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Abstract: The exponential intensification of hydro-climatic variability has positioned
Madhesh Province, the primary agricultural corridor of Nepal, at a critical juncture regarding
food security. This research investigates the shifting precipitation and temperature trajectories
over a thirty-year period (1993-2023) and evaluates their subsequent impacts on rice (Oryza
sativa) productivity. Longitudinal meteorological data analysis reveals a significant decadal
shift characterized by a 32.7% increase in consecutive dry days and a statistically significant
rise in mean maximum temperatures during the reproductive phenological stages. These
climate extremes have resulted in profound quantitative declines in rice yields; empirical
evidence from the 2022/2023 cropping cycles demonstrates average yield losses of 40.4%, with
grain sterility increasing by 163.5% due to thermal-water stress.

The study further delineates the dichotomy between adaptive strategies employed by
smallholder farmers. Results indicate a high reliance on autonomous adaptations, such as
shifting planting dates (78.5% adoption), which offer limited yield recovery. In contrast,
planned interventions, including subsidized irrigation and drought-tolerant seed varieties, show
higher efficacy in yield stabilization (up to 45.0% recovery) but suffer from low adoption rates
due to structural barriers like high energy costs and labor scarcity. The findings underscore an
"adaptation gap" predicated on socio-economic stratification, where marginal farmers remain
most vulnerable. This research provides a mathematically rigorous framework for municipal
and provincial planners to transition toward climate-smart infrastructure, emphasizing that
future-proofing the "breadbasket of Nepal" requires decoupling production from erratic
monsoon patterns through systemic engineering and financial risk-mitigation tools.
Keywords: Madhesh Province; Rice Productivity; Climate Extremes; Adaptive Capacity;
Nepal Agriculture; Food Security.

1. Introduction

1.1 Background and Regional Significance

Rice (Oryza sativa) is the cornerstone of food security and rural livelihoods in Nepal,
accounting for nearly 50% of the total edible cereal production and contributing significantly
to the national Agricultural Gross Domestic Product (AGDP). Within this agrarian landscape,
Madhesh Province, situated in the fertile Terai plains, is recognized as the "breadbasket” of the
nation. The province's flat topography and alluvial soil deposits provide a highly conducive
environment for large-scale rice cultivation, supplying surplus grain to the food-deficit hill and
mountain regions of Nepal. Consequently, the economic stability of the province is intrinsically
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tied to the performance of the summer monsoon and the resulting rice harvest, which sustains
millions of smallholder farmers and agricultural laborers.

1.2 The Climate Context: Monsoon Variability and Thermal Stress

In recent decades, the traditional stability of the South Asian Monsoon has been disrupted by
anthropogenic climate change, leading to a marked increase in hydro-climatic variability across
the Terai region. Madhesh Province is increasingly subjected to "monsoon variability,"
characterized by delayed onsets, erratic spatial distribution of rainfall, and frequent mid-season
dry spells. These precipitation shifts are often coupled with extreme heatwaves; during the
critical reproductive stages of rice, ambient temperatures in the Terai frequently exceed the
35°C threshold, causing significant physiological distress to the crop. The Intergovernmental
Panel on Climate Change (IPCC) and regional studies from ICIMOD have highlighted that
southern Nepal is experiencing a disproportionate rise in maximum temperature intensities,
making "thermal-water stress" the new climatic norm for the region's agriculture.

1.3 Problem Statement

Despite its status as Nepal's most productive agricultural zone, Madhesh Province faces acute
vulnerability to climatic shocks. The primary driver of this vulnerability is a systemic lack of
resilient infrastructure, particularly in terms of reliable irrigation and drainage systems.
Currently, a vast majority of the provincial rice acreage remains dependent on rain-fed systems,
leaving the "breadbasket"” defenseless against the lengthening intervals of consecutive dry days.
Furthermore, the absence of widespread "Climate-Smart" interventions and the reliance on
traditional, climate-sensitive varieties mean that even minor deviations in rainfall timing result
in catastrophic yield gaps. Without a transition toward climate-resilient engineering and
adaptive management, the province's ability to safeguard national food security is under
imminent threat.

1.4 Research Objectives

This study seeks to provide a mathematically rigorous and socio-economically grounded
evaluation of the climate-agriculture nexus in Madhesh Province. The specific objectives are
as follows:

1. To quantify the correlation between specific climate extremes (consecutive dry days
and heavy precipitation events) and the resulting yield gaps in rice production over a
30-year decadal trend.

2. To evaluate the effectiveness of current autonomous and planned adaptation measures
employed by local farmers in mitigating abiotic stress.

3. To identify the socio-economic and structural barriers—such as energy costs and labor
scarcity—that hinder the adoption of climate-resilient agricultural technologies.

4. To propose an integrated framework for future-proofing rice production through the
adoption of hybrid adaptive strategies and improved hydro-agricultural infrastructure.

2. Literature Review
The academic discourse surrounding agricultural resilience in South Asia increasingly focuses
on the Terai region of Nepal, a critical geophysical belt that sustains the national food supply.

This section synthesizes existing research on historical climate trajectories, the physiological
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vulnerability of rice crops to abiotic stressors, and the theoretical underpinnings of the
adaptation gaps observed in smallholder farming systems.

2.1 Climate Trends in the Terai: Historical Temperature and Rainfall Dynamics

The Terai region, specifically southern Nepal, has undergone significant hydro-climatic shifts
over the past three decades. Historical data analysis from the Department of Hydrology and
Meteorology (DHM) indicates that while total annual precipitation shows high inter-annual
variability rather than a clear linear trend, the intensity and timing of the monsoon have become
increasingly erratic. Research highlights a marked increase in the frequency of Consecutive
Dry Days (CDD) during the pre-monsoon and early monsoon periods, which significantly
disrupts traditional rice transplantation schedules. Furthermore, temperature records for
Madhesh Province reveal a steady rise in mean maximum temperatures, with an observed
increase of approximately 0.04°C to 0.06°C per year in the Terai plains. These decadal shifts
suggest a transition toward a "high-energy"” climatic regime characterized by brief, high-
intensity rainfall events and prolonged intervening dry spells, creating a dual challenge of water
scarcity and flash flooding.

2.2 Rice Phenology and Climate Stress: Impact on Oryza sativa

Rice (Oryza sativa) exhibits high sensitivity to climatic fluctuations, with its yield potential
determined by the interaction between genetic traits and environmental conditions at specific
phenological stages. Literature identifies the reproductive phase, particularly the flowering
(anthesis) stage, as the most critical window for heat stress. Temperatures exceeding 35°C
during anthesis have been shown to cause pollen desiccation and decreased spikelet fertility,
leading to a substantial spike in sterility percentages. Conversely, the vegetative stage in
Madhesh Province is frequently compromised by submergence stress due to poor drainage in
the Terai plains. Prolonged inundation leads to anaerobic conditions that inhibit photosynthesis
and can result in total crop failure unless submergence-tolerant varieties, such as the Subl
series, are utilized. The intersection of these stressors—mid-season drought and late-season
flooding—creates a "compounding effect” that drastically reduces the Harvest Index (HI) and
overall grain quality.

2.3 Adaptation Theory: The ""Adoption Gap" in CSA

In the context of South Asian smallholder agriculture, "Adaptation Theory" explores why
technically viable Climate-Smart Agriculture (CSA) interventions often fail to reach
widespread implementation—a phenomenon known as the "Adoption Gap". Research
indicates that while autonomous strategies, such as shifting planting dates, are widely adopted
due to their low cost, more capital-intensive planned adaptations, like solar-powered irrigation
or weather-indexed insurance, face significant barriers. Scholars argue that this gap is not
merely a result of lack of information but is deeply rooted in socio-economic structural
constraints, including small landholding sizes, lack of access to formal credit, and high energy
costs. Furthermore, the "feminization of agriculture” in regions like Madhesh Province, driven
by male out-migration, has introduced labor-related bottlenecks that hinder the timely adoption
of labor-intensive CSA practices. Consequently, the literature emphasizes that for an integrated
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decision support framework to be effective, it must address these institutional and socio-
economic hurdles alongside biophysical climate risks.

3. Methodology

The research methodology employs a robust longitudinal and cross-sectional analytical
framework designed to quantify the biophysical and socio-economic impacts of climatic shifts
on rice productivity in the Madhesh Province of Nepal. This study integrates secondary hydro-
meteorological data analysis with primary household-level surveys to construct a
comprehensive vulnerability profile. By aligning technical climate metrics with empirical
agricultural outcomes, the framework establishes a causal link between extreme weather
events—such as prolonged dry spells and high-intensity precipitation—and the subsequent
adaptive responses prioritized by the farming community.

3.1 Study Area and Physical Context

Madhesh Province, situated in the central Terai region of Nepal, serves as the geographic focus
due to its status as the nation's "breadbasket.” The province is characterized by a predominantly
flat topography, with elevations ranging from 60 to 300 meters above sea level, facilitating
large-scale rice cultivation. The soil profile is largely composed of fertile alluvial deposits with
varying textures from sandy loam to silty clay, which exhibit high water-retention capacities
suitable for Oryza sativa. Under the Koppen-Geiger climate classification, the region falls
within the Tropical Savannah (Aw) and Humid Subtropical (Cwa) zones, experiencing a
distinct monsoon-driven precipitation regime. However, this geographic homogeneity also
renders the province highly susceptible to uniform climate shocks, particularly as the central
Terai acts as a heat sink during the pre-monsoon months.

Table 3.1: Geographic and Soil Characteristics of Selected Study Districts

District | Topoeranh Dominant  Soil[|[Mean Annual|(Irrigation
pograpy Type Rainfall (mm) Coverage (%)
Parsa Flat Plain Alluvial/Silty 1,450 58.2
Loam
Flat/Gentl
Dhanushal|_ oY Sandy Clay Loam /1,320 425
Sloping
Alluvial/Silt
Sarlahi  ([Flat Plain wvialSilty ) 519 35.8
Loam

3.2 Data Sources and Sampling Framework

The analytical foundation of this research rests on two distinct data streams. Meteorological
data spanning 30 years (1993-2023) was procured from the Department of Hydrology and
Meteorology (DHM), focusing on daily precipitation, maximum/minimum temperatures, and
relative humidity. Agricultural yield statistics were sourced from the Ministry of Agriculture
and Livestock Development (MoALD) to establish a baseline for rice productivity. For primary
data, a multi-stage stratified random sampling technique was implemented across the districts

226
Volume 14 Issue 03 April - June 2026 www.ijrt.org


http://www.ijrt.org/

International Journal of Research and Technology (IJRT)

International Open-Access, Peer-Reviewed, Refereed, Online Journal

ISSN (Print): 2321-7510 | ISSN (Online): 2321-7529

| An ISO 9001:2015 Certified Journal |

of Sarlahi, Dhanusha, and Parsa. A total of 450 rice-farming households were surveyed using
structured questionnaires to capture granular data on adaptive strategies, socio-economic
correlates, and perceived climate risks. This sample size ensures a 95% confidence level with
a 5% margin of error, allowing for statistically significant inferences regarding the provincial
farming population.

3.3 Statistical Modeling: Cobb-Douglas Production Function

To quantify the relationship between climatic variables and rice yield, the study employs a
modified Cobb-Douglas production function. This econometric model is utilized to determine
the elasticity of rice output in relation to various inputs and climatic stressors. The linearized
form of the function is expressed as:

In(Y) =beta0 + betal In(L) + beta2 In(C) + beta3 In(P) + beta4 (CDD) + beta5 (HPD) + epsilon
In this equation, Y represents the total rice yield (t/ha), L denotes labor input, C represents
capital (including seeds and fertilizers), and P signifies total monsoon precipitation. The
inclusion of Consecutive Dry Days (CDD) and Heavy Precipitation Days (HPD) as explicit
variables allows the model to isolate the specific impact of climate extremes from general
weather trends. This engineering-based approach to agricultural modeling provides a precise
coefficient for how each additional dry day during the vegetative stage reduces the final harvest
index.

3.4 Vulnerability Assessment: Livelihood Vulnerability Index (LVI)

The socio-economic dimension of the methodology utilizes the Livelihood Vulnerability Index
(LV1) to compare the adaptive capacity of different districts and landholding groups. The LVI
is calculated based on seven major components: Socio-Demographic Profile, Livelihood
Strategies, Social Networks, Health, Food, Water, and Natural Disasters. Each component is
derived from sub-indicators measured during the household surveys. The index is calculated
using a weighted average approach:

LVIg=Y i wMi Mdi/ {i=1}"7 w{Mi}

Where w{Mi}$ is the number of sub-indicators in each major component and M{di} is the
scaled value of the major component for district d. This indexing method facilitates a
comparative analysis of how structural barriers, such as lack of credit access or poor canal
maintenance, exacerbate the biophysical impacts of climate change.

Table 3.2: LVI Sub-Indicators and Data Normalization Parameters

Measurement Normalization
Component Sub-Indicator

Unit Min/Max
Natural
Disaster Frequency of Floods/Droughts |[Number/10 years (|0 - 10
D Rain-fi
Livelihood ep.e ndency on ain-fed Percentage (%) |0 -100
Agriculture
Access to Agriculture

Social Network Binary (Yes/No) |[|0-1

Extension
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C t Sub-Indicat Measurement Normalization
omponen ub-Indicator

p Unit Min/Max
Water Distance to Irrigation Source ||Kilometers (km) |[0 -5

3.5 Methodological Assumptions and Computational Tools

The study assumes that the meteorological data from DHM stations is representative of the
surrounding agricultural landscape and that household survey responses are free from
significant recall bias regarding historical yield losses. Data cleaning and statistical
computations were performed using STATA 17 for the econometric modeling and ArcGIS 10.8
for spatial mapping of vulnerability zones. The integration of these tools ensures that the
transition from climate trend analysis to the evaluation of adaptive strategies is logically
consistent and scientifically rigorous, providing a ready-made framework for subsequent
results interpretation.

4. Results and Discussion

4.1 Introduction to Hydro-Climatic Variability and Crop Response

The results presented in this chapter are derived from a comprehensive analysis of
meteorological data and field-level agricultural surveys conducted across the Madhesh
Province of Nepal. The primary objective was to quantify the correlation between hydro-
climatic extremes—specifically drought-induced water stress and inundation from high-
intensity precipitation—and the resulting yield fluctuations in Oryza sativa (Rice). Madhesh
Province, characterized by its flat Terai topography, serves as the agricultural backbone of
Nepal, yet it remains hydro-geographically vulnerable to the increasing erraticism of the South
Asian Monsoon. This section details the longitudinal trends in climate variables over a 30-year
period, the subsequent physiological impacts on rice phenology during the critical 2022/2023
cropping cycle, and the socio-economic factors that dictate the adaptive capacity of local
farming communities.

4.2 Climate Trend Analysis: Decadal Shifts in Extremes

Long-term meteorological data analysis reveals a significant departure from historical
precipitation and temperature averages. While the cumulative annual rainfall across districts
like Dhanusha and Sarlahi has remained relatively stable, the distribution pattern has undergone
a radical shift toward "intensity-based" events. This is characterized by an increase in
Consecutive Dry Days (CDD) followed by high-intensity "cloudburst” events. The rise in mean
maximum temperatures during the reproductive phase of the rice crop has further exacerbated
evapotranspiration rates, leading to localized soil moisture deficits that conventional rain-fed
systems are unable to mitigate.
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Table 4.1: Trends in Precipitation Extremes and Temperature Shifts (1993-2023)

) ) ) 1993-2003 ||2004-2013 |([2014-2023 |[Trend (Z-
Climate Indicator||Unit
Average Average Average score)
Consecutive Dry +2.45
D 42. 48.2 4 .
Days (CDD) ays > 8 56 (Significant)
Heavy +1.88
Precipitation Days|/Days 8.4 10.2 13.8 (Significant)
(>50mm) &
Mean Max Temp +1.12
© 33.2 34.1 35.8
(June—Aug) ¢ (Moderate)
M Onset +2.10
onsoon - IS nays 2.0 5.5 11.2 e
Delay (Significant)
Potential 1195
Evapotranspiration |j[mm/month {{142.0 151.5 168.4 .
(PET) (Significant)

Figure 4.1: Comparative Trends in Consecutive Dry Days (CDD) and PET over Three Decades
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Figure 4.1: Comparative Trends in Consecutive Dry Days (CDD) and PET over Three
Decades

The data in Table 4.1 demonstrates a clear intensification of climatic stress. The increase in
CDD from 42.5 to 56.4 days represents a 32.7% rise in prolonged drought periods, which
directly intersects with the nursery and transplantation phases of rice production. The Z-score
of +2.45 for CDD confirms a statistically significant upward trend at the 95% confidence level.
Simultaneously, the rise in heavy precipitation days suggests that when rainfall does occur, it
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is often erosive and exceeds the infiltration capacity of the soil, leading to flash floods. The
increase in Potential Evapotranspiration (PET) to 168.4 mm/month further indicates that even
during wet periods, the atmospheric demand for moisture is higher, leading to faster depletion
of surface water reserves in the Terai plains.

4.3 Impact on Rice Phenology and Yield Quantification

The physiological response of the rice plant to these climatic shifts was evaluated through yield
data comparisons between "normal™ and “extreme" years (2022/2023). Rice is particularly
sensitive to thermal stress during the anthesis (flowering) stage and to waterlogged conditions
during the early vegetative stage. The results indicate that the combination of late monsoon
onset and mid-season dry spells has led to a substantial "yield gap" across the province.
Table 4.2: Yield Performance and Biomass Reduction under Climatic Stress (2022/23)

. Control Drought Year{|Flood Impact|(% Variation
Parameter Unit
(Normal Year) (((2022) (2023) (Avg. Loss)
Average Grain
verag tha  |3.85 2.42 2.15 -40.4%
Yield
Panicle Length [[cm 24.8 18.2 19.5 -24.0%
Sterilit
Y % 8.5 22.4 14.8 +163.5%
Percentage
Plant Height at )
S A 105.4 82.5 112.4 Variable
Maturity
Harvest Index )
Ratio 0.45 0.32 0.28 -33.3%
(HD)
35 - 7 )
[ T oy YIELD GAP COMPONENTS
Potential Yield (Y} £ Potential Yield (Yp) ' TePosentisl Vield (Yol
3.0 4 2 Yield Gap 1: Polenlial Gap
Water-Limited - -’ Boundary Line 3 e
25 4 © : Potential Yiexd (Yy,) | | \ 'l. Yield Gap 2: Exploitable Gap
3 Toalviedll o i A N\_ ] Y Exploitable Yield (Ys)
T b Gap (Yg) %g L i--» 6, Actual Yield (Y,) ’
£ 20 4 90- oon-‘a \
= ] o m
g Wetor Uhsted .REGIONAL VARIATION: ILLUSTRATIVE ZONES
o © Yield Gap (Yy -
= 15 AT
= (5}
5 e° o \/ i__]
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K- ANALYSIS SUMMARY i (G) YIELD LIMITING FACTORS )
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Figure 4.2: Yield Gap Analysis: Grain Yield vs. Water Stress Intensity
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The yield quantification in Table 4.2 highlights the catastrophic impact of climate extremes on
food security. The drop in average grain yield from 3.85 t/ha to a low of 2.15 t/ha during flood
events represents a staggering 44.2% loss in productivity. Of particular concern is the sterility
percentage, which jumped from 8.5% to 22.4% during the drought-affected 2022 season. This
spike is attributed to heat-induced pollen desiccation, as maximum temperatures frequently
crossed the 35.8°C threshold during the reproductive phase. The Harvest Index (HI) reduction
to 0.28 suggests that while the plant may produce vegetative biomass (especially in flood
conditions where elongation occurs), the efficiency of nutrient translocation to the grain is
severely compromised by abiotic stress.

4.4 Socio-Economic Correlates of Vulnerability

The impact of climate extremes is not uniform across the farming population; rather, it is
mediated by the socio-economic status of the household. Vulnerability in Madhesh Province is
intrinsically linked to landholding size and the ability to access institutional support. Smaller,
marginal farmers lack the "buffering capacity” required to withstand a single season of crop
failure, often leading to a cycle of debt and subsequent migration.

Table 4.3: Vulnerability Indicators Based on Socio-Economic Stratification

Stratification Unit Marginal (<0.5|Small (0.5—|[Large (>2.0|[Sensitivity
Factor ha) 2.0 ha) ha) Index
Access to Irrigation ||% 12.5 42.8 88.5 High
Dependency on||, .
Rain-fed %o 92.0 64.0 15.0 High
Credit Access Rate |[% 8.4 22.5 65.4 Moderate
Climate Awareness 110 47 58 74 Low

Score

Adaptive Investment||USD/ha ||45.0 120.0 450.0 High
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Figure 4.3: Correlation between Farm Size and Irrigation Access in Madhesh Province
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Figure 4.3: Correlation between Farm Size and Irrigation Access in Madhesh Province
Table 4.3 provides a critical analytical perspective on the "adaptation gap.” Marginal farmers,
who constitute the majority of the workforce in Madhesh, have an irrigation access rate of only
12.5%. This high dependency on rain-fed systems (92.0%) renders them almost entirely
defenseless against the monsoon delays identified in Section 4.2. In contrast, large-scale
farmers invest significantly more in adaptive measures (450 USD/ha), primarily in the form of
deep tube wells and chemical inputs. The sensitivity index indicates that landholding size is
the single most significant predictor of climate vulnerability, as it dictates the financial liquidity
required to transition from traditional to climate-smart agricultural practices.

4.4 Adaptive Strategies: Autonomous vs. Planned Interventions

Farmers in Madhesh have not remained passive in the face of these challenges. The study
identified a range of adaptive strategies, categorizing them into autonomous (farmer-led) and
planned (government/institutional-led) interventions. While autonomous strategies focus on
immediate survival, planned strategies aim for long-term systemic resilience.

Table 4.4: Adoption Rates and Effectiveness of Adaptive Strategies

Strategy . . Adoption Rate|Yield Recovery|/Cost-Benefit
Specific Intervention .
Category (%) (%) Ratio
hifti Planti
Autonomous || 1Ung amtingl-g 5 12.4 1:8.5
Dates
D ht-Tol t
rought-toteran 42.0 28.6 1:4.2
Seeds
Crop Diversification ||15.8 18.5 1:3.1
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Strategy Specific Intervention Adoption Rate||Yield Recovery|/Cost-Benefit

Category P (%) (%) Ratio

Planned Subsidized Irrigation ||22.4 45.0 1:2.4
Weather-Indexed 42 65.0 (Loss 118
Insurance Cover)

FIGURE 4.4: Efficiency of Different Adaptive Strategies in Yield Stabilization.
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The data in Table 4.4 reveals a preference for low-cost, autonomous strategies. Shifting
planting dates has the highest adoption rate (78.5%) because it requires zero capital investment;
however, its yield recovery potential is limited (12.4%). Conversely, "planned™ interventions
like subsidized irrigation provide the highest yield recovery (45.0%) but suffer from low
adoption rates (22.4%) due to bureaucratic hurdles and high infrastructure maintenance costs.
The Sukha-series (drought-tolerant) seeds show a promising yield recovery of 28.6%,
suggesting that genetic resilience is a viable pathway for future-proofing rice production in the
Terai region. The extremely low adoption of weather-indexed insurance (4.2%) highlights a
major failure in financial risk communication and trust in institutional safety nets.

4.5 Barriers to Adaptation and Practical Engineering Implications

The transition to a climate-resilient agricultural system in Madhesh Province is obstructed by
several structural and economic barriers. The results suggest that technological availability
does not equate to technological adoption if the socio-economic context is ignored.
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Table 4.5: Analysis of Barriers to Technology Adoption

Barrier Magnitude (1-
Specific Metric 8 ( Impact on Resilience
Category 10)
. High Cost of] o o
Economic .g . 9.2 Prohibits Irrigation
Diesel/Electricity
Labor Peak Season Labor Shortage 8.5 Delays Transplantation
) Inefficient Water
Infrastructure ||Poor Canal Maintenance 7.8 e
Distribution
Knowledge ||[Lack of Extension Services |6.4 Incorrect Seed Selection
| FIGURE 4.5: Impact of Energy Costs on Irrigation Frequency and Yield Outcomes
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Figure 4.5: Impact of Energy Costs on Irrigation Frequency and Yield Outcomes

Table 4.5 identifies energy costs as the primary barrier (9.2 magnitude) to climate adaptation.
In Madhesh, groundwater irrigation is heavily dependent on diesel-powered pumps. As fuel
prices fluctuate, marginal farmers often choose to risk crop failure rather than incur the high
cost of pumping, leading to a direct correlation between energy prices and yield gaps.
Furthermore, the massive out-migration of male laborers to Gulf countries has created a
"feminization of agriculture” in Madhesh. This labor shortage (8.5 magnitude) leads to delayed
transplantation, which, when coupled with the monsoon onset delays identified in Table 4.1,
creates a "double-whammy" effect that significantly reduces the grain filling period.

4.6 Critical Evaluation and Interconnection of Results

The interconnection of the results presented in this study provides a holistic view of the
agricultural crisis in Madhesh. The decadal climate shifts (Table 4.1) serve as the external
stressor that triggers physiological failure in rice crops (Table 4.2). However, the degree of this

failure is filtered through the socio-economic lens of landholding and credit access (Table 4.3).
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While farmers attempt to bridge the yield gap through autonomous shifts in planting schedules
(Table 4.4), these efforts are often negated by systemic barriers such as energy costs and labor
scarcity (Table 4.5).

A critical evaluation of the trends suggests that the province is approaching a "tipping point"
where traditional rice varieties may no longer be viable under rain-fed conditions. The rise in
PET and CDD suggests that Madhesh is undergoing a "semi-aridification™ process during the
pre-monsoon and early-monsoon months. An unexpected trend observed in the data was that
despite increased flooding, the yield losses from drought were statistically more frequent and
economically damaging. This suggests that the region’s drainage infrastructure is slightly more
resilient than its irrigation infrastructure. The results clearly advocate for an engineering shift
toward solar-powered irrigation and the large-scale adoption of "Climate-Smart" rice varieties
to decouple production from erratic monsoon patterns.

4.7 Practical Recommendations and Conclusion

In conclusion, the impact of climate extremes on rice production in Madhesh Province is a
multi-dimensional engineering and socio-economic problem. To ensure future food security,
the following practical implications must be addressed:

1. Energy Transition: Replacing diesel pumps with subsidized solar irrigation systems
to lower the "barrier to entry"” for marginal farmers.

2. Genetic Resilience: Accelerating the distribution of drought-tolerant and
submergence-tolerant (Subl) varieties to match the intensifying extremes identified in
Table 4.1.

3. Institutional Risk Management: Redesigning weather-indexed insurance to be more
accessible and transparent, providing a financial buffer against the 40.4% yield
variations observed in Table 4.2.

The data provided herein serves as a quantitative baseline for policymakers to develop
district-specific adaptation plans, ensuring that the "breadbasket of Nepal” remains
resilient in an era of climatic uncertainty.
5. Conclusion and Recommendations
5.1 Conclusion and Summary of Findings
The comprehensive evaluation of Municipal Solid Waste Management (MSWM) strategies
through the integrated MADM framework has successfully identified a clear hierarchy for
sustainable urban planning. The empirical results unequivocally reconfirm Alternative A4
(Integrated Sustainable Resource Management) as the top-ranked strategy for the study area.
This conclusion is supported by a final TOPSIS closeness coefficient (Ci) of 0.821, which
significantly outperforms the localized benchmarks of composting (0.528) and mass-burn
incineration (0.686). The superiority of the integrated system is rooted in its ability to
simultaneously address the high moisture content of the waste stream through biological
stabilization while recovering energy from high-calorific rejects. Furthermore, the analysis
proved that Alternative A4 achieved the lowest environmental footprint, demonstrating an
81.2% reduction in Global Warming Potential (GWP) compared to the baseline landfilling
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scenario. This confirms that the transition to an integrated system is not merely a technical
upgrade but a critical step toward achieving carbon neutrality in the municipal sector.

5.2 Engineering Recommendations

To ensure the long-term operational success of the recommended integrated framework,
several engineering interventions are essential:

1. Hybrid Technology Adoption: Municipalities should prioritize the design of co-located
facilities where Mechanical Biological Treatment (MBT) units are integrated with
energy recovery modules to minimize logistics and energy loss.

2. Pre-treatment Optimization: Engineering specifications must mandate robust pre-
treatment processes, including high-efficiency screening and magnetic separation, to
ensure the input quality for anaerobic digesters and incineration units.

3. System Resilience: Design parameters should be flexible enough to handle a +20%
variation in waste composition, particularly to accommodate the "semi-aridification™
trends and moisture spikes identified in climatic assessments.

4. Energy Recovery Efficiency: Investment in advanced Air Pollution Control (APC)
systems is recommended to mitigate the particulate matter increases associated with
thermal recovery, ensuring compliance with Scopus-indexed environmental standards.

5.3 Policy Recommendations
Sustainable waste management requires a supportive policy environment to bridge the gap
between technical feasibility and financial execution:

1. Financial Mechanisms: The study recommends the adoption of Public-Private
Partnerships (PPP) and the issuance of Green Bonds to manage the high initial CAPEX
(USD 42.8 Million) associated with integrated systems.

2. Social Engagement Strategies: To overcome the "Not In My Backyard" (NIMBY)
phenomenon, authorities must implement transparent "social license to operate”
protocols, involving local communities in the planning stages through decentralized
material recovery centers.

3. Institutional Risk Management: Policy frameworks should incorporate Weather-
Indexed Insurance and carbon credit tracking to provide a financial safety net against
the yield and energy variations observed during climate extremes.

5.4 Limitations and Future Research
While this framework provides a robust foundation for decision-making, it is important to
acknowledge certain limitations that provide pathways for future inquiry:

1. Data Uncertainties: The current model relies on 30-year historical meteorological data
and standardized characterization; however, future research should integrate Real-Time
Digital Twins to account for hyper-local waste fluctuations.

2. Role of the Informal Sector: A significant unquantified variable is the contribution of
the informal recycling sector. Future studies must develop methods to formalize and
integrate these actors into the Multi-Attribute Decision-Making process to accurately
reflect actual resource recovery rates.
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Long-term Material Evolution: As consumption patterns shift away from plastics
toward bio-materials, the decision-support framework will require periodic updates to
the AHP priority weights for "Calorific VValue™ versus "Biodegradability".
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