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ABSTRACT

Water resources of Garhwal Uttarakhand Himalayan region are severely affected by climate change
and thus its amount, quality and seasonal variability of water is compromised. This is a threat to the
economy of communities that rely upon snowmelt, precipitation, and groundwater. This paper is an
attempt to apply machine learning (ML) to predict the effects of climate change on water resources in
this region. Based on historical climate and hydrological data (CAMELS and LamaH) and projections
of future climates, we construct models to estimate major variables including streamflow, water
temperature, and water quality. In particular, we use Random Forest (RF) models because it is robust
to nonlinear dependency and well suited to estimate feature importance and advanced models such
as Gradient Boosting and Long Short Term Memory (LSTM) network for sequence and sequential
data analysis.

The results show seasonal and place-based asymmetries of climate change effects, and these indicate
the importance of data-based, place-specific solutions. This paper also suggests adaptive water
policies, such as water distribution optimization and storage system augmentation. The
interdisciplinary fusion of machine learning and climate science improves prediction accuracy and
practical tools for sustainable water management in the Garhwal Uttarakhand Himalayan region.
Implementation was performed by using commonly used tools, such as Scikit-learn for Random
Forest and Gradient Boosting, and TensorFlow/Keras for LSTM architectures.

Keywords: Climate Change Impacts, Machine Learning in Hydrology, Mountain Water Resources,
Streamflow Prediction, Sustainable Water Management.

I. INTRODUCTION

Water resources in mountainous terrain, particularly Garhwal Uttarakhand Himalayas, are essential
for ecosystem functioning, agriculture and livelihoods. Yet, climate change has profoundly affected
these resources (modifying snowmelt patterns, precipitation regimes, and groundwater
replenishment). These transformation pose not only ecological disruption but also socio-economic
disruption in highly water-dependent communities which there variability in availability.

The Garhwal region in Uttarakhand, located within the high central Himalaya region, is experiencing
unprecedented stress because of climate change effects on this region's water resources. As noted by
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Rawat et al. (2024) however these are raised challenges of changes in precipitation regimes, glacier
loss, and high frequency of extreme weather events. Conventional prediction approaches have thus
far been misleading because of the complexity of these changes, and the corresponding need for
more advanced methods by applying machine learning.

Machine learning (ML) has become a versatile engine to overcome the limitations, and data-driven
techniques for the enhanced accuracy of hydrological prediction are provided. In this paper, employ
state-of-the-art of ML techniques, such as Random Forest (RF), Gradient Boosting and Long Short-
Term Memory (LSTM) networks for the prediction of climate change impact on water resources in
the Garhwal Uttarakhand Himalayan region. By incorporating historical data sets (CAMELS, LamaH),
and future climate projections, the study examines water flow, water temperature and water quality
key hydrological variables.

Results highlight vulnerability to seasonal and location-dependent variations, providing evidence for
practice-based interventions to improve supply and storage systems. This work proposes to advance
prediction capacities using ML and to provide support for the creation of sustainable water
management approaches critical to this region. In the last, say, six decades, the planet has
experienced dramatic changes in the climate, which is often referred to as global warming. These
changes have significantly impacted ecosystems, hydrological systems, and socio-economic
structures worldwide, necessitating comprehensive, interdisciplinary solutions. Climate change is
characterized by changes in temperature and precipitation, glacier retreat, and extreme weather
events and has a deep impact on water resources, especially the groundwater systems. Groundwater,
an important freshwater resource, is strongly linked to surface water environments, and is important
regulator of river baseflows, including low flow events of low water periods. Yet climate change
alters basic processes (recharging, storage, and flow dynamics) tipping the balance towards water
constraint and jeopardizing ecological stability.

Random Forest (RF) has become a very powerful instrument for the study and prediction of the
effects of climate change on groundwater systems'. As a data-driven model, RF is highly effective for
predicting critical quantities such as groundwater level and storage discharges quality, which
typically do not require expert knowledge on underlying physical laws. Its ability to analyze complex
datasets and identify the most influential factors makes it ideal for climate and water resource
management studies.

This paper discusses the use of Random Forest for the determination of climate change effects on the
groundwater environment, with particular reference to hydrological and quality parameters.
Basierend auf der review of current literature and methods which it seeks to provide an
understanding of the mechanisms by which climate change is impacting groundwater systems. In
addition, the present study highlights significance of reliable climate and hydrometeorological data
in the development of predictive modelling, which provides a conceptual framework for establishing
robust groundwater management strategies in the Garhwal Uttarakhand Himalayas.
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II. LITERATURE REVIEW
2.1 Status of Water Resources in the Garhwal Himalayas.

The Garhwal Himalaya provides, as a critical water source to the north of India, millions of people
with freshwater from its area glacier-sourced river systems and aquifers. In this area it is sometimes
called the "water tower" because of its critical contribution to regional hydrology. The Shiwalik and
Lesser Himalayan regions are all defined by high forest cover which represent a natural bank for
regulating water retention and mitigating runoff. Mani et al. (2023) highlight that these forests have a
critical function in sustaining the hydrological balance of the area due to interception of rainfall,
induced infiltration, and groundwater replenishment. Nevertheless, deforestation, land-use change,
and climate change have increasingly threatened such ecosystems and their capacity for efficient
water cycle regulation. The degradation of these wooded plots has further increased the risk of soil
loss and downstream floods, compounding the fragility of a already vulnerable region.

2.2 Climate Change Impacts on Regional Hydrology

The Garhwal Himalayas is one of the areas most heavily impacted by global climatic changes. Recent
studies have revealed significant interruptions in the hydrological cycle, and resulting implications
for availability, quality, and seasonal variations in water. Pathak et al. (2020) identify four primary
areas of concern:

Precipitation Variability: These climate-induced transformations have, among other effects,
introduced stochasticity into the precipitation regime and an increase in extreme weather events,
including cloudbursts and extended dry spells. Such variations disrupt the seasonal predictability of
water availability.

Table 1. Regions studied as a basis for the present article.

Mountain Massif e River Basinin| Predominant Lowland
. District (s) .
or Region Focus Climate

Dfb (cold, no dry season,
Garhwal Himalayas | Rudraprayag, Chamoli, | Ganga River | warm summer); Cwb (dry
(Uttarakhand) Tehri, Uttarkashi Basin winter, subtropical

highland)

Accelerated Glacier Retreat: Glaciers in the area, a major source of meltwater for the summer, are
now shrinking at a worrying rate because of increased temperatures. Published work suggests that
this loss has an immediate impact on downstream river flows, decreasing water availability during
the most important agricultural seasons (Bhattacharya et al.,, 2022).
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- Altered River Flow Regimes: Alteration in the regime of precipitation and glacial melt has resulted
in a shift in the regimes of rivers and streams including decreases in the baseflow flows during the
dry season and an increase in the magnitude of flows during the monsoon season, which will be
prone to flooding and scarcity of water (Sharma et al., 2021).

- Groundwater Recharge Challenges: Changes in rainfall amount and pattern have upset natural
recharge mechanisms and reduced groundwater levels with the consequent susceptibility of aquifers
to drought (Tiwari et al.,, 2021).

2.3 Machine Learning Applications in Hydrology

The intricacy of Garhwal Himalayan hydrology requires sophisticated tools and approaches for
understanding and anticipating climate change impacts. [c] Conventional hydrological models have
limited abilities to account for the non-linear interaction and multi-dimensionality of the climate,
geological and hydrological factors. Here, machine learning (ML) has come into play and represents a
powerful way forward, increasing both accuracy and speed in water resource modeling.

Fig. 1. View of the Chaukhamba Himalayan Range in the Garhwal Region, Uttarakhand, India,
highlighting the significance of glacial sources for the Ganga River Basin and regional water
resources.

Ensemble-based machine learning (ML) method, random Forest (RF), has been shown to be highly
applicable to hydrological studies by virtue of its capability to process high dimensional data and
non-linear relationships. Example, RF models have been effectively used to forecast streamflow,
groundwater recharge, water quality with good accuracy, which is much better than most traditional
approaches (Yadav et al, 2022). In addition, RF's ability to reveal feature importance ranks the
relative contributions of hydrological change drivers, including rainfall series change and
temperature series change, as crucial factors.
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2.4 Knowledge Gaps and Research Directions

Although advances have been tremendous, gaps still exist in the knowledge of the localised effects of
climate change on the Garhwal Himalayan hydrology. There are a tendency to be region-specific,
without a model designed to the specific geographical and climatic characteristics of the studied area.
Also, the lack of high-resolution, long-term data sets is a huge barrier in creating reliable predictions.

To address these limitations, this study leverages Random Forest models combined with datasets
such as CAMELS and LamaH to examine seasonal and location-specific vulnerabilities. This study,
with an emphasis on the Garhwal Himalayas, has a specific objective to contribute towards a better-
informed understanding of the climate change impacts and to provide the data-driven adaptation
framework for water resources management in a more informed way.

III. METHODOLOGY AND MATERIAL

The present study uses a specific methodological framework to estimate the effects of climate change
on water resources of Garhwal Himalayan region with an emphasis on the application of Random
Forest (RF) algorithm. The methodology involves data collection, preprocessing, model
implementation, and evaluation, ensuring the highest accuracy and relevance to the study objectives.

3.1 Machine Learning Approach: Random Forest

The random forest (RF) algorithm is the main machine learning which is adopted in the present
study because of its generalization to non-linear relationships and high-dimensional data. RF is
particularly suited for hydrological modeling as it:

a) Handles large volumes of historical and spatial data effectively.
b) Identifies the most influential variables driving hydrological changes.

c) Offers high prediction accuracy and does not require complex domain-specific knowledge of
physical systems.

The RF model is then used to forecast predicting important hydrological variables such as
streamflow, groundwater recharge, and water quality. Its feature importance measures are used to
understand the relative contribution of the variables as rainfall, temperature, snow cover, and land
use to the regional water resources.

3. 2 Data Collection and Processing
A multi-source data collection approach is used to guarantee the coverage of informative variables:.

a) Satellite Imagery: High-resolution data sets coming from Landsat and Sentinel are
exploited to track glacier flow, land cover change and snow cover.
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b) Weather Station Data: Supplementary observational data on temperature, precipitation
and humidity are included to express climate trend.

c) Historical Hydrological Records: Datasets such as CAMELS and LamaH contain historical
streamflow, groundwater level and water quality information.

d) Glacier Monitoring Data: Results and observations on glacier mass balance and rate of
ablation are combined to estimate its effect on hydrological variations.

The collected data undergoes rigorous preprocessing to ensure quality and consistency:
a) Data Cleaning: Removal of anomalies and outliers to maintain dataset integrity.
b) Normalization: Standardization of variables to ensure compatibility across data sources.
c) Interpolation: Completing the dataset for the model by filling missing values.

The pretreated dataset is split into training (80% and test (20% subsamples in order to optimize the
model building and validation.

3. 3 Implementation of the Random Forest Model
The RF model is trained on the preprocessed data, including the following important input variables:
a) Climate variables: Precipitation, temperature, and humidity.
b) Physical variables: Land use, snow cover, soil type, and topography.
c) Hydrological variables: Historical streamflow and groundwater recharge rates.
The model's primary goals are to:
a) Predict streamflow, groundwater recharge, and water quality.
b) Recognize the key factors driving hydrological behavior in the area.
3.4 Model Evaluation and Validation
The performance of the RF model is assessed by standard metrics, such as:
a) Root Mean Square Error (RMSE): Measures the error magnitude in predictions.
b) Mean Absolute Error (MAE): Quantifies the average error.

c) Correlation Coefficient (R?): Evaluates the relationship between observed and predicted
values.

Cross-validation is used to guarantee the robustness of the model. Sensitivity analysis is also
performed to investigate the impact of the major input parameters on the model output in different
climate scenarios.
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3.5 Framework for Adaptive Water Management

In accordance with the knowledge learned from the RF model, in the present study, a framework is
made for adaptive water management in Garhwal Himalayan watershed. The framework includes:

a) Data-Driven Decision Making: Utilizing RF-derived insights to prioritize conservation
and resource allocation.

b) Glacier and Forest Protection: Preserving critical recharge zones to maintain
hydrological balance.

c) Integrated Monitoring Systems: Integrating satellite imagery, weather station
information and hydrological history for real-time management.

IV. PREDICTIVE MODELING RESULTS
4.1 Climate Change Data Analysis

This subsection starts by examining the climate change data input to the predictive model. The
analysis focuses on trends and patterns in climatic variables over the study period (2012-2022) for
the Garhwal Himalayan region, including temperature, precipitation, and other relevant factors. It is
on these variables that the basis of how climate change affects the water resources of the area is
built.

4.1.1 Temperature Trends

Feature Importances
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Fig. 2 Feature Importance in Predicting Precipitation Using Random Forest

e Observation: Data indicate the presence of a strong positive linear trend in the computed
daily mean air temperature over the 10-year period. The average temperature increased by
approximately 1.2°C, with noticeable warming during the summer months (May-August).

Predicting Climate Change Impacts on Mountain Water Resources Using Machine
Learning

Gagan Bhatt & Prof. M.M.S. Rauthan



AlJRAVol. X Issue | www.ijcms2015.co ISSN 2455-5967

Observed vs Predicted Precipitation
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Fig. 3: Comparison of Observed and Predicted Precipitation Values in the Garhwal Himalayan Region

a) Impact: Increased temperatures exacerbate glacier melting, decrease snowcover, and
change hydrological behaviour with direct consequences on streamflow and water supply.

Visual RepresentationInclude a line plot showing annual temperature trends.
4. 1.2 Precipitation Patterns

e Observation: Precipitation data shows higher variability and more extreme rainfall. Annual
precipitation ranged between 22,775 mm (minimum) and 49,101 mm (maximum), with a
noticeable shift in seasonal rainfall distribution.

e Impact: Disruptions to precipitation patterns interrupt natural groundwater recharge, make
monsoonal floods more severe and persistent, and cause extended dry periods.
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Fig.4 Correation Matrix Of Variables Bar chart or box plot to show annual precipitation range.
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4.1.3 Solar Radiation and Wind Patterns

e Observation: Solar radiation remained relatively stable, with an average value of 138.19
W/m? and a standard deviation of 45.79 W/m? Wind speeds averaged 2.2 m/s, with minor
seasonal fluctuations.

Partial dependence

Partial Dependence Plots for Solar Radiation and Wind Speed
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Fig. 5 Partial Dependence plots for solar radiation and wind speed

e Impact: Solar radiation modifies evapotranspiration rates and wind patterns affect snow
redistribution and surface evaporation. In this way, the following factors have only
secondary effects on the hydrological cycle.

4.2 Hydrological Impacts Predicted by the Model

Monthly Precipitation and Average River Discharge in Uttarakhand (2023)
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Fig. 6 Monthly precipitation and Avarage River Discharge in Uttarakhand(2023)
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4.2.1 Overview

The Random Forest model was used to predict streamflow, groundwater recharge, and glacier melt
contributions. Inputs included temperature, precipitation, solar radiation, and wind speed. The
model revealed non-linear relationships, accurately capturing seasonal and annual hydrological
variations.

4.2.2 Predicted Streamflow Trends

The model showed peak streamflow during monsoon months (July-September) due to high
precipitation, with reduced flow in pre-monsoon months (March-May) caused by declining
snowmelt. Precipitation was the most critical driver of streamflow, contributing over 60% to
variability.

4.2.3 Groundwater Recharge

Groundwater recharge peaked during spring (March-May), primarily driven by snowmelt. Dry years
showed a 20% reduction in recharge, indicating increased vulnerability to precipitation variability.

4.2.4 Glacier Melt Contributions

Glacier melt contributed up to 50% of summer streamflow (June-August). The model predicted a
gradual decline in glacier-fed water due to accelerated melting, posing risks to long-term water
availability.

Recession Rates of Glaciers in the Garhwal Region

Recession Rate {m/fyear}
=

S
¢ & &
& & & & Sl & &

>
ﬁv“

Glatier Name

Fig.7 Recession Rate of Glaciers in the Garhwal region
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4.2.5 Model Performance

The model achieved an R? of 0.87 and an RMSE of 15, indicating high accuracy. Predicted trends
aligned well with observed data, validating the model's effectiveness for hydrological forecasting.

4.2.6 Impacts of Glacier Changes on Mountain Water Resources

In the Garhwal Uttarakhand Himalayan region, glacier melt plays a critical role in sustaining river
flow, particularly during pre-monsoon and dry months when it constitutes a significant portion of the
annual water supply. However, rapid glacier retreat, driven by rising temperatures and changing
precipitation patterns, is altering the timing and magnitude of streamflows. Declining glacier
contributions are leading to reduced water availability during non-monsoon periods, posing severe
risks to agriculture, drinking water supply, and hydropower generation.
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Fig. 8 Glacier Area vs Recession Rate

Additionally, extreme events such as Glacial Lake Outburst Floods (GLOFs) are becoming more
frequent due to the formation and potential breach of moraine-dammed lakes, threatening
downstream communities and infrastructure. These changes underscore the urgent need for
adaptive water management strategies to mitigate the long-term impacts on ecosystems, livelihoods,
and regional hydrology.

V. MITIGATION STRATEGIES

The mitigation effects of climate change on water resources of the Garhwal region in Uttarakhand
necessitates a targeted and multi-dimensional strategy. Machine learning and remote sensing
technology are tools that improve knowledge of hydrological alterations such as land stability and
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water flow interruption. Efficient strategies for the management of floodplains are needed in order to
combat the growing incidence of flashfloods by heavy precipitation. These are early warning
systems, risk management frameworks and land-use policies related to flood hazard zones. Through
the integration of predictive modeling and local data, it is possible to implement proactive actions to
safeguard water resources, enhance community resilience, and, at the same time, manage this
mountainous area sustainably.

A.) Sustainable Practices and Policy Recommendations

Adaptable sustainable practices, specific to the Garhwal region, are essential for water resource
management, in the face of climate change. Strategic land-use policies for carbon sequestration can
help build resilience through the increase of vegetative cover, buffering against climate variability
and fostering water stability. Regional reviews underline the importance of evidence based
approaches to sustainable development. Addressing water security requirements by focusing on
forest restoration, conservation programs, and adaptive land-use strategies will help the region
protect its water resources and maintain the ecological equilibrium and the livelihoods of the local
population.

VI. CONCLUSION

Considerable effort should be invested in effectively mitigating climate change consequences on the
area's water resources, by combining advanced techniques within machine learning with elaborately
developed mitigation strategies. This paper emphasizes the riskiness of mountain areas, in which
habitation is typically located in areas of high risk, and hence increases multi-hazard exposure to
climate-related risks. Through predictive models such as Random Forest, this study has shown the
potential of machine learning to extract important relationships within climate and hydrological data
by predicting the most relevant variables, including streamflow, groundwater recharge, and glacier
melt contributions. Based on these predictions, important information about future water
availability, seasonal change and risk including droughts and floods can be obtained.

Furthermore, the results emphasize the importance of incorporating hybrid modeling approaches,
such as those developed for landslide susceptibility mapping (Fathi et al. , then to use geographical
and environmental information when determining natural hazards. In this context, advanced
predictive analytics combined with community-focused adaptation strategies can significantly
enhance resilience to climate uncertainties. For instance, results illustrate the need to address the
issue of the decreased discharge due to glacier melting in streams and reduced groundwater
replenishment, especially in the pre-monsoon period, using, e.g. artificial recharge methods and
efficient irrigation schemes.

A participatory framework among researchers, policymakers and local communities is essential to
achieve sustainable water management in this fragile area. Policies should give top priority to the
incorporation of machine learning models into long-term planning processes, and especially to the
continuous surveillance of climatic variables and of water infrastructures. Building community
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resilience to climatic impacts will depend, in large part, on education, resource sharing and
participatory governance.

In fact, this work highlights the transformative ability of machine learning to predict and mitigate the
effects of climate change on mountain water resources. By integrating strong modeling methods in
combination with anticipatory measures, the sustainability of water resources and those
communities that rely on them may be preserved from climate uncertainty in the future.
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