local knowledge and establishing stewardship committees to monitor flow regimes, ecological health,
and the impact on agricultural practices.

Looking ahead, further research must refine water resource management models that incorporate
climate change projections and socio-economic dynamics. By piloting the WAWN Framework in the
Mahanadi—Chilika system, future studies can assess its potential to enhance water productivity,
strengthen climate resilience, and conserve wetland ecosystems—thereby aligning with broader goals
of food security and sustainable agriculture

4. CONCLUSIONS

Natural wetlands are essential for sustaining agricultural systems, yet their ecological and agricultural
roles are compromised by altered flow regimes, unsustainable landuse changes, and infrastructure
development. Case studies from Loktak, Wular, and the East Kolkata Wetlands reveal that
environmental flow degradation translates into lower agricultural productivity, heightened flood
vulnerability, and the erosion of critical ecosystem services.To overcome these challenges, water
management strategies must reframe wetlands as vital natural infrastructure rather than expendable
resources. Integrating environmental flow regimes with wetland conservation fosters a naturebased
approach that supports food security, enhances ecosystem resilience, and promotes long-term water
sustainability. However, this integrated approach must navigate significant obstacles, including
competing water demands from agriculture, industry, and urban areas; climate change impacts such as
erratic rainfall and prolonged droughts; institutional fragmentation; and ongoing degradation from
encroachment, pollution, and unregulated water abstraction.In light of these challenges, policies and
planning should prioritize wetland-sensitive agricultural practices, adaptive flow regimes, and
participatory governance. Adopting an integrated water—wetland—agriculture framework is essential to
securing a sustainable water and food future, enhancing climate resilience, and preserving long-term
ecological balance.

Results from the Mahanadi basin indicate a decline in average river discharge and a contraction of
Chilika Lake's water spread area, underscoring the urgent need for water management interventions
that safeguard e-flows and wetland functions. It is also necessary to analyze in detail the evolving
interplay between hydrological changes, agricultural demand, and ecosystem degradation to refine
adaptive strategies and ensure that both water security and ecosystem services are maintained for
future generations.
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APPLICATION OF HIGH-RESOLUTION MASS SPECTROMETRY TO

FINGERPRINTING CONTAMINANTS IN SOIL IRRIGATED BY
RECLAIMED WATER

Chun-Yen Wei?", Wen-Ling Chen1?3, Chen-Wuing Liu*, Feng-Wen Chen>®, Yu-Chien Cho®,
Jin-Jing Lee* and Shan-Li Wang3

ABSTRACT

Water scarcity in Taiwan, probably exacerbated by climate change, has led to frequent rice fallow in
recent years, threatening domestic agriculture. Reusing domestic wastewater effluent as reclaimed
water for irrigation is a potential resolution to mitigate water scarcity. However, the effects of reclaimed
water irrigation on the agricultural environment have not been thoroughly studied. This study used high-
resolution mass spectrometry (HRMS) to screen small-molecule contaminants in soils irrigated with
reclaimed versus river water over two rice-growing seasons. Soil samples were collected at three time
points per season, extracted, and analyzed. The HRMS data were subjected to qualitative screening by
matching with nearly 3,000 contaminants included in chemical databases. The frequently presented
contaminants (screening rates > 30% in each group in a growing season) were semi-quantified and
statistically compared. A total of 32 contaminants were found in 131 samples, with pesticides being most
common. Eleven contaminants—including five pesticides and their metabolites, three pharmaceuticals,
and three industrial chemicals—were frequently present. Four contaminants showed significant
differences between groups. Two pharmaceuticals, fexofenadine and telmisartan, were 14.6 and 5.31
times more abundant in the soil irrigated with reclaimed water compared to that irrigated with river water
(p < 0.05). Conversely, perfluorodecanoic acid, a perfluoroalkyl substance, and propiconazole Il, a
fungicide, were solely found in the soil irrigated with river water, indicating probable industrial and
pesticide contamination in the river. This study successfully applied HRMS to screening multiclass
contaminants in soil. The finding may shed evidence for decision-making in promoting reclaimed water
irrigation. In addition, the information on the contaminant occurrence in soil can be a reference for
continued monitoring.

Keywords: water scarcity, reclaimed water irrigation, soil contamination, small-molecule fingerprinting.
1. INTRODUCTION

Water scarcity, where demand exceeds availability, is a global challenge (He et al., 2021; Mekonnen
and Hoekstra, 2016; United Nations, 2025). Urbanization, industrialization, and population growth, along
with the improving living standards are the main drivers for the rising global demand for water (Boretti
and Rosa, 2019). However, water availability is shrinking, which is the result of increasing pollution of
water, poor management, and climate change (Cosgrove and Loucks, 2015; Salehi, 2022). By 2050,
global water demand is expected to increase by 55% (OECD, 2012), which may jeopardize water
availability for the departments of agricultural, municipal, and industrial withdrawals.

Taiwan has experienced a serious water scarcity in recent decades, which probably exacerbated by
climate change (Hsu, 2024). In Taiwan, most (69.4%) of water is used in agricultural production (FAO,
2016; Water Resources Agency, 2023). On many previous occasions of potential domestic water
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shortage, the government implemented rice irrigation suspension and left the paddy fields fallow.
Especially in the past decade, the number of fallow events increased more than three times than before,
threatening domestic agriculture. In 2021, the fallow land reached a record high, accounting for 12% of
the total cultivated land (Water Resources Agency, 2023). Leaving land to fellow would neither benefit

sustainable agriculture nor resolve water scarcity in the long run. Thus, it is important to find an
alternative to the traditional water supply for agricultural water use.

Reusing domestic wastewater (DWW) effluent as reclaimed water for irrigation is a potential resolution
to mitigate water scarcity (Shemer et al., 2023), and has already been a long-established practice in
several water-scarce countries and regions around the world (Helmecke et al., 2020). After being
processed through a wastewater treatment plant (\(WWTP), treated DWW as reclaimed water could reach
a certain level of water quality (Li et al., 2021), and would guarantee a stable water supply (Duan et al.,
2025), which helps achieve Sustainable Development Goal 6 (United Nations, 2015). Besides, from the
circular economy perspective, using reclaimed water may represent a way to reduce the use of
commercial fertilizers, which will minimize the P and N resource depletion (Becerra-Castro et al., 2015).

Although using reclaimed water on irrigation offers many benefits, these benefits must be weighed
against risks to environmental health to avoid environmental contamination issues. Several studies on
the assessments of the use of reclaimed water for irrigation have demonstrated the potential risks and
adverse impacts to soil resulting from pathogen, nutrients, heavy metals, salinity, and sodicity on the
agricultural environment (Helmecke et al., 2020). Nevertheless, the effects of reclaimed water irrigation
on the distribution of organic contaminants in the agricultural environment had not been thoroughly
studied. Reclaimed water may contain suspended and dissolved organic and inorganic contaminants,
including emerging contaminants (ECs), persistent organic pollutants, and endocrine-disrupting
compounds (EDC). These substances are likely introduced into soils through irrigation (Grossberger et
al., 2014; Helmecke et al., 2020). Although the concentrations of these contaminants are mostly at trace
levels (< 1 mg/L), which are not expected to have significant negative effects on agriculture and the
natural environment, however, the transport of contaminants from treated DWW and their accumulation
in soil remains largely unknown.

The majority of previous studies focused on target analysis of specific contaminants (Becerra-Castro et
al., 2015). However, in light of the emerging issue of using reclaimed water for irrigating crop fields, a
more comprehensive large-scale screening of multiclass contaminants is necessary. Moreover, this
application also should consider the peculiarities according to site-specific conditions, the source of
wastewater, the specific composition of wastewater influent, treatment, and irrigation technology, crop
characteristics and sensitivity, as well as local climate and soil nutrients and composition.

Aiming to comprehensively elucidate contaminant distribution in soil and the relationship between
irrigation water and the agricultural environment, this study employed high-resolution mass spectrometry
(HRMS) for wide-scope screening of small-molecule contaminants in soil and compared contaminant
fingerprints between soils irrigated with two waters: reclaimed water and river water. The premise is that
the composition of the contaminants in reclaimed water differs from that in conventional irrigation water,
such as river water. Therefore, irrigating rice fields with reclaimed water might result in a distinct
distribution of contaminants in the soil compared to using conventional river water, thereby altering the
small-molecule fingerprint in soil. This may potentially affect soil health and sustainable productivity.

2. METHODS
2.1. Field trials and irrigation water

Field trials were conducted on a piece of paddy field in Northern Taiwan (121.1346 E, 24.9254 N) in two
rice-growing seasons of 2024. The paddy field was divided into an experimental and a control field,
irrigated with reclaimed and river water, respectively. Identical farming practices and materials, except
for the irrigation water, were applied to two fields. The source of reclaimed water is the effluent of treated
DWW from the WWTP near the trial fields. DWW was derived from household activities such as washing
clothes and utensils, the use of pharmaceuticals and personal care products, defecation, and micturition.

—_——————
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The processes of DWW consisted of a pretreatment step utilized a number of physical processes,
including removing large floating objects by screens, which is followed by a primary settling tank to allow
larger and denser particles to settle to the bottom. An aerobic degradation process with a three-stage
anoxic-oxic (A/O) system was conducted to reduce organic matter and ammonia nitrogen, following a
secondary settling tank, which went through a final solid-liquid separation. Finally, chlorine is added for

disinfection before effluent discharge. The river water, long been served as the only local irrigation water,
was sourced from beside the paddies.

2.2. Soil sample collection

Ten soil samples were collected from each group at three time points in each growing season, resulting
in at least a total of 120 soil samples. To ensure that most of the irrigation water had penetrated the soil,
sampling campaigns were performed during paddy field drainage periods, when the water level above
the ground was zero and the soil remained moist. Systematic grid sampling was conducted, and 500 g
of soil was taken at a depth of 15 cm from each grid. Besides, soil adjacent to the borders of each field
was avoided. Each sample was placed in an aluminum foil box, shipped to the lab in refrigerated
transportation and stored at —20 °C before sample preparation.

2.3. Micropollutant extraction and sample cleanup

Soil samples were processed using the method described by Chen et al. (2023), with a slight
modification to the solvent extraction. A 500-g soil sample was manually homogenized and sieved
through a 2-mm standard stainless-steel sieve. A homogenized soil sample (2 g) was placed into a 50-
mL centrifuge tube, to which ethylenediaminetetraacetic acid (EDTA, 30 mg) (da Silva et al., 2021; Lim
et al., 2005), and isotope-labelled chemicals, trimethoprim-Ds (100 ng) and butylparaben-3Cs (100 ng),
were added. The sample preparation included two extraction steps. Firstly, a sample was mixed and
extracted with acetone (4 mL) using a multitube vortex mixer (MDT-2500, Miulab, Hangzhou, China) at
2500 rpm for 30 min. The mixture was centrifuged at 3200 xg for 10 min. The supernatant was then
passed through an Oasis PRIME HLB cartridge (6 mL, sorbent 200 mg, Waters Corporation, Milford,
CT, USA) for sample cleanup, which resulted in 3.5-mL clear eluate. Secondly, the sample residue was
added with methanol (4 mL) for subsequent extraction and cleanup by conducting the same procedure
as with acetone, including mixing, centrifugation, and supernatant cleanup steps. Finally, the cleaned-
up eluates (7 mL) were combined. The sample was concentrated, filtered through a hydrophilic
polyvinylidene difluoride membrane (pore size: 0.2 um), and then concentrated to nearly dry. Before
instrumental analysis, the sample was reconstituted with 1-mL methanol: Milli-Q water (1:1, v/v).

2.4. HRMS data acquisition

The samples were analyzed on a liquid chromatography-quadrupole-time of flight HRMS system (6545
LC/Q-TOF, Agilent Technologies, Santa Clara, CA, USA) using a method identical to that in Chen et al.
(2023); a Luna Omega C18 column (1.6-ym Polar C18 100 A, 100x 2.1 mm, Phenomenex, Torrance,
CA, USA) was used for the liquid chromatography. The run time of the gradient elution (0.3 mL/min at
40 °C) was 30 min. The mobile phases were, in the positive ionization mode, 5-mM ammonium acetate
(ag) and methanol, and in the negative ionization mode, water and acetonitrile, both containing 0.04 %
of acetic acid. The compounds were ionized by electrospray at 4.5 kV. The ion signals of small molecules
(m/z 70-1100) were acquired in the data-independent acquisition mode at a scan rate of 3 spectra/s.
Three levels of collision energy (0, 20, and 40 eV) were applied to obtain molecular and fragment ions.

2.5. Micropollutant screening and chemometric analyses

The HRMS data were processed through feature extraction, library searching, peak area ormalization,
and semi-quantification. First, the HRMS data were subjected to qualitative screening by matching with
nearly 3,000 contaminants listed in the Agilent Personal Compound Database and Libraries (PCDLs,
Agilent Technologies), including veterinary drugs, pharmaceuticals, personal care products, industrial
chemicals, pesticides, and mycotoxins. Then, we calculated the detection rates of each matched
contaminant. The study retained only those contaminants with high prevalence (detection rates > 30%
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in a field in a growing season) to conduct subsequent semi-quantification and univariate analysis. The
peak area of each suspect contaminant was normalized to that of the isotope-labelled chemical of
corresponding polarity (positive: trimethoprim-D9; negative: butylparaben-13C6) to obtain the relative
concentrations. The normalized area was then divided by the water content to obtain the dry-weight-

based relative concentration. Their relative concentrations were statistically compared between soils
irrigated with the reclaimed and river water using the Mann-Whitney U test.

2.6. Quality control

Each batch of samples contained one reagent blank with only EDTA, and isotope-labelled chemicals
placed in a 50-mL tube. The blanks underwent identical sample preparation, HRMS data acquisition,
data processing, and library searching procedures to those performed with soil samples. Besides, one
soil sample from the experimental and the other from the control field were randomly selected to conduct
repeat analyses for the evaluation of analytical reproducibility.

3. RESULTS AND DISCUSSION
3.1. Reproducibility of analyses

Table 1 showed the results of the repeat analyses demonstrated high analytical reproducibility,
indicating reliable relative quantification of small molecules. Trimethoprim-De and butylparaben-3Cs,
under the positive and negative ionization mode, respectively, exhibited Gaussian distribution in terms
of the chromatographic peak shapes. Each of their peak areas exceeded 10%, and mass errors were
within 5 ppm. The RSD levels of the normalized peak area in the repeated soil samples (n = 3) were all
below 10% both in the positive ionisation mode and the negative ionisation mode. The result
demonstrated that the sample preparation and instrumental analysis system are capable of consistently
providing high-resolution mass spectrometry data in soil samples from both the fields irrigated with
reclaimed and river water.

Table 1. Distribution of normalised peak area of selected molecular features in repeated analyses

Repeated soil samples (n = 3) Repeated soil samples (n = 3)
from the experimental field from the control field
Molecular features Mean RSD" Mean RSD"

Soil in first growing season

Trimethoprim-Do' 7.68 4 10° 8.6% 9.31,4¢° 2.4%

Butylparaben-*3Cs" 8.24 ,1° 9.8% 822 ,10° 5.2%

Soil in second growing season

Trimethoprim-Do' 1.87 4108 6.5% 391 ,40° 2.2%

Butylparaben-3C¢* 1.87 4 q0° 6.5% 1.82 4408 4.8%

"RSD: relative standard deviation.
TThe isotopically labeled standard used in normalizing small molecules forming positive ions.
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3.3. Suspect screening of small-molecule contaminants in two groups

A total of 131 soil samples were collected in March, June, July, August, October, and December 2024.
Thirty-two contaminants were found in all soil samples (n = 131), with pesticides the most frequently
occurring in both groups. Twenty and 24 contaminants were found in the soil from the experimental (n
= 65) and control field (n = 66), respectively (Figure 1). In the soil from the experimental field, the most
frequently detected contaminants were pharmaceuticals, including fexofenadine and telmisartan, each
with a detection rate of 80.0%. In the control field, the most frequently detected contaminants were
pesticides, including metalaxyl and fipronil, each with a detection rate of 47.0% and 45.5%, respectively.

Figure 1 Suspect small-molecule contaminants found in soil samples

3.4. Comparisons of contaminant fingerprints between soil irrigated with reclaimed and river
water

Among the 32 small-molecule contaminants found in the soil, 24 yielded low occurrences (detection rate
< 30 % in each group during each growing season), a total of 11 contaminants in the soil, including five
pesticides and their metabolites, three pharmaceuticals, and three industrial chemicals, were further
investigated for statistical analysis. Exceptionally, two contaminants, perfluorodecanoic acid (PFDA) and
propiconazole I, were absent in the soil irrigated with reclaimed water and were therefore not statistically
tested for significance of difference between fields. As for the remaining nine contaminants, four
exhibited significantly different relative concentrations between soils irrigated with reclaimed and river
water (Figure 2). Two pharmaceuticals, including fexofenadine (14.6 times) and telmisartan (5.31 times),
were more abundant in the soil irrigated with reclaimed water compared to that irrigated with river water
(p < 0.05).
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*Fexofenadine . 3.8720
*Telmisartan . 2.4076
Niclosamide I 0.7221
Tributyl phosphate (TBP) I 0.1594
Perfluoroundecanoic acid (PFUnA) -0.5631 =
Acetochlor OXA -0.9681 W=
Fipronil -1.1230 ==
Epoxiconazole -1.6205 m
Metalaxyl -2.4138 mmmm

Figure 2 Comparisons of the relative concentrations, expressed as log, relative concentration ratio (experimental/control) of
contaminants occurred in both fields

*The relative concentrations differed significantly between the two groups (p < 0.05).
TIndustrial chemical perfluoroundecanoic acid (PFDA) and fungicide propiconazole () were detected only in the river water
irrigation group, and their relative concentrations differed significantly between the two groups (p < 0.05).

Fexofenadine and telmisartan are anti-histamine and hypertension drugs, respectively, that are
massively used in Taiwan. However, their distribution and fate in the soil were rarely reported. A high
soil adsorption coefficient (Kd) of fexofenadine (35.1 cm?/g) was revealed to indicate the strong tendency
of fexofenadine to partition into the soil. Nevertheless, as low as 11% removal efficiency of fexofenadine
in the wastewater treatment plant was found, even with the inclusion of a biological activated sludge
process, which involved partial nitrification and thermophile anaerobic sludge stabilization (Golovko et
al., 2014). As for telmisartan, Menacherry et al. (2023) found the determined half-life (DT50) to be as
high as 324 days in the soil possessing similar properties to the soil of this study (Menacherry et al.,
2023). This study reports the occurrences of these two pharmaceuticals in the agricultural soil for the
first time, to the best of our knowledge. Continual monitoring is suggested given the occurrences, along
with their persistence in the soil.

In contrast to the relatively highly abundant pharmaceuticals in the soil irrigated with reclaimed water,
PFDA and propiconazole Il were found only in the soil irrigated with river water. The unique presence
of PFDA, a fluorinated surfactant, and propiconazole Il, a fungicide, in the soil irrigated with river water
would indicate industrial and agricultural emission sources contributing to the river and soil
contamination. PFDA is one of the poly- and per-fluoroalkyl substances (PFAS), which are fluorinated
surfactants and oil and water repellents used in a wide range of industrial applications, such as fire
retardants, furniture and clothing water-proofing, and food packages. Longer-chained PFAS (carbon
chain lengths = 6) tend to partition into the soil phase, and their partition coefficients increase with the
length of the carbon chain. Nevertheless, longer-chained PFAS also tend to adsorb onto suspended
solids in water, rendering ready removal by the WWTP before it can enter the soil. Our result showing
the absence of PFDA in the soil irrigated by reclaimed water agrees with the efficient removal and
suggests the prevention of PFDA entering the agricultural soil through irrigation.

Propiconazole 1l is strongly adsorbed by soils, given the organic carbon normalized adsorption
coefficients (Koc) ranging from 1217 cm3/g to 7777 cm3/g. Nevertheless, propiconazole Il is readily
desorbed from the soil and biologically available for plants and soil microorganisms (Paszko and
Jankowska, 2018). In this study, propiconazole Il was not applied as a fungicide to the soil, and was
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solely found in the soil irrigated with river water, indicating other emission sources causing the pesticide
contamination and transportation in the water-soil system.

Our results confirmed that wastewater treatment plants are unable to entirely remove small-molecule
contaminants, such as pharmaceuticals, thus resulting in their presence in the reclaimed water and the
irrigated soil. However, irrigation using river water may also risk soil contamination by substances that
are removable by wastewater treatments, including industrial chemicals possessing uncertain toxicities
to humans.

4, CONCLUSIONS

This study successfully applied HRMS to screening multiclass small-molecule contaminants in soil. The
distribution of these contaminants and the potential effects of reclaimed water irrigation on the soil were
elucidated by the qualitative and semi-quantitative results. The present work hopefully fills some gaps
existing in the literature and systematically assesses the environmental, and agronomic risks of using
treated wastewater as an irrigation water source in Taiwan; and then, the finding may shed evidence for
policy-making in promoting reclaimed water irrigation. In addition, the information on the contaminant
occurrence in soil can be a reference for target monitoring. Future studies on the long-term effects of
reclaimed water irrigation in terms of contaminant accumulation are recommended.
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GROUNDWATER-ENERGY-FOOD NEXUS APPROACH FOR IRRIGATED
AGRICULTURE AND LIVELIHOOD IN PUNJAB, PAKISTAN

Ghulam Zakir-Hassan'*, Ghulam Shabir, Syeda Nazish Al

ABSTRACT

Groundwater plays a significant role in supporting livelihood and contributes significantly towards
national economy of Pakistan. Irrigated agriculture in the alluvial plains of Indus River and its tributaries
is supported about 40-50% by groundwater. Accessibility to groundwater for irrigation and other uses
is the lifeline especially for the rural communities in the Punjab province. Groundwater use improves the
agricultural production of poor people but also works as a shield against the hydro climatic disasters like
droughts, heat waves. Extensive use of groundwater has improved the food security by a green
revolution and helped in eradicating the poverty. Pakistan has become the 8" largest food producing
country where irrigated agriculture contributes over 90% of Pakistan’s food production, 22% of GDP,
employs about 45% of the overall labour force and generates over 60% of foreign exchange. Extensive
and rapid pumpage of groundwater has put Pakistan as the 4" largest user of groundwater globally. Use
of groundwater has helped in increasing cropping intensity from 60% in 1947 to 150% or even more in
at present. In Punjab province about 1.3 million tubewells have been installed by farmers to pump
groundwater. At the same time energy requirements for extraction of groundwater are increasing as we
need more and more water to cater for the food and fibre requirements. At present, groundwater levels
are dropping abruptly taking this resource beyond the bound of rural poor farmers and energy costs of
pumping are increasing with falling water levels in aquifer. Some other factors like poor well
construction/development, inefficient pump, and improper design of well, aquifer characteristics also
contribute to the energy losses during pumping the groundwater. This has developed a nexus situation
between groundwater, food and energy. As groundwater levels drop, its cost of pumping (construction
+ operation) which gives rise to poverty especially in rural masses who are more than 70% in the
province. Research studies have indicated that in irrigated areas in Punjab province; an increase in
depth to water table from 12 m to 22 m has increased the cost of pumping per unit volume of
groundwater by 125%. In this regards, effective and multifaceted measures for both demand and supply
side management are required for sustainable, efficient and economical use of groundwater under
nexus approach. Various research studies have indicated that managed aquifer recharge (MAR) by
harvesting rainfall and floodwater, improving implementation methodology, awareness and developing
community ownership by capacity raising, effective regulations, groundwater education, use of science
and technology, energy auditing of tubewells, management of wastewater and its reuse for irrigation
and efficient use of available water resources can support to build resilience for socio economic
sustainability.

Keywords: Groundwater, Energy, Food, Nexus, Livelihood, Punjab, Pakistan
1. INTRODUCTION

The Groundwater-Food-Energy Nexus (GFE) is a systemic approach which provides an effective way
for the management of resources efficiently while considering the inter connectedness among these
three (Namany et al., 2019). This Nexus highlights the interdependency among water, energy and food.
It is important for sustainable development because the three of these resources directly impact each
other. This understanding helps in effective resources development, utilization and governance
especially in the regions where the issues like water scarcity, energy crisis and food security prevail
(Moraes-Santos et al., 2021). Water, food and energy crisis has become a global issue as a backdrop
of increasing population and global climatic changes (Zakir-Hassan, Shabir, et al., 2022) To meet the
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food and fibre requirements of the mankind, food is an essential component, while for production of food
we need energy and water. When surface water is inadequate, the pressure on groundwater increases.
For generation of energy, water is required and for extraction of groundwater energy is a prerequisite.
This is becomes a loop or nexus which itself is being adversely impacted by changing climate (Zakir-
Hassan, Hassan, et al., 2022). Water has played an important role in the economic, social and cultural

development of civilizations. The oldest dwellings around the world were established along the banks
of rivers, creeks, lakes, springs, swamps and other water bodies (Cathcart, 2009).

Food, fibre, and shelter constitute the most basic human needs, while land, water, and air are the
fundamental natural resources required to sustain life on Earth. Pakistan ranks as the 8th largest food-
producing country globally and is the 5th most populous nation. With a current population exceeding
220 million and an annual growth rate of approximately 2%, the country faces mounting pressure to
ensure food security. To meet the needs of this rapidly growing population, both horizontal (area
expansion) and vertical (productivity enhancement) growth in irrigated agriculture are imperative for
Pakistan (Zakir-Hassan, 2022).

Groundwater is a reliable, demand based water source available at the doorstep of the farming
communities, Although, it is costly as compared to surface water, it provide a buffer against the climatic
disasters like global warming, droughts etc. It boost the food production through a revolution in irrigated
agriculture (Zakir-Hassan, Allan, et al., 2022). Groundwater meets approximately one fifth of current
world water needs for all uses combined and this proportion varies by country and by sector (UNESCO,
2008). Groundwater is the most important part of total water resources in many countries i.e., in Tunisia
is 95%, in Belgium it is 83%, in the Netherlands, Germany and Morocco it is 75%. It is used in
agricultural, industrial and domestic sectors (Reinecke et al., 2020).

Though traditionally a blessing for Pakistan's agricultural industry, the uncontrolled and excessive
exploitation of groundwater are leading to widespread sustainability issues (Zakir-Hassan & Hassan,
2018). With approximately 1.3 million tubewells drilled in Punjab alone, the nation is the world's fourth
largest consumer of groundwater (IWMI, 2016; Zakir-Hassan, 2023). The steep decline in
groundwater levels due to such swift withdrawal has also raised the price of access while jeopardizing
the profitability of smallholder farming (Qureshi, 2020). Studies indicate that a rise in the depth of the
water table from 12 to 22 meters means a 125% rise in the unit cost of pumping groundwater (Bhutta
& Sufi, 2021). Such a sharp increase in cost is particularly taxing for poor farmers who have to pay
extra for energy—in most cases, diesel or electricity—to extract. Poor well design, inefficient pumps,
and absence of maintenance also further raise the energy cost and decrease irrigation efficiency. This
has built a difficult intersection among water, food, and energy: declining groundwater levels raise the
cost of pumping, reducing the profitability of agriculture and rural poverty in turn (Khan et al., 2021;
Zakir-Hassan et al., 2024). The interdependence of these sectors requires an integrated approach to
resource management, especially with climate variability and population increases.

Groundwater is a vital natural resource supporting Pakistan's food security and economic growth and
is the backbone of irrigated agriculture, particularly of the Indus River floodplains and tributaries' fertile
alluvial plains. Groundwater accounts for around 40-50% of total irrigation in the Punjab province
(Qureshi, 2020). This access is vital for rural societies, and it not only offers them agricultural water
but also a cushion against climate-related risks like droughts, heat waves, and fluctuating river flows
(Shah, 2009; Zakir-Hassan et al., 2021). The importance of groundwater towards food and income
security is also highlighted by the Green Revolution transformation. The pervasive application of
tubewells resulted in the intensification of crops—from 60% in 1947 to more than 150% presently—
rendering Pakistan the 8th greatest food-producing nation globally (FAO, 2018). Irrigated agriculture
provides more than 90% of food, generates 22% of the GDP, has 45% of the employed workforce,
and generates over 60% of national foreign exchange (GOP, 2022).
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2. OVERVIEW OF IRRIGATED AGRICULTURE IN PUNJAB

Punjab, Pakistan's most populous and most productive agriculture province, commonly known as the
breadbasket of Pakistan, produces more than 75% of Pakistan's overall food grains, especially wheat
and rice (GOP, 2021). The province's agri-economy depends highly on irrigation and contributes 20 %
of the agriculture Gross Domestic Product (GDP) (Zakir et al. 2023). Therefore, it is essential to
comprehend irrigated agriculture for sustainable water, energy, and food systems. Punjab irrigation is
facilitated by one of the biggest continuous canal systems worldwide, originating from the Indus Basin
Irrigation System (IBIS). The system has three large reservoirs (Tarbela, Mangla, and Chashma), 19
barrages, and more than 56,000 kilometres of canals and distributaries (Qureshi, 2011). Surface water
from rivers is the main source, but groundwater has become a vital alternative source, particularly
during water scarcity in canals or intensification of cropping. There are more than 1.2 million tube
wells in the province, and about 90% are privately owned and managed by farmers (Shah et al., 2022).
This two-source irrigation—canal and groundwater—has promoted annual cropping but also
increased pressure on groundwater resources.

Irrigated agriculture in Punjab sustains two prominent cropping cycles: Rabi (winter) and Kharif
(summer). Wheat is the crop that prevails during the Rabi season, and rice, cotton, and sugarcane
are large Kharif crops. Rice and sugarcane, and to some extent other crops, are water-guzzling crops,
using up to 1,500 mm and 1,800 mm of water per season, respectively (Farooq et al., 2017). This
dependence on water-intensive crops, combined with rising temperature patterns, has boosted
irrigation water demand. There has been pressure for diversification and water-saving crops in recent
years but adoption is still low due to market and policy policies that encourage traditional crops.

Even with the extensive system of canals, canal water supply is both temporally and spatially
insufficient because of infrastructural losses (as high as 40%) and upstream withdrawals. Farmers
now rely more on groundwater for irrigation. Consequently, extraction from groundwater is higher than
recharge levels in most parts of central and southern Punjab, causing the water tables to drop by 0.3
to 1.0 meters every year (WWF-Pakistan, 2018). Excessive, uncontrolled exploitation of tube wells,
fuelled by subsidized energy, has also exacerbated groundwater depletion. Also, poor-quality
groundwater in the southern areas presents further risk to crops and the land (Hassan, 2016).

Flood irrigation is still the dominant practice in Punjab with low water-use efficiency (30-40%).
Although the government and NGOs have promoted newer techniques like drip and sprinkler systems,
they have seen slow uptake because of high investment costs, limited awareness, and fragmented
land holdings. Laser land levelling, zero tillage, and other conservation techniques in agriculture are
also increasingly in trend, with potential to enhance water productivity (Zakir-Hassan, Hassan, et al.,
2022) . Punjab Irrigated Agriculture Productivity Improvement Project (PIPIP) and the On-Farm Water
Management (OFWM) program have operated with localized success in increasing water-use
efficiency (PIPIP, 2020).

Irrigated farming is a vital means of livelihood for Punjab's millions. Approximately 65% of rural Punjab
is directly or indirectly involved in farming (GOP, 2021). Despite this, disparities in access to
groundwater and surface water continue to exist, especially for tail-end and smallholder farmers. Land
tenure problems, groundwater pumping costs, and uncertain canal schedules add to these disparities.
Women farmers, whose contribution in agricultural work is far too great, have limited access to
irrigation technology and decision-making forums.

3. GROUNDWATER USE AND CHALLENGES IN PUNJAB

Though the Indus Basin is sustained by the vast Indus Basin Irrigation System (IBIS), the groundwater
has been a vital supplementary source, particularly for maintaining cropping intensity and canal water
variability resilience. But unsustainable abstraction of groundwater has resulted in increasing fear of
depletion of aquifers and long-term agricultural sustainability issues.
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Groundwater exploitation in Punjab was initiated at a small scale during the early 20th century,
primarily by Persian wheels and dug wells. The transition to a larger scale happened after
independence in the 1960s, after the Indus Waters Treaty (1960) allocated the eastern rivers (Ravi,
Sutlej, and Beas) to India, shrinking surface water in eastern Pakistan (Mustafa, 2002). In order to
counteract water shortages, the government encouraged tube well development actively, subsidizing
their installation and facilitating electrification. By the 1980s, private sector involvement and
decreasing costs of drilling equipment and diesel engines created an exponential increase in private
tube wells. From a mere 30,000 tube wells in the 1960s, the figure rose to over 1.2 million by 2020,
with over 90% belonging to farmers (Qureshi, 2011; GOP, 2021).

Presently, groundwater provides close to 60% of irrigation water requirements in Punjab, either alone
or to augment poor canal supplies (Kahlown et al., 2006). It supports irrigation throughout the year,
especially for water-hungry crops such as rice, sugarcane, and fodder. Tube well irrigation facilitated
higher cropping intensity, now averaging more than 170% in some districts (GOP, 2021). This
dependence is most acute in central and southern Punjab, where canal water supply is insufficient or
unreliable. In a few places, groundwater has become the norm because of poor canal command and
unequal water distribution (Hassan & Hassan, 2017a). Overview of groundwater resources of Punjab
is shown in Figure 1.

Figure 1: Overview of groundwater in Punjab Province of Pakistan
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The growing reliance on groundwater has led to unsustainable abstraction levels. Evidence indicates
that in much of central Punjab (e.g., Lahore, Faisalabad, Sahiwal), groundwater levels are falling at a

rate of 0.3 to 1.0 meters annually (WWF-Pakistan, 2018). The issue is worst in urban-fringe and
intensively cultivated regions.

As mentioned above over-extraction of groundwater takes place due to many factor including
subsidized electricity or diesel costs, lack of holistic regulation with prompt implementation, ever
increasing food and fibre requirement etc. This has resulted in a groundwater-energy subsidy nexus,
where low-cost energy encourages over-exploitation of groundwater without concern for sustainability
(Shah, 2009). In addition, there is minimal regulation or metering of groundwater abstraction, and
information systems for tracking extraction are weak or non-existent.

Groundwater has emerged as a critical driver of agricultural productivity, particularly in supporting the
Green Revolution through expanded irrigated farming. However, this vital resource is now under
significant stress due to unregulated abstraction, poorly defined rights and entitlements, institutional
capacity constraints, and limited public awareness. The situation is further aggravated by aquifer
contamination, inefficient waste management, unsustainable farming practices, and the absence of
integrated groundwater governance frameworks. These challenges collectively threaten the long-term
sustainability of groundwater, necessitating urgent policy, technical, and institutional interventions to
safeguard its future. Figures 2 and 3 show the depth to ground water table maps of Punjab for the
years 2014 and 2022, respectively (IRI, 2025). It is evident from these maps that the groundwater
level is declining in Punjab and situation is moving towards water scarce scenario.

Figure 2: Depth to ground water table map for the year 2014
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Figure 3: Depth to ground water table map for the year 2022

4. FOOD SECURITY CHALLENGES

Water underpins the food security and livelihood of many in the country, but the water storage capacity
of Pakistan is only 30 days, and the country is moving from water-stressed to water-scarcity status,
mainly due to rapidly increasing population coupled with climate change (GoP-MoPD&R, 2014). In terms
of both ratios of withdrawals to runoff and per-capita water availability, Pakistan’s water resources are
already highly stressed. Any change in available resources through, for example, climate change and
population increase, could have a serious impact on food security, economic development and the
environment. It is projected that, by 2025, the shortfall of water requirements will be around 32%, which
will result in food shortages (ADB, 2002). Depleting freshwater resources, rapid population growth,
emerging public health concerns, environmental degradation, and the impacts of climate change pose
significant threats to food security and livelihoods in Punjab, Pakistan.

About forty seven percent of the population of Pakistan is food insecure as well as the access to food is
uneven and malnutrition is widespread in the country (Hassan & Hassan, 2017b; Kirby et al., 2017).
Numerous studies indicate that over one billion people in developing countries lack access to safe
drinking water. Water availability—including groundwater—is increasingly under stress due to excessive
extraction, aquifer contamination, inadequate waste management, inefficient water distribution systems,
and unsustainable agricultural practices (Vojinovic & Abbott, 2017)
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The future of Pakistan will continue to be shaped by its management of water, and how it responds to
the increasing scarcity of supply. As per estimates by (WB, 2019) more than 300 million people will be
living in Pakistan by 2047 (the 100 years of the country) which will increase the water demand by 60.
Although population and economic growth are the main drivers of water scarcity, climate change will
exacerbate the gap between demand and supply of water. The largest water demand will be in the
agriculture sector and the fastest rates of water demand growth will be in the industrial and domestic
sectors. With this situation in mind, the Government of Pakistan has endorsed the “National Water Policy
2018” which has prescribed many reforms and investment priorities to ensure the water and food
security in the country. It has outlined a platform for dialogue between the major stakeholders
(provinces) and have provided them with the opportunity to formulate their own regulatory and
implementation plans as per their own requirements and circumstances (GoP, 2018).

FOOD SECURITY CHALLENGES

Increasing population pressure

Low agricultural productivity

Dwindling land for agriculture

Shrinking water resources (quality, sedimentations etc)
Limiting/diminishing energy resources

Shortage of electricity

High cost of diesel

Increasing cost due to lowering of GW levels

High water losses in irrigation system (more than 100 yrs old system)
Over exploitation of groundwater (Salinity issues/energy issues)
Pakistan despite being among top ten producer has yields well below
potential

Limited focus on areas like livestock, poultry, forestry, and fisheries
Poor awareness of the farmer on latest technologies low mechanic

Punjab's food production process is closely related to having access to irrigation water and energy for
groundwater pumping on a timely basis. Punjab's key crops—wheat, rice, sugarcane, and cotton—are
heavily reliant on irrigation, and rice and sugarcane each need around 1,200-1,800 mm of water
annually (Farooq et al., 2017). Even with the availability of the Indus Basin Irrigation System (IBIS),
canal water supply is inadequate and sometimes erratic on account of seasonal fluctuation, upstream
allocation, and conveyance loss. To make up for deficiencies, farmers rely more and more on tube wells,
which are fuelled by either electricity or diesel. But energy in rural Punjab is unreliable and costly. Load
shedding and the volatility of fuel prices have a big impact on irrigation planning, particularly when crops
are at critical stages of growth. Inconsistent energy implies that tube wells will not be available to use
when needed most, resulting in water shortages and decreased yields (Qureshi et al., 2010).

In spite of a good agro-climate, there remain serious productivity gaps in Punjab agriculture. For
instance, the all-India average wheat yield in Punjab is around 2.8-3.2 tons per hectare, much lower
than the potential of more than 5 tons/ha realized in research experiments (GOP, 2021). The same gaps
also occur in rice and sugarcane, mainly because of inefficient use of water, energy constraints, soil
erosion, and outdated agronomic management. These productivity deficiencies have serious food
security implications. Punjab produces more than 70% of Pakistan's rice and wheat, and therefore is
crucial to the food stability of the nation. Reductions in per-acre yields not only impact farmer revenues
but also enhance national reliance on food imports. Smallholder farmers, who are the majority, are most
susceptible because they have limited access to capital, water-saving technologies, and stable sources
of energy (Gill et al., 2022). Also, unequal allocation of canal water and groundwater water further
intensifies food insecurity at the local scale. Tail-end irrigators in canal command areas tend to
experience insufficient irrigation supply, which leads to reduced yields. Likewise, farmers who lack
access to cheap energy for pumping groundwater cannot irrigate sufficiently, causing yield differences
among regions and income levels (Zakir-Hassan et al., 2021b).
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Climate change is introducing an additional layer of complexity into the groundwater-energy-food nexus
in Punjab. Climate warming, unpredictable rainfall, and more frequent occurrences of extreme weather

events (such as floods and heat waves) are impacting crop yields, water availability, and energy demand
(IPCC, 2021).

Wheat and rice are highly climate-variable crops. According to a study by Ahmad et al. (2019), an
increase of 1°C in average temperature would decrease wheat production by 5-6% in Punjab. In
addition, delayed or truncated winter seasons impinge on the sowing period and augment water
demands during warm growth periods. Likewise, late monsoon showers or drought periods influence
rice transplanting and establishment, accelerating again groundwater drawing requirements.

Stress due to climate change is also projected to raise energy usage, as higher groundwater levels will
demand stronger pumping facilities, imposing economic burdens on farmers and infrastructure.
Conversely, heavy precipitation events may cause flash floods, which destroy standing crops and leach
out nutrients from the soil. All these climate effects will exacerbate prevailing food security unless the
adaptive measures are taken.

5. GROUNDWATER-ENERGY-FOOD NEXUS

By 2030, global demand is projected to increase by approximately 50% for food, 40% for energy, and
30% for water to meet the needs of a growing population and to sustain economic development in both
developed and developing countries (Yang et al., 2016). Agriculture in Pakistan’s Indus River Basin
(IRB) is predominantly irrigation-dependent, with approximately 90% of food grains and nearly 100% of
cash crops—including fruits, vegetables, sugarcane, cotton, and rice—produced on irrigated lands
(Ringler & Anwar, 2013). Climate change Climate change is putting an added layer of complexity on
the already interconnected groundwater-energy-food (GEF) nexus in Pakistan's Punjab (Zakir-
Hassan, 2022) . Increased average temperatures, changing monsoon patterns, and rising frequency
and intensity of extreme weather events—like long-duration droughts, intensive and non-seasonal
rains, floods, and heat waves, are significantly impacting agricultural production, the predictability of
water resources, and energy supply system stability (IPCC, 2021). Specifically, unpredictable rainfall
decreases the availability and predictability of surface water supplies, which increases the reliance on
groundwater for irrigation. This, consequently, puts extra pressure on already over-exploited aquifers.
Increased temperatures also enhance evapotranspiration rates, which further push up the water
needs of crops and further contribute to groundwater depletion. Concurrently, heat extremes increase
the energy demand for irrigation pumping and cooling, aggravating strain on the power grid, especially
during peak agricultural periods (Ali et al., 2019). Floods, frequently exacerbated by global warming,
not only destroy crops and drive farm communities out of their homes but also destroy energy
infrastructure and irrigation systems, halting farming activities. The combined effect of climate
variability weakens food security by lessening yield stability and farmer incomes, thus making it
increasingly difficult for smallholder farmers to adapt in the absence of support systems. Figure 4
shows the inter-connectedness of climate change with these issues.

Climate change is profoundly modifying the hydrological cycle in Punjab, Pakistan, with direct
implications on all elements of the GEF nexus. Recent hydro-meteorological data indicate changes in
the timing and magnitude of the monsoon season, with diminishing predictability in early monsoon onset
and augmented variability in rainfall events (Hassan et al., 2019). This uncertainty interferes with canal
water allocations, which are heavily reliant on seasonal assumptions, leading farmers to increasingly
resort to groundwater to compensate for irrigation needs. In addition, altered precipitation patterns
diminish opportunities for groundwater recharge. Previously, Punjab's shallow aquifers were recharged
during the monsoon months; however, with increasing rain falling in brief, intense bursts, most of the
rainwater flows over the surface rather than being absorbed into the ground (Arshad et al., 2020). This
imbalance between groundwater abstraction and recharge is leading to rapid aquifer decline in major
agricultural areas such as Lahore, Faisalabad, and Multan. The outcome is a build-up of pressure on
both energy and food systems. Increased irrigation from deeper wells raises the energy requirements
for pumping, in many regions with poor or unreliable electric supply. Without proper regulation or
recharge measures, this trend is a serious threat to the long-term sustainability of agriculture in Punjab.

—_——————
76




4t World Irrigation Forum WG-CLIMATE
7-13 September 2025, Kuala Lumpur, Malaysia Paper No.08

Climate change

Global warming

Increased
evapotrnspiration

Changing rain patterns

Less availability of water
for agriculture

Pressure on groundwater
(more extraction)

Less availability ofwater
to the Farmers

Food security

Figure 4: Inter-connectedness of climate change groundwater and food security

GROUNDWATER-ENERGY-FOOD NEXUS

+«»+ Demand for water, food and energy is expected to rise by 30-50% in the next two decades

«+ Direct energy intensity has risen 80% (from 1 to 1.8 MJ per kg of crop produced) in Punjab
(between 2010-2020)

¢+ Rising energy costs adversely impact food security in the major bread bowls relying on
groundwater

¢+ Groundwater use consumes 30 times more energy/cost as compared to surface water/canal water
«¢+ Agriculture accounts consume more than 90% of extracted groundwater in Punjab

«  Food production and supply chain consume 30% of total energy consumed globally.

« Energy is required to Produce, transport and distribute the food

% Energy is used to extract, pump, lift, collect, transport and treat groundwater

++ To feed the increasing population we need more food will and for food production we need energy
and water and vice versa

Punjab's energy system is also similarly exposed to the direct effects of climate change that feed back
into agriculture. High ambient temperatures drive up the demand for electricity—irrigation pumping
and domestic cooling—causing seasonal energy shortages, particularly during the Kharif season
when water crops such as rice are cultivated (Malik et al., 2020). Pakistan's electricity generation
remains unevenly reliant on hydropower, which is vulnerable to fluctuations in river flows from glacial
meltdown and seasonality. Lower water availability during drought years can reduce hydropower
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generation, causing the country to switch to more costly and less environmentally friendly thermal
generation, adding to the cost of electricity for end-users like farmers.

Climate projection for Punjab indicates a future with warmer summers, reduced duration of winters,
and an increase in the occurrence of extreme weather conditions (Ahmad et al., 2019). All these will
have varying effects on crop suitability, necessitating a readjustment of Punjab's cropping season and
varieties. Such crops as wheat and rice, which are very sensitive to heat stress during certain growth
phases, are already facing yield losses. According to research by Igbal et al. (2022), yields of wheat
go down by as much as 6% with each 1°C rise in mean daytime temperature during the grain-filling
stage. In the same vein, rice is highly susceptible to heat stress at flowering, which can more often
than not overlap with future heat waves.

6. CONCLUSION AND RECOMMENDATIONS

Climate change in Punjab is no longer a future threat—it is a present and intensifying challenge that
is remaking the groundwater-energy-food nexus. Its effects on water supply, energy security, and
agricultural productivity are interconnected rather than independent. Without coordinated governance,
adaptive technology uptake, and fair access to resources, the food system resilience of Punjab will
remain to be undermined by climate stress. There is a need for an integrated, science-driven strategy
for managing the GEF nexus to provide sustainable livelihoods and long-term food security in the
region.

Recently, Pakistan government has promulgated the National Water Policy 2018, Punjab Water Policy
2018 and Punjab Water Act 2019 where due importance has been accorded to the groundwater
development, protection and management for its sustainable use to support food security and livelihood
under changing climatic situation. We -need to study the water-food-energy nexus and devise the new
ways and means to meet the future challenges. River Indus- 2900 km long- is the lifeline for economy
of the country as its — along with five tributaries- supports livelihood and food security by providing about
171 km3 of water annually for irrigated agriculture in the basin (Zakir-Hassan, 2023). Therefore, it is
imperative to leverage hydro-informatics, information and communication technologies (ICTs),
advanced mobile applications, robotics, sensors, and data loggers to optimize food production through
climate-smart and energy-efficient agricultural practices (Zakir-Hassan et al., 2025). To address these
pressing challenges, a multifaceted strategy is required:

1. Promote water-efficient technologies such as drip irrigation and laser land leveling, while
encouraging a shift towards less water-intensive crops.

2. Enforce the Punjab Water Act through the establishment of groundwater abstraction
standards, licensing systems, and robust monitoring mechanisms.

3. Rationalize energy subsidies to discourage excessive groundwater pumping and incentivize
the adoption of clean energy alternatives, such as solar-powered irrigation systems.

4. Support managed aquifer recharge (MAR) in suitable hydrogeological zones, particularly
during monsoon seasons to harness surplus floodwater.

5. Enhance farmer awareness on groundwater quality, crop-specific water requirements, and
best practices in sustainable irrigation.

6. Precision Agriculture will support in the food security under current situation
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FUTURE STRATEGIES
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Nationwide resource assessment and groundwater mapping using state of the art tools

Adoption of advance research, for mitigating the climatic impacts.

Adopting agro-climatic zones and cropping patterns/calendars

Establishment of autonomous and fully powered regularity authority for groundwater management for
food security

Supply management through judicious exploitation of surface and groundwater

Demand side management by promotion of water conservation culture

Waste and water quality management to protect the aquifers.

Managed Aquifer Recharge for flood and drought mitigation-

Rainfall harvesting to supplement water resources

Development of integrated risk management plan to combat the climatic changes- threats for food
security

Shared Vision on Groundwater Governance and food security

Understand climatic changes and their impacts on water resources and food-energy nexus.
Adaptation to the potential threats of energy and water crisis

Use of water smart and climate-resistant varieties of crops/trees

Energy auditing in agriculture sector

Develop policies and tools to grow more per drop and per joule

Use of modern tools, Al and robotics for water and energy efficient agriculture
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ANALYSIS OF THE TRENDS OF RICE CULTIVATION THROUGH
RASTERISATION DATA

Hui-Yuan Chang?, Yuan-Yu Li 2,and Shin-Han Wang 3

ABSTRACT

In response to the impact of extreme climate events and changes in the Taiwanese diet and food supply
chain, a series of measures have been promoted in recent years. The aim of these initiatives is to adjust
the food industry's structure by guiding farmers to improve rice quality, rotate to other crops, or cultivate
high-value, low-water-demand crops.

Therefore, to understand the actual distribution and frequency of rice cultivation by farmers in recent
years, this study used satellite-identified rice cultivation maps from the Taiwan Agricultural Research
Institute (TARI) over the past five years (2019-2023). It performed a layer overlay analysis with the
irrigation supply areas of various reservoirs to analyze the location distribution and area of first-crop rice
in reservoir irrigation districts. This allowed for an understanding of the dynamic changes in cultivation
within these districts. Furthermore, rasterized data and analysis were used to determine the average
rice cultivation frequency in each district, thereby grasping the trends in rice cultivation.

This study focuses on six multi-purpose reservoirs in Taiwan, whose irrigation systems provide water
for two rice crops annually. It analyzes the actual rice cultivation frequency by farmers and identifies
farmland that has not been cultivated with any crops for the past five years as potential fallow land. The
study explores the area and distribution of rice cultivation and potential fallow land within the reservoir
districts. It also combines data on recent cropping system adjustment programs, local irrigation canal
networks, and water usage characteristics to discuss the trends and influencing factors of rice cultivation
in these districts. The findings serve as a reference for competent authorities to promote related subsidy
measures and enhance the precision of irrigation decision-making.

Keywords : Irrigation water, Rasterization, GIS, Remote Sensing.
1. INTRODUCTION
1.1 Motivation and Objectives

In recent years, climate change has intensified, and changing rainfall patterns have led to frequent
droughts and floods, increasing the risk of water scarcity. Following the unprecedented drought of 2020-
2021 and the major drought in southern Taiwan in 2023, the precise allocation of agricultural irrigation
water has become a critical issue in irrigation management.

Given the changes in national dietary habits and the food supply chain, and the government's recent
promotion of relevant measures, the objective is to improve the structure of the food industry. This is
done by guiding farmers who originally planted rice during the first crop season to improve rice quality,
switch to miscellaneous crops, or other high-value, low-water-demand crops. This aims to increase self-
sufficiency in miscellaneous grains while also conserving agricultural water.

Since the irrigation water requirements for rice and dry-land crops differ significantly, this not only affects
the allocation of agricultural irrigation water but also determines the pressure on regional water supply.
Therefore, in irrigation districts where water resources are shared with domestic and public users, this
study believes it is necessary to have a method to analyze and understand the frequency and distribution

1 Taiwan Agricultural Water and Research Institute; E-mail: peggy2012@triwra.org.tw
2 Irrigation Agency, Ministry of Agriculture, Taiwan; E-mail: yuanyu@ia.gov.tw
3 Irrigation Agency, Ministry of Agriculture, Taiwan; E-mail: shin@ia.gov.tw
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of local rice cultivation. This would assist government agencies in promoting relevant subsidy measures,
accurately allocating irrigation water, and effectively integrating existing administrative resources.

1.2 Literature Review

Since 1976, the government has used aerial survey technology to replace traditional ground surveys
(Huang et al. 2010), employing manual interpretation of aerial photographs to measure rice cultivation
areas in Taiwan for two crop seasons annually. This data, integrated with GIS, helps to accurately track
the extent of rice cultivation. Liu et al. (2000) integrated various remote sensing data to estimate rice
cultivation area and yield. Yao et al. (2009) used the DSSAT crop model to evaluate the impact of climate
change on rice growth and yield. The Agriculture and Food Agency's 2006 technology project report
assessed the use of aerial and remote sensing images (Formosat-2, SPOT) with GIS to survey sensitive
crop cultivation areas. Su et al. (2007) applied GIS to allocate digital terrain models (DTM) and remote
sensing (RS) satellite images for macro-level land use suitability analysis.

Huang (2010) used time-series changes in the Normalized Difference Vegetation Index (NDVI) from
SPOT images to detect rice transplanting dates and identify second-crop planting locations. Yao et al.
(2015) used future climate predictions from IPCC AR5 statistical downscaling (SDSM) RCP 4.5 and 8.5
scenarios to evaluate Taiwan's future rice production potential. Li et al. (2018) used regression analysis
on total rice yield, harvested area, and yield per unit area data from various counties and cities to
determine trends (increasing, constant, or decreasing) and classified areas with similar historical yields
using hierarchical clustering.

Regarding policy, "The Evolution of Thinking on Taiwan's Rice Field Conversion Policy" (Agricultural
Policy and Information, Issue 301) points out that to mitigate the pressure of rice overproduction, the
government adopted the direct and effective method of encouraging farmers to reduce cultivation area.
Early policies provided subsidies to guide farmers to switch to green manure, pasture, etc., often called
the "Fallow Subsidy" to both reduce production and conserve soil fertility. Related policies include the
"Rice Production and Rice Field Conversion Program (1983-1996)," the "Paddy and Dry-land Utilization
Adjustment Program (1997-2010)," the "Rice Field Diversified Utilization Program (2011-2012)," and the
"Land Activation Program through Cropping System Adjustment (2013-2016)."

Starting in 2016, the government began promoting land activation to comprehensively address the
challenges of domestic agricultural development. It adopted a stacked-value concept, where farmers
who met more incentive conditions received higher payments. This policy encouraged agricultural land
use, helped adjust the rice industry structure, and promoted environmentally friendly farming. This not
only increased farmer income and protected farmland but also contributed to improving rice quality.

Building on the past satellite-identified rice cultivation maps (GIS shp files) provided by the Taiwan
Agricultural Research Institute (TARI), this study proposes a calculation method for the frequency of rice
cultivation in reservoir-based irrigation districts. This serves as a reference for competent authorities to
promote relevant subsidy measures and enhance the precision of irrigation decision-making.

2. METHODS

This study focuses on the irrigation districts of Shimen Reservoir, Shangping Weir (Zhuedong Canal),
Mingde Reservoir, Liyutan Reservoir, Deji Reservoir (Shihgang Dam), and Zengwen-Wushantou
Reservoir. Based on the 656 water user groups managed by the various administrative offices of the
Farmland and Water Conservancy Agency within these six reservoir-type irrigation districts, this study
obtained farmland data for the aforementioned districts. The vector maps of various crop cultivation data
from 2013 to 2024 were rasterized and analyzed to calculate the three-year average first-crop rice
cultivation frequency, the cultivation of other crops, and the area of potential fallow land for four periods:
2013-2015, 2016-2018, 2019-2021, and 2022—-2024. The study also discusses the impact of recent
policies, such as the cropping system adjustment program implemented by the Ministry of Agriculture in
response to climate change, or comprehensive water-saving measures implemented according to the
annual water situation, on crop cultivation.

—_——————
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2.1 Data Collection of Irrigation Areas

This study first collected farmland maps and crop cultivation data from the six aforementioned reservoir-
based irrigation districts. The farmland maps were based on the irrigation and drainage beneficiary areas
managed by the various administrative offices of the Farmland and Water Conservancy Agency. The
attribute data for these maps included fundamental information such as the administrative district, land
segment name, segment code, land number, and cadastral area, as well as details on the associated
management office, work station, water user group, and farmland area. As shown in Table 1, the Shimen
Reservoir district had the largest farmland area and number of land parcels, followed by the Zengwen-
Wushantou Reservoir district, while the Shangping Weir (Zhuedong Canal) district had the smallest.

For crop cultivation data, this study utilized satellite-identified rice cultivation maps from the Taiwan
Agricultural Research Institute (TARI). These maps provide the distribution of various cultivated crops
for each season, including the first crop, second crop, inter-crop, and year-round crops. In addition to
rice, the crop types encompass staple grains such as wheat, sweet potato, peanut, corn, potato, and
beans, as well as vegetables and fruits like cabbage, watermelon, radish, cauliflower, water bamboo,
and pineapple. The attribute data for these maps include land segment numbers, land use classification
from the National Land Use Survey, and land area information.

Table 1. Statistics of Farmland in Reservoir Irrigation Districts

Reservoir Management Number of | Number of Promoted
Irrigation O Work Station Water User Land
o Office Area (ha)
District Groups Parcels
Dazhu, Dalun, Dayuan,
Taoyuan Taoyuan, Caolu, Hukou, 280
i Xinpo, Xinwu, Guanyin
Shimen p _ Y 30,548 200,545
Reservoir Bade, Zhongli, Fugang,
Shimen Hukou, Yangmei, 105
Guoling
Baoshan
Reservoir Hsinchu Zhudong 12 574 6,879
(Shangping Weir)
Mingde Miaoli Datan, Houlong 17 992 7,347
Reservoir
Liyutan Reservoir Shanjiao, Yuanli, Rinan 41 4,702 34,476
Deji Reservoir Taichung .
(Shihgang Dam) Xitun, Daya 41 3,233 28,607
Chiayi | Dake, Taibao, Yuehmei, 38
Branch | Xingang, Xikou, Guogou
PuZi Xiatan, Liujiao, Puzi,
Branch Songmei, Meipu, Lucao, 30
Yizhu, Shulin
Xinhua .
Zengwen_ Branch Xinhua 5
Wushantou Chianan Shian. A, Houbi 19,014 92,405
Reservoir . ian, Anxi, Houbi,
Xinying Liuying, Chongxi, 49
Branch 2 .
Xinying, Yanshui
Madou Xiaying, Zhongying, 33
Branch Liujia, Longtian
Baihe .
Branch Baihe 5
Whole Area 656 59,063 370,259
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2.2 Implementation of Cropping System Adjustment Programs and Comprehensive Water-

Saving Measures

To better understand the potential factors influencing changes in rice cultivation area, this study
compiled information on the implementation of cropping systems and irrigation water supply policies in
reservoir irrigation districts in recent years. This includes the Cropping System Adjustment Program for
water competition zones (Shimen, Baoshan, Mingde, Liyutan, Deji, and Zengwen-Wushantou
reservoirs) and comprehensive water-saving measures implemented in response to annual water
conditions and insufficient reservoir storage.

The Cropping System Adjustment Program for water competition zones was designed to address
climate change and extreme weather. In reservoir districts that must compete with domestic and public
water supplies, first-crop rice often faces water resource imbalances and unstable supply. The
Agriculture and Food Agency, through a rotational zone approach, provides water-saving incentives to
guide farmers to switch from first-crop rice to dry-land crops. This saves irrigation water for storage in
reservoirs, extending the supply period during dry seasons and reducing the risk of mid-season irrigation
suspensions. This policy was piloted on a small scale in 2019 and 2020. After Taiwan experienced the
century-long drought in 2021, the program was expanded in 2022 and 2023 to mitigate reservoir water
supply risks. The results are shown in Table 2.

In 2019, the total promoted area nationwide exceeded 6,000 hectares, but the actual application area
was only 762 hectares, with an application rate of just 12%, indicating poor promotional results. In 2020,
the promoted area increased to 11,536 hectares, and the actual application area rose to 4,850 hectares,
reaching an application rate of 42%, showing a significant increase in farmer participation. In 2022, the
promoted area further increased to 20,613 hectares, with an actual application area of 8,085 hectares,
though the application rate slightly decreased to 39%. In 2023, due to severe water conditions in
southern Taiwan, the Zengwen-Wushantou Reservoir district switched to implementing comprehensive
water-saving measures. Consequently, the Cropping System Adjustment Program was only promoted
in five water competition zones, covering 17,676 hectares, with an actual application area of only 3,914
hectares and an application rate of just 22%.

Comprehensive water-saving measures are implemented when water conditions are severe and
reservoir storage is insufficient before the start of the first crop season. To prevent the risk of crop failure
due to mid-season irrigation suspension, the management office implements these measures, providing
compensation and relief to affected farmers and related industries, such as seedling growers, custom
farming operators, and grain drying operators. This minimizes the impact of water scarcity on farmers
and related industries and helps maintain their livelihoods. Recent implementations of comprehensive
water-saving measures in various regions are shown in Table 3. In 2015 and 2021, Taiwan faced
widespread drought events in the northern, central, and southern regions, leading multiple reservoirs to
implement these measures, with the actual approved area exceeding 30,000 hectares. In 2018 and
2023, some reservoir districts managed to overcome difficulties by strengthening irrigation measures,
with only the Mingde Reservoir and Zengwen-Wushantou Reservoir districts, respectively, implementing
comprehensive water-saving measures.

Table 2. Implementation of Cropping System Adjustment Programs in Water Competition Zones
Baoshan Deji Zenawen-
Reservoir Irrigation Shimen Reservoir Mingde Liyutan | Reservoir 9
L - - . - - Wushantou
District Reservoir | (Shangping | Reservoir | Reservoir | (Shihgang :
: Reservoir
Weir) Dam)
Manag_ement Tao_yuan, Hsinchu Hsinchu Miaoli Taichung Chianan
Office Shimen
Promoted
Area (ha) 5,633 200 228 260
2019 Actual Not promoted
Approved 362.7 41.3 113.4 244.8
Area (ha)
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Application
Rate (%)

Promoted
Area (ha)

Actual Not
2020 Approved 3,602 66 384 661 d 137
Area (ha) promote

Application
Rate (%)
Promoted
Area (ha)

Actual
2022 Approved 626 Not promoted 511 1,215 198 5,535
Area (ha)

6% 21% 50% 94%

7,174 331 588 2,668 775

50% 20% 65% 25% 18%

4,911 796 2,717 1,941 10,248

Application o , , . ]
Rate (%) 13% 64% 45% 10% 54%
Promoted
Area (ha)

Actual
2023 Approved 3,110 105 86 309 304 Not promoted
Area (ha)

13,630 574 196 1,985 1,291

Application o . , . ]
Rate (%) 23% 18% 44% 16% 24%

Table 3. Recent Comprehensive Water-Saving and Fallowing Measures in Reservoir Irrigation Areas

Year Management | Area under Comprehensive Water- Announced |Actual Approved
Office Saving Measures Area (ha) Area (ha)
Taoyuan Taoyuan Mf':un _Cana_l, D_ahan River 22,677 16,829
Irrigation District
Hsinchu Tougian River, part of Fengshan 4,606 2,960
River irrigation district (4 groups)
Miaoli Mingde Res_ervc_)lr, Zhon_ggang River 3.258 2.028
Irrigation District
2015 h K of - —
Taichung North Bank o D_aa_n River Irrigation 4,626 3.372
District
Zengwen-Wushantou Chiayi Irrigation
Chianan District, Baihe Reservoir Irrigation 8,493 7,192
District
Whole Area 43,660 32,381
2018 Miaoli Mingde Reservoir Irrigation District 1,175 777
Taoyuan Main Canal First and
Taoyuan Second Sub-districts 15,613 8,635
Shimen Shimen Main Canal Irrigation District 12,085 4,676
Hsinchu Tougian River Irrigation District 4,588 2,531
L Mingde Reservoir, Zhonggang River
2021 Miaoli Irrigation District 2,894 1819
Taichung Mld-to-l:owe_r reac_hes_of Da_lan_ River, 20,062 11,752
Dajia River Irrigation District
Chianan Zengwen-Wushantou Reservoir, 19,133 17,248
Baihe Reservoir Irrigation District
Whole Area 74,375 46,662
2023 Chianan zengwen-Wushantou Reservorr, 19,162 17,222
Baihe Reservoir Irrigation District
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2.3 Rasterization of Farmland and Cultivation Data

This study uses TARI's satellite-identified rice cultivation maps as a foundation, superimposing
cultivation data for the same land parcel from different years to count the number of times rice was
planted on each parcel over the years. However, directly overlaying maps from different years is
problematic due to issues such as land subdivision, merger, farmland re-plotting, re-numbering of land
segments, or boundary misalignment during data editing (as shown in Figure 1). Therefore, a direct
overlay analysis of annual cultivation maps is not suitable. Similarly, calculating cultivation frequency
based on a single land number could be inaccurate if the land number of a parcel has been re-assigned.

To address these issues, this study converted the vector farmland maps into a raster format, which is
more conducive to overlay analysis (the rasterization result is shown in Figure 2). The center points of
each grid cell were then overlaid with the crop cultivation data from 2013 to 2024 to calculate the number
of times (T) rice was planted in each cell over a three-year period for four periods: 2013-2015, 2016—
2018, 2019-2021, and 2022-2024. As illustrated in Figure 3, if a grid cell was planted twice in three
years, the value of T would be 2. (Note: The original text had a typo, stating T=3 for a two-time planting.
The corrected translation reflects the logical consistency of the calculation.)

Since 1958, Taiwan has promoted farmland consolidation, based on the principle of rectangular parcels.
The standard parcel length is 100m, and the standard areas for paddy fields and dry-land fields were
set at 0.25 hectares and 0.5 hectares, respectively. Farmland consolidation effectively addressed issues
such as fragmented parcels, poor drainage, and low land use efficiency. The peak period for farmland
consolidation was from 1962 to 1971, with an average of approximately 25,200 hectares consolidated
annually. To match the scale of these consolidated farmlands, this study converted the vector maps of
farmland and crop cultivation into 10m x 10m raster data for a more detailed analysis of rice, other crops,
and overall farmland utilization in each region.

The same-numbered farmland has a different
boundary in different years.

Some farmland parcels have

The same parcel has a different land number in o
boundary misalignment.

different years.

Figure 1. Issues with Crop Cultivation Maps and Land Numbers (Case Study).
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Figure 2. Farmland Map Rasterization Results.

@0 o1 @3 o1 o1

@3 @2 @3 o1 o1

@3 @0 @3 @0 o3

Figure 3. Overlay Results for the Number of First-Crop Rice Cultivations over Three Years (lllustration).
2.4 Average Rice Cultivation Frequency and Other Crop Cultivation Areas

The rasterized historical first-crop rice maps were used to calculate the number of times rice was planted
at each grid point. This data was then overlaid with the water user group boundary maps to find the
number of grid cells (N7) within each water user group's boundary that had a rice cultivation count of T.
The average rice cultivation frequency for each water user group was calculated using the number of
cultivations (T) and the number of grid cells (Nt) over the last five years. The calculation method is
shown in Formula (1):

Nnx0+N1x1+N7x2+qu3

T =
No+N;+N,+Ng
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= 1X0+3X1+2x2+2%x3 13
202 |0 3|2 AT = =—=1.63
1+3+2+2 8
T || 2| 2 = 2X0+2X1+0X2+0%X3 2
B BT = =—=0.5
00|33 2+2+0+0 4

Figure 4. illustrates the overlay of water user groups and the calculation of average cultivation frequency.

Figure 5. Provides an example of the distribution of the rice cultivation frequency analysis results. In
addition, this study also rasterized the distribution maps of other crops to statistically analyze the
cultivation of non-rice crops over the three-year period.

2.5 Potential Abandoned Land

Farmland utilization patterns are influenced by a multitude of factors, including changes in farmers'
cultivation habits, adjustments in regional agricultural supply chains, an aging farming population, labor
shortages, accelerated urbanization, and shifts in the land conversion or rental markets. These factors
can lead to farmland being temporarily idled, left long-term idle, or even converted to non-agricultural
uses.

To accurately understand the actual cultivation status and potential fallow conditions of farmland, this
study integrated and overlaid crop cultivation maps for the entire year (including the first, second, inter-
crop, and year-round seasons) across four periods: 2013-2015, 2016-2018, 2019-2021, and 2022—
2024. Farmland that was not cultivated with any crops for three consecutive years was defined as
"potential fallow land" to assess the cultivation activity status of farmland in each region. An example of
the distribution of the potential fallow land analysis results is shown in Figure 5.

3. RESULTS AND DISCUSSION

This study completed a rasterization analysis of first-crop rice and all annual crop cultivation maps from
2013 to 2024. It calculated the three-year average first-crop rice cultivation frequency, first-crop
miscellaneous crop cultivation, and potential fallow land area for the 656 water user groups in the six
reservoir irrigation districts across four periods. The analysis results are explained below:
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3.1 Comparison of First-Crop Rice Cultivation Vector Maps and Rasterization Results

This study compared the areas of first-crop rice cultivation within the water user groups of the reservoir
irrigation districts from 2016 to 2024, using both the original vector maps and the data converted to 10m
x 10m raster cells. The results, summarized in Table 4, indicate that the difference in area between the
vector and raster data did not exceed 5 hectares for any water user group. This difference accounted
for no more than 6% of the total area of the water user group. On average, the differences were negative
across all six management offices. Furthermore, with the exception of the Hsinchu management office,
the magnitude of the minimum difference was greater than that of the maximum difference for the other
five management offices. Overall, the rasterized results were slightly smaller than the original vector
maps, but this data discrepancy had a negligible impact on the statistical analysis of crop cultivation
data within the water user groups.

Table 4. Comparison of Rasterization for Historical First-Crop Rice Cultivation Distribution Maps

Difference between Vector and Raster Data (ha), and Difference

Management Ratio of Area within Water User Group (%)
Office

2016 | 2017 | 2018 | 2019 2020 2021 2022 2023 2024 Avg

0.525 | 1.744 | 0.871 | 0.850 | 0.797 | 0.855 | 0.319 | 0.417 | 1.068 | 0.827

Max 1% 5% 5% 5% 1% 1% 1% 1% 1% 2%
) -5.827 | -4.538 | -6.381 | -6.407 | -2.113 | -2.123 | -5.639 | -5.194 | -6.337 |-4.951
Taoyuan Min -6% -4% -5% -5% -3% -2% -5% -5% -5% -5%
A -0.899 | -0.509 | -0.409 | -0.453 | -0.258 | 0.015 | -0.998 | -0.684 | -0.929 |-0.569
Vg

-1% -1% 0% -1% 0% 0% -1% -1% -1% -1%

Std Dev| 0.982 | 0.742 | 0.841 | 0.853 | 0.423 | 0.205 | 1.096 | 0.945 | 1.098 -

1.430 | 2.270 | 0.965 | 1.340 | 0.981 | 0.535 | 0.247 | 0.008 | 1.042 | 0.980

Max 5% 2% 1% 2% 1% 0% 0% 0% 1% 1%
) -4.612 | -3.767 | -1.785 | -1.639 | -1.783 | -0.426 | -3.451 | -2.989 | -3.128 |-2.620
Shimen Min -3% -3% -1% -3% -1% 0% -3% -4% -4% -2%
A -0.530 | -0.212 | -0.074 | -0.058 | -0.061 | -0.007 | -0.593 | -0.532 | -0.548 |-0.290
vg

0% 0% 0% 0% 0% 0% -1% -1% -1% 0%

Std Dev| 0.853 | 0.685 | 0.399 | 0.398 | 0.411 | 0.080 | 0.682 | 0.580 | 0.706 -

2.180 | 1.105 | 0.407 | 0.318 | 0.454 | 0.000 | 0.478 | 0.083 | 0.000 | 0.558

Max 5% 3% 1% 1% 1% 0% 1% 0% 0% 1%
) -0.373 | -0.532 | -0.082 | -0.170 | -0.085 | 0.000 | -0.465 | -0.385 | -0.540 |-0.292
Hsinchu Min -1% -2% 0% 0% 0% 0% -1% -1% -1% -1%
Avg 0.079 | 0.010 | 0.025 | 0.042 | 0.051 | 0.000 | -0.087 | -0.036 | -0.119 |-0.004
\Y

0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

Std Dev| 0.598 | 0.334 | 0.113 | 0.119 | 0.150 | 0.000 | 0.212 | 0.114 | 0.142 -

0.000 | 0.054 | 0.044 | 0.130 | 0.190 | 0.024 | 0.020 | 0.000 | 0.000 |0.051

Max 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
) -3.441 | -1.307 | -0.047 | -1.359 | -0.254 | -0.012 | -1.147 | -2.539 | -2.907 |-1.446
Miaoli Min -5% -6% 0% -2% -1% 0% -3% -3% -4% -3%
Avg -1.084 | -0.283 | -0.005 | -0.104 | -0.023 | 0.001 | -0.212 | -0.345 | -0.970 |-0.336
\Y

-2% -1% 0% 0% 0% 0% -1% -1% -2% -1%

Std Dev| 1.048 | 0.320 | 0.018 | 0.312 | 0.088 | 0.006 | 0.323 | 0.599 | 0.847 -

—_———————
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Difference between Vector and Raster Data (ha), and Difference
Management Ratio of Area within Water User Group (%)
Office

2016 | 2017 | 2018 | 2019 2020 2021 2022 2023 2024 Avg

0.342 | 0.986 | 1.570 | 1.406 | 1.411 | 0.168 | 7.787 | 0.004 | 0.000 |1.519

Max 0% 1% 2% 2% 2% 0% 5% 0% 0% 1%
] -9.479 | -8.462 | -2.095 | -1.840 | -1.193 | -0.200 | -5.075 | -7.087 | -6.744 |-4.686
Taichung Min -4% -3% -2% -2% -1% 0% -3% -4% -5% -3%
A -1.331 | -0.687 | -0.089 | -0.069 | -0.064 | -0.005 | -0.596 | -1.062 | -1.369 |-0.586
vg

-1% -1% 0% 0% 0% 0% -1% -1% -1% -1%

Std Dev| 1.743 | 1.215 | 0.585 | 0.511 | 0.465 | 0.045 | 1.245 | 1.233 | 1.398 -

0.186 | 0.000 |11.278| 0.874 | 0.823 | 0.189 | 0.143 | 0.152 | 0.081 | 1.525

Max

2% 0% 10% 1% 1% 1% 0% 0% 0% 2%
) -6.414 | -5.796 | -5.188 | -4.681 | -4.763 | -0.460 | -8.001 | -0.774 | -7.920 |-4.889
Chianan Min -5% -4% -3% -3% -4% 0% -5% -3% -5% -4%
A -1.732 | -1.254 | -0.254 | -0.291 | -0.283 | -0.001 | -1.544 | -0.024 | -2.253 |-0.849
Vg

-2% -1% 0% 0% 0% 0% -2% 0% -2% -1%

Std Dev| 1.510 | 1.118 | 1.224 | 0.888 | 0.842 | 0.044 | 1.619 | 0.097 | 1.754 -

3.2 Three-Year Average First-Crop Rice Cultivation Frequency and Trends

The three-year average first-crop rice cultivation frequency for four periods—2013-2015, 2016—-2018,
2019-2021, and 2022-2024—was analyzed, and the results are presented in Tables 5 to 8.

Based on the average cultivation frequency for each period, the Zengwen-Wushantou Reservoir district
under the Chianan management office consistently had the highest frequency from 2013-2015, 2016—
2018, to 2019-2021. The second and third highest were the Shimen Reservoir district and the Liyutan
Reservoir district under the Taichung management office, respectively, while the Mingde Reservoir
district under the Miaoli management office consistently had the lowest frequency. In the 2022—-2024
period, the Shimen Reservoir district had the highest frequency, followed by the Liyutan Reservoir
district, with the Mingde Reservoir district remaining the lowest. In summary, the Mingde Reservoir
district had the lowest first-crop rice cultivation frequency over the years, while the Chianan management
office had the highest. However, the average first-crop rice cultivation frequency in the Chianan
management office for the 2022-2024 period decreased due to the comprehensive water-saving
measures implemented only in this region in 2023.

Furthermore, the minimum three-year average first-crop rice cultivation frequency was 0 for all four
periods in the Taoyuan, Shimen, Hsinchu, and Puzi Branch of the Chianan management offices. This
suggests that some water user groups in these areas may have ceased planting rice in the first crop
season for an extended period, possibly due to urbanization or changes in farming habits.

This study created a trend line graph for the three-year average first-crop rice cultivation frequency since
2013, as shown in Figure 6. Using the least squares method, the cultivation frequency trends for the
four periods were calculated, and the number of water user groups with increasing and decreasing
frequencies was summarized in Table 9. The results show that the three-year average first-crop rice
cultivation frequency in the northern and central irrigation districts, including Shimen, Baoshan, Mingde,
and Liyutan reservoirs, generally showed an increasing trend year by year. This trend was most
significant in the Taoyuan, Shimen, and Mingde reservoir districts. In contrast, the Deji and Zengwen-
Wushantou reservoir districts generally showed a decreasing trend year by year. Specifically, for the
Chianan management office, only 11 water user groups showed an increasing average cultivation
frequency, while the remaining 149 water user groups showed a decreasing trend.

—_———————
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Table 5. Average First-Crop Rice Cultivation Frequency Trends by Management Office in Period of 2013-2015.

Reservoir Irrigation

District Management Office Avg middle value Min Max

Taoyuan 1.38 1.45 0.00 2.23

Shimen Reservoir Shimen 191 1.97 0.00 2.69

Whole Area 1.53 1.55 0.00 2.69

B(g‘;]j;]agr;ﬁgsv‘f/;"i?)" Hsinchu 1.10 1.38 0.00 158

Mingde Reservoir Miaoli 0.77 0.75 0.15 1.52

Liyutan Reservoir 1.74 1.73 1.31 2.38
" ; Taichung

(Sgﬂ;isgeg;’;) 1.35 151 0.10 2.04

Xinhua Branch 2.20 2.17 1.93 2.54

Madou Branch 2.54 2.55 2.13 2.82

) Xinying Branch 2.55 2.66 1.22 291

Zengwen-Wushantou | Chianan Chiayi Branch 1.74 171 1.45 2.02

Reservoir

Puzi Branch 1.51 1.69 0.00 2.02

Baihe Branch 0.78 0.82 0.27 1.30

Whole Area 2.09 2.13 0.00 291

Whole Area 1.64 1.63 0.00 291

Table 6. Average First-Crop Rice Cultivation Frequency Trends by Management Office in Period of 2016-2018.

Reservoir Irrigation

District Management Office Avg middle value Min Max

Taoyuan 2.15 2.30 0.00 2.79

Shimen Reservoir Shimen 2.08 2.15 0.00 2.61

Whole Area 2.13 2.25 0.00 2.79

Bg;}zmzmgsvfgi‘r’)" Hsinchu 1.49 1.63 0.00 218

Mingde Reservoir Miaoli 0.95 0.94 0.47 1.36

Liyutan Reservoir 2.38 242 1.86 2.66
" ; Taichung

(Sgﬂ;isgeg;’;) 1.43 153 0.16 213

Xinhua Branch 1.93 1.97 1.60 2.17

Madou Branch 241 240 2.00 281

] Xinying Branch 2.49 2.59 1.35 2.92

Zengwen-Wushantou Chianan Chiayi Branch 2.50 2.50 2.12 2.86

Reservoir

Puzi Branch 2.15 2.47 0.00 271

Baihe Branch 2.13 2.23 1.70 2.60

Whole Area 2.39 2.48 0.00 2.92

Whole Area 2.12 2.29 0.00 2.92
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Table 7. Average First-Crop Rice Cultivation Frequency Trends by Management Office in Period of 2019-2021.

Reservoir Irrigation

District Management Office Avg middle value Min Max

Taoyuan 1.73 1.75 0.00 2.43

Shimen Reservoir Shimen 1.66 171 0.00 2.05

Whole Area 1.71 1.73 0.00 2.43

Bg;}zmzmgsvfgi‘r’)" Hsinchu 1.09 1.29 0.00 1.84

Mingde Reservoir Miaoli 0.91 0.74 0.55 1.66

Liyutan Reservoir 1.63 1.55 1.27 2.45
" ; Taichung

(Sgﬂ;isgeg;’;) 1.32 1.42 0.18 1.80

Xinhua Branch 1.58 1.59 1.28 1.77

Madou Branch 1.76 1.74 1.37 2.15

) Xinying Branch 1.82 1.86 1.24 1.98

Zengwen-Wushantou Chianan Chiayi Branch 1.78 1.79 1.29 1.94

Reservoir

Puzi Branch 1.57 1.80 0.00 1.91

Baihe Branch 1.48 151 1.26 181

Whole Area 1.73 1.81 0.00 2.15

Whole Area 1.65 1.73 0.00 2.45

Table 8. Average First-Crop Rice Cultivation Frequency Trends by Ma

nagement Office in Period of 2022-2024.

Reservoir Irrigation

District Management Office Avg middle value Min Max

Taoyuan 2.15 2.30 0.00 2.85

Shimen Reservoir Shimen 231 2.37 1.00 2.83

Whole Area 2.19 2.33 0.00 2.85

Bg;}zmzmgsvfgi‘r’)" Hsinchu 1.47 171 0.00 2.32

Mingde Reservoir Miaoli 1.15 0.98 0.60 1.76

Liyutan Reservoir 2.06 2.06 1.59 2.64
i ; Taichung

(Sgﬂ;isgeg;’;) 1.41 1.44 0.50 2.24

Xinhua Branch 121 1.23 0.96 1.48

Madou Branch 1.44 1.44 1.06 1.75

] Xinying Branch 1.02 0.97 0.64 1.66

Zengwen-Wushantou Chianan Chiayi Branch 1.76 1.76 1.50 1.96

Reservoir

Puzi Branch 1.53 1.77 0.00 1.95

Baihe Branch 1.44 141 121 1.73

Whole Area 1.40 1.61 0.00 1.96

Whole Area 1.90 1.98 0.00 2.85

94




4% World Irrigation Forum WG-CLIMATE
7-13 September 2025, Kuala Lumpur, Malaysia Paper No.09

Table 9. Statistical Count of Water User Groups by Their Three-Year Average Rice Cultivation Frequency.

Reservoir Irrigation

- Management Office increase decrease
District
Taoyuan 259 93% 21 8%
Shimen Reservoir
Shimen 84 80% 21 20%
Baoshan Reservoir . 0 0
(Shangping Wei) Hsinchu 8 67% 4 33%
Mingde Reservoir Miaoli 16 94% 1 6%
Liyutan Reservoir 27 66% 14 34%
i ; Taichung
Deji Reservoir o o
(Shihgang Dam) 19 46% 22 54%
Xinhua Branch 0 0% 5 100%
Madou Branch 0 0% 33 100%
Zengwen-Wushantou Chianan Xinying Branch 1 2% 48 98%
Reservoir Chiayi Branch 1 3% 37 97%
Puzi Branch 5 17% 25 83%
Baihe Branch 4 80% 1 20%
Shimen Reservoir (Taoyuan) Shimen Reservoir (Shimen)
Baoshan Reservoir Mingde Reservoir
Liyutan Reservoir Deji Reservoir
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Zengwen-Wushantou Reservoir (Xinhua Zengwen-Wushantou Reservoir (Madou
Branch) Branch)

Zengwen-Wushantou Reservoir (Xinying Zengwen-Wushantou Reservoir (Chiayi
Branch) Branch)

Zengwen-Wushantou Reservoir (Puzi Branch Zengwen-Wushantou Reservoir (Baihe
) Branch)

Figure 6. Trend Line Graph of the Three-Year Average First-Crop Rice Cultivation Frequency

3.3 Cultivation Area of Other Crops in the First Crop Season

This study analyzed the area of non-rice crops cultivated during four three-year periods: 2013—-2015,
2016-2018, 2019-2021, and 2022—2024. The results are summarized in Table 10, and the trends in the
cultivation area of other crops for each region are shown in Figure 7 and Table 11.

Overall, the area dedicated to other crops within each reservoir irrigation district's water user groups is
relatively small compared to the total district area. This indicates that most farmers still prioritize rice
cultivation during the first crop season. Among the districts, the Liyutan and Zengwen-Wushantou
reservoir irrigation districts showed a higher tendency to plant other crops during the first crop season,
but this area only accounted for a maximum of 10% of the non-fallow land within the districts. In contrast,
the Baoshan and Deji reservoir irrigation districts had almost no cultivation of other crops.

Regarding the trends in cultivation, the total area of other crops in the Shimen and Liyutan reservoir
irrigation districts is on the rise. However, within the Shimen district, most water user groups show a
decreasing trend in other crop cultivation. Conversely, the total area of other crops in the Mingde and
Zengwen-Wushantou reservoir irrigation districts is decreasing, and a majority of their water user groups
also show a downward trend in other crop cultivation.
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Table 10. Statistical Count of Water User Groups by Their Three-Year Average Rice Cultivation Frequency.

Reser‘lgci"srtr'ir:tga“on Manc‘;"fgﬁirgem 2013-2015 2016-2018 2019-2021 2022-2024 Trends
Taoyuan 71 0.76% 183 1.67% 149 | 1.33% 156 1.50% increase
Shimen Reservoir Shimen 0 - 4 0.10% 1 0.03% 3 0.08% Increase
Whole Area 71 0.53% 187 1.23% 150 | 0.99% 159 1.12% Increase
Baoshan Reservoir .
(Shangping Weir) Hsinchu 0 - 0 - 0 - 0 - -
Mingde Reservoir Miaoli 62 | 11.01% 8 1.54% 0 - 0 - decrease
Liyutan Reservoir 273 6.97% 287 7.29% | 358 | 9.61% | 369 | 10.09% Increase
" ; Taichung
(ggﬂ;isgeg;’;) 0 . 0 . 1 | 009% | o . Increase
Xinhua
Branch 0 B 0 B 0 B 0 B B
g"g:fc“r’] 4 | 014% | 27 | 091% | 17 | 060% | 33 | 1.27% | Increase
ég}'gﬁ 153 | 3.00% | 63 | 1.22% | 4 | 009% | 64 | 1.37% | decrease
Zengwen- Chianan —
V‘F’{‘fsg?\r/‘é?r” Bcrgfgrl] 4 | 010% | 35 | 085% | 8 | 021% | 38 | 0.99% | Increase
BrPauanlh 40 | 140% | 63 | 222% | 39 | 1.43% | 39 | 1.44% | decrease
Baihe o o o o
Bronen | 186 [23.82% | 174 | 21.60% | 154 | 19.76% | 133 |17.41% | decrease
Whole Area 387 2.40% 362 2.23% 223 | 1.45% 307 2.07% decrease
Whole Area 793 | 2.22% | 844 | 2.34% |732 | 2.99% | 1,302 | 3.78% | increase

Figure 7. Trend Line Graph of the Cultivation Area of Other Crops in the First Crop Season over Three Years.
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Table 11. Statistical Trends of the Cultivation Area of Other Crops in the First Crop Season over
Three Years within Water User Groups

Reservqir |_rrigati0n Management Office increase decrease
District
Taoyuan 91 33% 189 68%
Shimen Reservoir Shimen 5 5% 100 95%
Whole Area 96 25% 289 75%
Baoshan Reservor Hsinchu 0 : 0 :
Mingde Reservoir Miaoli 0 0% 17 100%
Liyutan Reservoir 23 56% 18 44%
i ; Taichung
(Sgﬂ;isgeg;’;) 3 % 38 93%
Xinhua Branch 0 0% 5 100%
Madou Branch 16 48% 17 52%
Xinying Branch 8 16% 41 84%
Zengwen-Wushantou | ~p.onan | chiayi Branch 18 47% 20 53%
Reservoir
Puzi Branch 3 10% 27 90%
Baihe Branch 1 20% 4 80%
Whole Area 46 29% 114 71%
Whole Area 168 26% 476 74%

3.4 Proportion of Potential Fallow Land

This study analyzed the area of farmland that had no cultivation of rice or any other crops during any
season over three years, for four periods: 2013-2015, 2016-2018, 2019-2021, and 2022-2024. This
farmland is considered to have a potential fallow risk. The area statistics are shown in Table 10, the
count of water user groups by percentage range is in Table 12, and the area trends over the four periods
are in Table 11 and Figure 8.

The analysis shows that the proportion of fallow land in the Shimen, Baoshan, Mingde, and Deji reservoir
irrigation districts exceeded or was close to 50%. The highest proportion of fallow land was in the
Baoshan Reservoir district, where the area did not exceed 500 hectares, but the proportion reached as
high as 77%. The Shangping Weir irrigation district is adjacent to the Hsinchu Science Park, and it is
inferred that regional industrial park development may have affected irrigation water sources and the
entire agricultural supply chain, leading to a reduction in crop cultivation. In contrast, the Liyutan and
Zengwen-Wushantou reservoir irrigation districts had a low proportion of fallow land, ranging from 14%
to 21%, indicating that agricultural cultivation was maintained.

Among all reservoir irrigation districts, the area of potential fallow land showed an increasing trend, with
the exception of the district under the Taoyuan management office. As shown in Table 12, within the
Shimen Reservoir district, the number of water user groups with a high proportion of fallow land gradually
decreased, while the number of water user groups with a low proportion of fallow land gradually
increased. The other reservoir districts showed the opposite trend.
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Table 12. Statistical Area of Potential Fallow Land over Three Years

Reservoir Irrigation

District Management Office 2013-2015 2016-2018 2019-2021 2022-2024 Trends

Taoyuan 11,869 56% 10,370 49% 10,140 48% 10,863 | 51% decrease

Shimen Reservoir Shimen 6,590 62% 6,348 60% 6,646 63% 6,823 | 64% Increase

Whole Area 18,459 58% 16,719 52% 16,786 53% 17,686 | 56% decrease

Baoshan Reservoir Hsinchu 49 | 7% | 425 73% 436 75% 452 | 71% | Increase

(Shangping Weir)

Mingde Reservoir Miaoli 414 42% 473 48% 510 52% 532 55% Increase

Liyutan Reservoir 796 17% 763 16% 982 21% 1,047 | 22% Increase
Taichung

Deji Reservoir (Shihgang 1684 | 54% | 1647 | 5% 1,862 59% 1,800 | 60% | Increase

Dam)
é;gzgﬁ 190 | 38% 190 38% 220 44% 243 | 49% | Increase
g";ﬂgﬂ 935 | 24% | 880 23% 1,087 28% 1,285 | 33% | Increase
ég‘gﬁ 555 10% 470 8% 774 14% 998 | 18% | Increase
Zengwen-Wushantou | Chianan Chiayi

Reservoir Brangh 352 8% 423 9% 620 14% 683 15% Increase

Puzi 0 0 0 0
Brarcn | 494 | 15% | 489 15% 572 1% 611 | 18% | Increase

Baihe 0 0 0 0
Barcn | 143 | 16% 121 13% 145 16% 159 | 17% | Increase
Whole Area 2670 | 14% | 2,573 14% 3,418 18% 3978 | 21% | Increase
Whole Area 24441 | 4% |22600| 38% | 23994 | 40% | 25584 | 43% | Increase

Table 13. Statistical Count of Water User Groups by Percentage of Potential Fallow Land

'frffzrt‘l’g:]’ Mam”:rﬂe' oo 0% | 10% | 20%- | 30%- |40%-| 50%- | 60%- |70%-| 80%- |90%KL
ngct Office y 10% | 20% | 30% | 40% |50% | 60% | 70% |80% | 90% Lt
2013~2015 1 12 38 28 28 | 37 39 43 25 29
2016~2018 0 16 44 33 47 | 53 39 18 16 14

Taoyuan
2019~2021 0 19 50 33 41 | 55 33 22 1 16
2022~2024 0 6 48 40 43 | 49 36 18 14 26
2013~2015 0 0 2 12 15 | 19 12 20 1 14
Shimen shimen 2016~2018 0 0 3 13 18 | 17 16 17 10 1
Reservoir 2019~2021 0 0 2 7 14 | 22 19 18 11 12
2022~2024 0 0 1 5 15 | 18 23 19 10 14
2013~2015 1 12 40 40 43 | 56 51 63 36 43
2016~2018 0 16 47 46 65 | 70 55 35 26 25

Whole Area
2019~2021 0 0 4 14 28 | 44 38 36 22 24
2022~2024 0 6 49 45 58 | 67 59 37 24 40

—_———————
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'frffzrt‘l’g:]’ Mam”:rﬂe' oar 0% | 10% | 20%- | 30%- |40%-| 50%- | 60%- |70%-| 80%- |90%KL
Digstrict Office y 10% | 20% | 30% | 40% |50% | 60% | 70% |80% | 90% i3
2013~2015 0 0 0 0 3 1 1 3 0 4
Baoshan

Resenvoir _ 2016~2018 0 0 0 0 3 1 1 3 0 4

Shandoin Hsinchu
(Shangping 2019~2021 0 0 0 0 2 2 0 3 1 4

Weir)

2022~2024 0 0 0 0 1 2 1 3 1 4
2013~2015 0 2 1 5 5 0 2 1 1 0
Mingde o 2016~2018 0 1 1 3 4 2 3 2 1 0
Reservoir 2019~2021 | 0 1 1 0 6 3 2 1 2 1
2022~2024 0 1 0 1 4 5 1 2 2 1
2013~2015 6 24 8 1 2 0 0 0 0 0
Liyutan 2016~2018 5 25 9 1 0 1 0 0 0 0
Reservoir 2019~2021 2 16 18 4 1 0 0 0 0 0
2022~2024 1 16 18 5 0 1 0 0 0 0

Taichung
2013~2015 0 0 1 5 10 | 10 10 4 1 0
Deji Reservoir 2016~2018 0 0 0 1 4 14 1 9 2 0
(Shihgang Dam) 2019~2021 | 0 0 0 1 5 | 15 10 9 1 0
2022~2024 0 0 0 1 4 14 1 9 2 0
2013~2015 | 80 45 16 6 8 1 0 2 0 2
Zengwen- 2016~2018 | 79 51 12 6 6 2 0 2 0 2

Wushantou Chianan
Reservoir 2019~2021 | 44 61 32 7 7 5 0 2 0 2
2022~2024 | 27 63 37 13 10 3 3 2 0 2
2013~2015 | 87 83 66 57 71 | 68 64 73 38 49
2016~2018 | 84 93 69 61 92 | 84 67 47 28 31

Whole Area

2019~2021 | 46 97 103 52 76 | 102 64 55 26 35
2022~2024 | 28 86 104 65 7] 2 75 53 29 47

Figure 8. Trend Line Graph of Potential Fallow Land Area.
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Table 14. Statistical Trends of Potential Fallow Land Area over Three Years within Water User Groups

Reservqir I_rrigation Management Office increase decrease
District
Taoyuan 101 36% 183 64%
Shimen Reservoir Shimen 73 68% 34 32%
Whole Area 174 45% 217 55%
Baoshan Reservor Hsinchu 9 : 0 :
Mingde Reservoir Miaoli 17 89% 2 11%
Liyutan Reservoir 37 90% 4 10%
" ; Taichung
(Sgﬂ;isgeg;’;) 38 93% 3 %
Xinhua Branch 4 57% 3 43%
Madou Branch 32 84% 6 16%
Xinying Branch 48 84% 9 16%
zengwen-Wushantou | o0 | Chiayi Branch 38 79% 10 21%
Reservoir
Puzi Branch 25 57% 19 43%
Baihe Branch 3 43% 4 57%
Whole Area 150 75% 51 25%
Whole Area 425 61% 277 39%

4, CONCLUSIONS

This study, using satellite-identified crop cultivation maps from TARI and rasterized data analysis,
systematically analyzed the first-crop rice cultivation frequency from 2013 to 2024 in six reservoir-based
irrigation districts: Shimen, Baoshan (Shangping Weir), Mingde, Liyutan, Deji (Shihgang Dam), and
Zengwen-Wushantou. It further evaluated the distribution of other crops and the area and changing
trends of potential fallow land. This analysis provides an important basis for competent authorities to
allocate agricultural subsidy resources, adjust irrigation plans, and promote farmland utilization policies,
which also helps strengthen the adaptability and resilience of Taiwan’s agricultural sector in the face of
climate change and water resource competition.

The study found that in districts with stable irrigation conditions and active agricultural production, such
as Liyutan and Shimen reservoir districts, rice cultivation frequency has remained high or shown an
increasing trend in recent years. In contrast, the irrigation districts under the Chianan management
office, particularly those affected by the comprehensive water-saving policy in 2023, experienced a
decline in the average first-crop rice cultivation frequency. Districts like Baoshan, Mingde, and Deji have
long been characterized by low cultivation frequency and a high proportion of potential fallow land, which
is presumed to be related to local agricultural conditions, an aging farming population or career changes,
irrigation water instability, and urbanization pressures on farmland. Furthermore, this study established
a spatial distribution dataset for potential fallow land, defined as land without any crop cultivation for
three consecutive years. The results show that the fallow proportion in the Baoshan district is over 70%,
while in the Liyutan and Zengwen-Wushantou districts, it is mostly below 20%.

As for the overall trend, farmland utilization is influenced by a combination of multiple factors, and
changes in first-crop rice area alone cannot fully explain the context of regional agricultural shifts. In the
future, we can continue to deepen the integration and application of remote sensing maps and irrigation
data to identify cultivation hotspots and potential cease-to-cultivate areas. For regions with high
cultivation frequency, it is recommended to strengthen the promotion of agricultural water facilities and

—_———————
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adopt more precise water resource management strategies. For areas with persistently low cultivation
frequency and a concentration of potential fallow land, these should be prioritized for policy intervention.
This could be achieved by guiding transitions to dry-land crops, enhancing subsidy incentives, and

promoting effective water allocation to strengthen the sustainable management of land resources and
the resilience of agricultural production.
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CHALLENGES TO IRRIGATED AGRICULTURE IN NEPAL IN
THE CONTEXT OF CLIMATE CHANGE

Saroj Karki', Suchana Acharya?, Tikaram Baral®, Sanjeeb Baral*

ABSTRACT

Water resources and agriculture serve as vital pillars of livelihood and socio-economic development for
a significant portion of the Nepalese population and the nation as a whole. Nepal's vulnerability to
climate change is widely recognized given its geographical, social and economic realities. In recent
years, climate change has notably affected water resources, posing challenges to their effective
development and utilization. This impact has far-reaching consequences on various aspects of
socioeconomic development. Irrigation emerges as a multifaceted solution, supporting agricultural
growth, ensuring food security, and aiding in climate change mitigation by supplying water during dry
periods. However, the allocation of water resources for irrigation development faces constraints. This
review delves into the diverse facets of climate change's influence on Nepal's water resources and
irrigated agriculture, analyzing its socio-economic, financial, and economic dimensions. Finally, the
existing policies and priorities in addressing climate change impact on water resources and irrigation
are discussed and suggested some measures for future action plan.

Keywords: Water resources, agriculture, Irrigation, Climate change, food security
1. INTRODUCTION

Climate change is one of the top global issues of current time whose impact is felt across diverse sectors
of social, economic, environmental systems in almost every nations. The sixth assessment report (AR6)
of inter-governmental panel on climate change (IPCC) indicate that approximately 3.3 to 3.6 billion
people reside in circumstances that are highly vulnerable to climate change. Among them, region and
people with limited development capacity are at higher vulnerability to climatic hazards (Calvin et al.,
2023). The report raises concern regarding the increased frequency of extreme weather and climate
events, which have left millions of individuals vulnerable to severe food shortages and diminished
access to clean water. These adverse effects are particularly pronounced in numerous regions and
communities across Africa, Asia, Central and South America, as well as in least developed countries
(LDCs). Water resources and the global climate change crisis is inextricably linked (UN-Water, 2019).
Anticipated climate change impacts are likely to worsen water shortages and scarcity, while also having
a detrimental impact on agricultural output (FAO, 2020). In this context, food security lies at the core of
every nation’s policies, planning and sustainable future, given the underlying vulnerability of increasing
population, climate risks, pandemic, war and global geo-politics among others. The sustainable
development goals (SDGs) which are also centered on alleviating poverty and ending hunger also
requires ensuring food security. It is estimated that the food production needs to be increased by 70%
to meet the global demand by 2050(FAO, 2009). The irrigated agriculture contributes about 40% of
global production in 20% of the agriculture land (van Dijk et al., 2021; World Bank, 2022). Enhancing
agricultural production and productivity requires several inputs; irrigation, fertilizers, seeds, agriculture
extension service, energy, transportation, etc. Providing sufficient water through irrigation in a timely
and reliable manner is critical to crop growth and hence the production. Irrigation systems are developed
to assure water to crops and hence reduce the uncertainty associated with rainfall dependent
agriculture. In this regard, any challenges to sustainable development and management of irrigation
systems will sure to have an impact on the agricultural development. Irrigation and agriculture sector is

1 Ministry of Water supply, Irrigation and Energy, Koshi Province, Nepal

2 Department of Water Resources and Irrigation, Government of Nepal

8 Water and Energy Commission Secretariat, Government of Nepal

4 Water Resources Research and Development Center, Government of Nepal
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already inflicted by several natural and anthropogenic factors. Not only the future development of
irrigation needs to be climate resilient but also the existing irrigation systems should be managed in a
way that is adapted to the uncertainty of climate change. To address the challenges of climate change
on irrigation and agriculture, first a review of the current status and the challenges pertaining to climate
change on the irrigated agriculture needs to be understood. The adaptation strategies, climate resiliency,

mitigation measures, etc. needed for the sustainability of irrigated agriculture can only be formulated
and implemented after understanding the impending impacts of climate change.

The impact of climate change on water availability, streamflow, snowmelt, agricultural yield,
temperature, etc. has been studied by many researchers (Abbaspour et al., 2009; Gurung et al., 2013,
2015; Shrestha & Aryal, 2011; Speaker & Kim, 2017; S & Joseph, 2023). The impact assessment of
climate change in water resources is crucial for efficient, effective and sustainable planning and
development of water resources. However, the potential impact across irrigation sector has not been
covered in detail in most of the previous studies (Elnashar & Elyamany, 2023; Fischer et al., 2007;
McDonald & Girvetz, 2013; Woznicki et al., 2015). Impact of climate change on the performance of
existing irrigation systems, water availability under climate change, future irrigation development, etc.
could be vital in aligning irrigation development with climate change impacts. In this context, the
objective of this chapter is to briefly review and identify the challenges of climate change that affect the
sustainable development and management of irrigation. And finally, propose potential adaptation and
mitigation measures to the impact of climate change in irrigation.

2. CLIMATE CHANGE AND WATER RESOURCES IN NEPAL

Nepal is characterized by diverse geography that consists of Terai plains, hills and high mountains.
Elevation vary as low as 60m in the plains to the high of 8848m above mean sea level within a span of
less than 200km (Karki et al., 2023). As a result, diverse climatic conditions are inherent to different
regions. Climatic variables like precipitation, temperature, evapotranspiration display significant spatial
and temporal variation. Nepal receives in average about 1500mm of precipitation annually, over two-
third of which occurs in the month of June to September (Water and Energy Commission Secretariat
(WECS), 2011). About 42% area of Nepal is covered by forest while agricultural land make up nearly
26% (Forest Research and Training Centre, 2022). Nepal possesses abundant natural resources,
primarily in the form of water and forests. Freshwater, sourced from glaciers, snowmelt, and rainfall,
constitutes approximately 2.27% of the world's total supply (World Bank, 2021). Nepal consists of more
than 6000 rivers of different sizes that contributes about 225 billion cubic meters (BCM) of surface water
as depicted in Fig.1. Less than 10% of this water is currently in use (Water and Energy Commission
Secretariat (WECS), 2011). In addition, about 13 BCM of rechargeable groundwater is also available.
Water resources is recognized as the key sector whose sustainable development and management can
significantly contribute towards the socio-economic growth and the prosperity of the country(Water and
Energy Commission Secretariat, 2002). However, the availability of water across different rivers and
regions is not consistent throughout the year which is characterized by spatio-temporal variability.
Furthermore, the climate change has posed a challenge on the sustainability of water resources and
hence their utilization.

Rivers originate at different physiographic regions in Mountains, Hills and Chure-Terai and are
characterized as snowfed, springfed, rainfed, etc. The large and the major river basins Koshi, Gandaki
(Narayani), Karnali and Mahakali originate from the Himalayas and are all dominantly snowfed. Medium
size river basins like Kankai, Kamala, Bagmati, West Rapti, Babai, etc. originate in the mid-hills and are
combination of springfed and rainfed. In addition, several small rivers originate in the Chure-Terai region
which are intermittent to ephemeral in nature. River flow fluctuates between the seasons as affected by
the temporal climatic variability. The mean monthly flow of large-size Himalayan rivers and medium-size
rivers are shown in Fig.2 (a & b).
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Figure 1 Physiographic divisions and river of Nepal

Figure 2 Typical flow pattern of Nepalese rivers

River flows are utilized at the community/household scale locally to regional and national scale.
Irrigation, hydropower, water-supply, industrial use, religious use are some of the sectors of water use
in Nepal. Projects on irrigation, hydropower in Nepal have been developed mostly in the medium-sized
river basins and tributaries of major river basins. Hydropower and irrigation projects that are designed
on the basis of long-term available dependable flows are affected by the change in magnitude and timing
of river flows due to climate change. Irrigation/agriculture sector accounts for nearly 96% of the total
water use in Nepal (Water and Energy Commission Secretariat (WECS), 2011). Not only the existing
water resources projects under operation are affected, the development potential of the available water
resources could be restricted by the impact of climate change in the long-term.

Several studies have been conducted to analyze the impact of climate change on water resources of
Nepal (Bharati et al., 2014; Chaulagain, 2009; ICIMOD, 2009). Climate change has increased the risk
of GLOF, timing and magnitude of snowmelt, reduced soil moisture due to increased evaporation,
hydrological drought, etc. Food security and water security have been adversely affected due to climate
—_— e ——
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change hindering the efforts to meet SDGs. Climatic and non-climatic driver have resulted in nearly half
of the world’s population experiencing severe water scarcity for at least part of the year. The agricultural
growth has also slowed due to climate change. Additionally, substantial damages with irreversible losses

in terrestrial and freshwater systems, hydrological changes resulting from the retreat of glaciers, climate
hazards, are the notable impacts of climate change on water resources (Calvin et al., 2023).

The major effect of climate change on Nepalese water resources can be divided into three broad
aspects; change in snowmelt and retreat of glaciers, increased climate extremes and the shifting of
climatic patterns. The change in magnitude and timing of snowmelt runoff affects the flow availability
across seasons, water reserve in the form of snow while the retreat of glacier increases the risk of glacier
lake outburst floods (GLOFs) and the impact to downstream communities and projects. Similarly,
increased climate extremes like cloud outburst, high intensity rainfall could result in substantial socio-
economic damages due to flood and landslide hazards while the long spell of drought could lead to
losses in agriculture outputs. Shifting climatic patterns in the form of change in average temperature,
rainfall, and climatic zones will have effect on the livelihood, agricultural production, shift in hydrological
regime of rivers, reduced potential of water resources projects, etc.

3. IRRIGATED AGRICULTURE IN NEPAL

Agriculture is a key primary sector of Nepalese economy that contributes about one-quarter to the
national GDP while nearly two-thirds of population are associated to agriculture sector in different forms.
Out of the total 14.779 million hectares of land area of Nepal, 3.557 million hectares (24%) area is
cultivable in the form of level terrace, sloping terraces, valley, tar and plains of the Terai (Department of
Water resources and Irrigation, 2024). Of the cultivable land, 2.536 million hectares (71% approximately)
is classified as suitable for irrigation of some types as per the recent draft of Irrigation master plan of
Nepal, 2018 published by the Department of Water resources and Irrigation, Nepal. But there are
inconsistencies in data as some studies suggest total cultivable land to be around 29% of the area of
Nepal. Currently about 1.53 million hectares of land are equipped with some forms of irrigation service.
1.01 million hectares are covered by surface irrigation schemes while groundwater sources provide
irrigation water to the remaining 0.51 million hectares.

The cropping season in Nepal can be broadly divided into three groups; 1) Main or monsoon season
(July-October), 2) Winter season (November-February) and 3) Summer season (March-June) (CIAT et
al., 2017).

Rice, maize and wheat are the major food crops that occupies about 31%, 20% and 15% of the total
cultivated area in Nepal (Ministry of Agriculture & Livestock Development, 2022). The details on different
types of crops along with their cultivated area and production for the year 2020/21 is given in Table 1
and 2. Oilseeds, potato, sugarcane are major cash crops while vegetables, cardamom, tea are high
value crops in terms of market value. The agricultural productivity is well below the regional and global
averages. Lack of timely availability of good quality seeds, fertilizers, market uncertainty and low return,
farmer’s friendly policy, low commercialization, traditional subsistence agriculture with lack of
technological adoption, etc. are some of the constraints to the sustainable growth of agriculture sector
in Nepal. Apart from these, the high dependence on monsoon rainfall due to the lack of sufficient
irrigation water/services is a major concern. Both during the main cropping season and winter cropping
season, timely and sufficient rainfall has direct impact on the agricultural production.
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Table 1. Major food crops (cereal and pulses crops) with their production

(Ministry of Agriculture & Livestock Development, 2022)

A Cereal crop Area (Hectares) Production (m/t)
1 Paddy 1,473,474 5,621,710
2 Maize 979,776 2,997,733
3 Wheat 711,067 2,127,276
4 Millet 265,401 326,443
5 Buckwheat 13,875 15,917
6 Barley 21,862 29,433
Total 3,465,455 11,118,512
B Pulses Area (Hectares) Production (m/t)
1 Lentil 202,416 246,092
2 Chickpea 9,840 11,065
3 Pigeon Pea 16,591 16,649
4 Black Gram 24,500 21,633
5 Grass Gram 10,456 11,965
6 Horse Gram 13,311 15,453
7 Soyabean 25,758 32,178
8 Others 32,262 39,320
Total 335,143 394,355
Table 2. Major cash and other crops with their production
A Cash Crops Area (Hectares) Production (m/t)
1 Oilseeds 259,101 287,038
2 Potato 198,788 3,325,231
3 Sugarcane 64,354 3,183,943
4 Jute 7,415 10,451
5 Cotton 142 147
Total 529,800 6,806,810
B Other Crops Area (Hectares) Production (m/t)
1 Fruits (productive area) 128,733 1,356,218
2 Vegetables 284,121 3,993,167
3 Tea 16,917 23,745
4 Coffee 3,052 315
5 Large Cardamom (Productive area) 15,668 8,289
6 Ginger 21,912 279,206
7 Garlic 9,784 72,490
8 Turmeric 10,340 105,719
9 Dry Chili 12,525 87,731
Total 503,052 5,926,880
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In this context, the role of irrigation as a key input for enhancing production and productivity cannot be
overlooked. Irrigation has played a crucial role in supporting the agriculture in large areas of Terai plains
as well as in the hills of Nepal. Fig. 3 depicts the distribution of irrigated command areas across Nepal.
As it can be seen that the large command areas lie in the lower plains whereas the small command
areas lie in the hills. Medium to small irrigation schemes in Hills and Terai, fully developed and managed
by the farmers, are known as Farmer Managed irrigation systems (FMIS) which account for over 50%
of the total irrigated areas. The larger schemes in the plains are agency managed (Agency Managed
Irrigation Systems, AMIS) or jointly managed by the agency and Water Users’ Association (JMIS). The
prevailing challenges to the irrigated agriculture in Nepal are as follows;

¢ Reduced water availability in run-of-the river irrigation schemes in dry season
¢ No storage projects
o Low water use efficiency resulting in weak performance of the system.

e Ageing infrastructure and lack of proper management, operation and maintenance due to
the financial, human resources, technological constraints

¢ Climate related hazards like floods, landslides causing damage to irrigation infrastructures.

o Low capacity of water users’ association as well as the local level government in irrigation
system management.

e Several policy and legal issues (land acquisition, use of forest areas, landuse change, etc.)
hindering the timely and smooth irrigation system development.

e Lack of coordination between related stakeholders of irrigation and agriculture sector.
e Lack of institutional and human resources capacity development of irrigation sector.

Figure 3. Distribution of irrigation schemes across Nepal

4. |IRRIGATION CHALLENGES DUE TO CLIMATE CHANGE

Irrigation sector which is already encircled by multifold problems is further grappled by the impact of
climate change. The domain of irrigation is not limited to a mere water delivery but encompasses an
interconnected aspects of socio-economic, hydrologic, institutional, agricultural and financial systems.
The impact of climate change should be viewed from a broad perspective of interconnected areas. The
—_— e ——
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impact on one aspects will likely have an effect on other areas too. Climate change challenges to
irrigation across several aspects is dealt below:

Socio-economic

The socio-economic structure of Nepalese community and the livelihoods of its people are very
dependent on climate. Agriculture and water resources are the key means of livelihood. Climate change
can disrupt the socio-economic balance thus leading to livelihood insecurity. Climate induced migration,
food and water insecurity, unequal access to resources will widen social inequality. For years,
communities have played a significant role in managing irrigation system. Climate change can decline
the capacity of the communities due to multiple impacts on the socio-economic status. Consequently,
the indigenous and traditional knowledge on the management of water resources will slowly disappear.
Enhancing a strong and resilient socio-economic system is urgent for adapting to climate change and
ensuring the sustainability of vulnerable communities.

Hydrological

The hydrological impact of climate change is reflected on water availability, flood and drought events,
snowmelt runoff timing and magnitude, and the hydrological cycle as a whole. Reduced flows during dry
season in run-of-the-river irrigation systems is a major existing challenges to meeting irrigation water
demand which can worsen in the future. Not only the effective operation and management (O & M) of
irrigation systems will be challenged but the O & M cost will increase due to infrastructural damages as
a result of increasing climate hazards like floods, erosion, deposition of sediments and landslides.

Agricultural

Agriculture is highly sensitive to weather and climate. Various elements of agriculture are being
adversely affected by the increase in average temperature, reduced river flows, floods and inundation,
shifting climate patterns, unpredictability of rainfall which are all attributed to climate change. Such
climatic behavior will result in unfavorable environment for agriculture development and production.
Change in the crop growing period, change in zones of certain crops to further higher elevations and
reduced yields are some of the notable climate change impact on agriculture.

Institutional

Addressing climate change requires coordinated and strengthened framework of institutions, policies
and governance. Nepal's governance systems and institutions face challenges in efficiently coordinating
and executing policies and measures related to climate change. Strengthening institutional capacity,
technology, considering climate change in current programs, practices, design, etc. are vital to mitigating
climate change impacts and making resilient systems, infrastructure, and adaptation measures.
Institutions that primarily work in the sector of water resources, agriculture, and environment will need
to re-orient its structure and build capacity of the personnel to effectively formulate and implement
climate change actions plans and programs.

Financial

Erratic rainfall, increased climate extremes, droughts, reduced crop vyield, disaster, infrastructure
damage, social inequality, etc. will have financial implication. Climate change is causing more intense
and frequent weather extremes. Floods and landslide events will increase the likelihood of damage to
the irrigation infrastructure limiting the smooth operation of the irrigation system. Dominantly floods and
landslides will increase the operation and maintenance cost. Untimely rainfall in rainfed agriculture and
reduced low flows will lead to reduced crop yield as well as losses during the harvesting season.
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5. EXISTING POLICIES AND PRIORITIES FOR MITIGATING CLIMATE CHANGE IMPACT IN
IRRIGATED AGRICULTURE

As one of the most vulnerable countries to climate change, Nepal became a party to the United Nations
Framework on Convention of Climate Change (UNFCCC) and have ratified the Paris Agreement whose
objective is to limit the temperature rise to 1.5°C and mitigate the impacts of climate change. Accordingly,
Nepal has adopted several policies, plans, programs and actions across legal, institutional, socio-
economic and infrastructural dimensions of the country. Sustainable Development Goals, SDGs
indicators across several goals has also incorporated the issues of agricultural productivity, food
security, integrated water resources management, climate change mitigation and adaptation, water use
efficiency, year round irrigation, etc. with priority. In this section, we discuss policies and priorities that
primarily relates to irrigation and irrigated agriculture in brief.

Climate change policy and National Adaptation plan

The climate change policy’s (2011) has been formulated with a mission to address the adverse impacts
of climate change and utilize the opportunities created from it to improve livelihoods and achieve climate-
friendly physical, social and economic development. It sets out policies across different dimensions of
climate change that include climate adaptation and disaster risk reduction, low carbon emission and
climate resilience, capacity building and people’s participation, study and research, climate-friendly
natural resources management, technology development and transfer, etc. The objectives of climate
change policy should be reflected in the actions and planning of irrigation, agriculture and water
resources sector for maximizing the effectiveness of climate change policy.

Nepal National Adaptation Plan, NAP (2021-2050) has identified ten thematic sectors and set the priority
programs for climate change mitigation and adaptation in the short (2025), medium (2030) and long-
term (2050). Agriculture and food security, forest, biodiversity and watershed conservation, water
resources and energy, disaster risk reduction and management, national capacity building and climate
awareness raising are some of the thematic sector where different action programs have been
proposed. These mentioned sectors are closely related to agriculture and irrigation aspects.

Agriculture

Self-reliance and sustainability are the two major elements of Agriculture development strategy, ADS
(2015-2035) formulated for the overall development of agriculture sector in Nepal. Self-reliance in the
food and agricultural products and sustainability in the socio-economic and environmental dimensions
of agricultural system is the target of ADS. It highlights that the sustainable modernization of agriculture
must ensure resilience of agriculture to climate resilience. Efficient management of irrigation water,
innovative irrigation technology, inter-basin transfer, groundwater development, watershed
management, research, gender equality, capacity development, etc. are proposed for improving
agricultural productivity and ensuring sustainability of irrigated agriculture.

Irrigation

In irrigation sector, Water resources strategy (2002), National Water plan (2005), Water resources policy
(2020), Irrigation Policy (2023), Irrigation Master plan (2019), River and Water induced disaster
management policy (2023), Periodic Plan, etc. have all recognized, directly or indirectly, the importance
of climate change impact management and mitigation for the sustainability of water resources, water
induced disaster management, irrigation and agriculture.

WRS laid down integrated water resources management (IWRM) approach to water resources planning,
development and management which basically relies on social and economic development and
environmental sustainability principles. Although, it didn’t directly mention the impact of climate change,
the approach, principles and outputs contribute towards climate change impact mitigation and
adaptation which are equally relevant at the present time.

—_———————
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Realizing the inefficient use, under development, haphazard management, over-exploitation, climate
change impact, etc. in the water resources sector, water resources policy (2020) has been formulated
as an integrated umbrella policy of water resources aligning with the new constitution and governance
structure of Nepal. River basin planning, IWRM, people’s participation, institutional capacity
development, research, coordination, disaster management, minimizing socio-environmental impacts,
etc. are some of the strategies of the policy. Different forms and technology in irrigation practices, inter-
basin water transfer, reservoir projects, groundwater, water sources conservation, conjunctive use,
rainwater harvesting, watershed management, climate resilient and adaptive programs and projects,
drought management, glaciers lakes management, etc. are some of the action plan towards sustainable
water resources management that can be related to irrigation sector.

One of the five objectives of the recent Irrigation policy (2023) is to develop and manage irrigation
systems in such a way that they are resilient to the impact of climate change and are able to adapt to
the effect of climate change. Based on this objective, priorities that encompass institutional, technical,
social dimensions of sustainable irrigation development and management are included in the policy.
River and Water induced disaster management policy (2023) has prioritized the adoption of appropriate
technology for the mitigation of climate change impact on river and water induced disaster. One of its
strategy is to apply environment friendly and climate resilient measures in water induced disaster
mitigation.

Similarly, IMP (2024) has adopted two main strategy 1) inter-basin water transfer from surplus to deficit
basins and 2) groundwater irrigation development along with conjunctive use for ensuring year-round
supply of irrigation. Modernization, management and rehabilitation of existing systems are also equally
prioritized. These strategy ultimately help to tackle the water scarcity problems that can arise due to
climate change and ensure achieving future food security. In this context, Department of Water
resources and irrigation (DWRI) are carrying out several programs and projects on inter-basin water
transfer, conjunctive irrigation, solar lift irrigation, groundwater development, integrated watershed
conservation, river management programs for enhancing irrigation service. However, the impact of
climate change on these projects are not properly researched. Also, to what extent will these programs
and projects support climate change impact mitigation and adaptation are not analyzed in detail.

Current periodic plan (2019/20 — 2023/24) has also set the goal to contribute towards the development
of sustainable society through the enhancement of adaptation capacity and mitigation of adverse impact
of the climate change. It has also recognized the importance of climate resilient and environment-friendly
agricultural systems for minimizing climate change impacts on agriculture and hence proposed several
actions and strategies. It has also highlighted impending water security problems in irrigation sector
resulting from climate change. Appropriate and innovative technology, indigenous knowledge, inter-
basin water transfer, reservoir, groundwater development, non-conventional irrigation like drip, sprinkler,
rainwater harvesting, small ponds, etc. are proposed strategies for ensuring sustainability of irrigated
agriculture in the context of climate change.

All of these policies have also iterated the importance of research and development in understanding
and effective implementation of and achievement of the policies objectives.

6. CONCLUSIONS

We briefly discussed multiple dimensions of water resources, irrigation, irrigated agriculture and climate
change impact in Nepal. Nepal's vulnerability to climate change is widely recognized given its
geographical, social and economic realities. Nepal's growth, achievement of SGDs, water resources
development, socio-economic stability and environmental sustainability all hinge on effectively
managing, mitigating and adapting climate change. Reducing poverty and ending hunger requires
enhancing food production to meet future food demand of increasing population. But climate change will
be a major hurdle among others to achieving food security and sustainability in the country. As climate
change impact is felt across water resources, agriculture, disasters, etc., institutional, legal, political,
economic and environmental effort and commitment should be concentrated to overcoming the
challenge of climate change. There are ample institutional, policies, plans and programs formulated for

—
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addressing climate change issues in water resources, irrigation, and agriculture and disaster sector.
However, a strong commitment is needed to translate policies and plans into action. Irrigation being the
major areas of water use will face a significant challenge in the coming days. There is already a wide
skepticism in Nepal over the appropriateness of investment in irrigation sector and this is likely to grow
if necessary measures are not taken to minimize climate change impact in irrigation and agriculture.
Because, it is the output of agricultural products that matters to the people and farmers. And if the
investment of irrigation is not reflected in the agricultural produce, the future of irrigation becomes
uncertain. Fiscal budget allocated in irrigation sector is in decreasing trend over the years and this will
pose a challenge towards implementing actions on climate change impact mitigation and adaptation.
Therefore, it is recommended that a comprehensive study and analysis on identifying and mitigating
impending climate change impacts in irrigation sector is undertaken. Along with this, institutional
strengthening or establishing a climate change section in DWRI, capacity building of irrigation
professionals and farmers, coordination among federal, provincial and local levels, prioritizing local scale
programs and upscaling them at the national level will be crucial in effectively dealing with climate
change issues in water resources, irrigation and agriculture sector in Nepal.
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