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Abstract: Soil constitutes a fundamental component of the hydrological cycle, serving as the primary 

interface between atmospheric precipitation and subsurface groundwater reserves. This chapter 

examines the multifaceted role of soil in governing water movement across terrestrial ecosystems, with 

particular emphasis on conditions prevailing in the Indian subcontinent. The processes of infiltration, 

percolation, soil moisture retention, surface runoff, and evapotranspiration are analysed in relation to 

soil texture, structure, organic matter content, and land use patterns. Detailed assessments of hydraulic 

conductivity, field capacity, and wilting point across major Indian soil types—including alluvial, black 

cotton (Vertisols), laterite, and red soils—are presented. The chapter further discusses the implications 

of urbanisation, agricultural intensification, and climate change for groundwater recharge dynamics. 

Findings underscore the critical necessity of sustainable soil management practices for preserving water 

security in India and globally. 
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I. INTRODUCTION 

The water cycle, also referred to as the hydrological cycle, represents one of the most fundamental biogeochemical 

processes sustaining life on Earth. It encompasses the continuous movement of water through the atmosphere, across 

the land surface, and into subsurface geological formations. Within this grand cyclical process, soil occupies a uniquely 

strategic position—acting simultaneously as a reservoir, a conduit, and a filter for water. The pedosphere, or soil 

mantle, is the thin layer of Earth’s crust where lithosphere, atmosphere, hydrosphere, and biosphere interact most 

intimately, and it is precisely this interface that governs the partitioning of precipitation into infiltration, runoff, and 

evapotranspiration [1]. 

In the Indian context, the significance of soil in the water cycle is particularly pronounced. India’s agrarian economy 

supports over 1.4 billion people, with approximately 58% of the population dependent on agriculture for their 

livelihoods [2]. The nation receives an annual average precipitation of approximately 1,170 mm, distributed unevenly 

across seasons and regions, with the southwest monsoon contributing nearly 75% of the total rainfall within a span of 

four months (June–September) [3]. This extreme seasonality places enormous pressure on soil systems to capture, store, 

and transmit water to underground aquifers, which serve as the primary source of freshwater for over 85% of India’s 

rural drinking water supply and nearly 65% of irrigated agriculture [4]. 

Despite this critical importance, India faces a groundwater crisis of alarming proportions. The Central Ground Water 

Board (CGWB) has reported that approximately 17% of groundwater assessment units in India are classified as “over-

exploited,” with extraction rates exceeding natural recharge [5]. Soil degradation—driven by deforestation, 

urbanisation, excessive tillage, and chemical-intensive agriculture—has significantly impaired the infiltration capacity 

of soils across vast regions, further compounding the recharge deficit. Simultaneously, climate change is altering 

precipitation patterns, with an observed increase in the intensity of extreme rainfall events and a decline in the number 

of rainy days, both of which reduce the effective infiltration window and increase surface runoff [6]. 

This chapter provides a comprehensive examination of the role of soil in the water cycle, tracing the journey of water 

from the moment precipitation reaches the ground surface through the processes of infiltration, redistribution, storage, 
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and eventual recharge of groundwater aquifers. The discussion integrates soil science, hydrology, and environmental 

management perspectives, drawing extensively on data and case studies from India. The chapter further evaluates the 

impacts of anthropogenic activities and climate variability on soil–water dynamics and proposes evidence-based 

strategies for enhancing groundwater recharge through improved soil management. 

 
Figure 1: Schematic Representation of the Water Cycle 

 

II. THE WATER CYCLE: AN OVERVIEW 

2.1 Components of the Hydrological Cycle 

The hydrological cycle comprises several interconnected processes that collectively govern the distribution and 

movement of water across Earth’s surface and subsurface environments. Precipitation, the primary input of water to 

terrestrial systems, occurs in various forms including rainfall, snowfall, hail, and dew. Upon reaching the ground 

surface, water follows multiple pathways determined largely by soil properties, topography, vegetation cover, and 

antecedent moisture conditions [7]. A portion of precipitation is intercepted by vegetation canopies and subsequently 

returned to the atmosphere through evaporation without ever reaching the soil surface. The fraction that does reach the 

ground may either infiltrate into the soil matrix or flow over the surface as runoff, depending on the balance between 

rainfall intensity and soil infiltration capacity. 

Once water enters the soil, it undergoes redistribution through a combination of gravitational percolation and capillary 

movement. Gravitational water moves downward through macropores and inter-aggregate spaces under the influence of 

gravity, eventually reaching the water table and contributing to groundwater reserves. Capillary water, held in 

micropores by surface tension forces, resists gravity and remains within the root zone, where it is available for plant 

uptake and subsequent transpiration. The soil thus functions as a critical partitioning agent, dividing incoming 

precipitation into surface runoff, soil moisture storage, evapotranspiration losses, and deep percolation to aquifers [8]. 

2.2 Soil as the Central Interface in the Water Cycle 

Soil’s role in the water cycle is defined by its physical, chemical, and biological properties. The texture of soil—

determined by the relative proportions of sand, silt, and clay particles—fundamentally controls porosity, pore size 

distribution, and hydraulic conductivity. Sandy soils, with their large pore spaces, exhibit high infiltration rates but low 

water retention capacity, whereas clay soils, characterised by fine pores and high surface area, display low infiltration 

rates but superior moisture retention [9]. Loamy soils, representing an intermediate texture, generally offer the most 
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favourable balance between infiltration, retention, and drainage, making them particularly important for agricultural and 

hydrological functions. 

Soil structure—the arrangement of primary particles into aggregates—further modulates hydraulic behaviour. Well-

aggregated soils possess abundant macropores and inter-aggregate channels that facilitate rapid water entry and deep 

percolation. Conversely, compacted or structurally degraded soils exhibit reduced porosity and increased surface 

sealing, which elevate runoff and diminish recharge. Organic matter content plays a synergistic role by enhancing 

aggregate stability, increasing water-holding capacity, and supporting the biological activity of soil organisms such as 

earthworms (Lumbricus terrestris) and termites (Odontotermes obesus), whose burrowing activities create preferential 

flow pathways for water infiltration [10]. 

 
Figure 2: Soil Texture Triangle Classification Diagram 

Table 1: Hydraulic Properties of Major Indian Soil Types 

Soil Type Texture 
Infiltration 

Rate (mm/hr) 

Field Capacity 

(%) 

Wilting Point 

(%) 

Hydraulic 

Conductivity 

(cm/hr) 

Alluvial Sandy loam to 

silty clay 

15–45 22–35 8–15 1.5–6.0 

Black Cotton 

(Vertisol) 

Clay to heavy 

clay 

2–10 35–55 18–28 0.01–0.5 

Red Soil 

(Alfisol) 

Sandy loam to 

clay loam 

10–30 18–28 7–14 0.8–4.5 

Laterite (Oxisol) Gravelly clay to 

loam 

20–60 15–25 6–12 2.0–10.0 

Desert 

(Aridisol) 

Sandy to loamy 

sand 

50–120 8–15 3–6 6.0–25.0 

Saline-Alkali Variable (clay 1–8 30–45 15–25 0.005–0.3 



I J A R S C T    

    

 

               International Journal of Advanced Research in Science, Communication and Technology 

                          International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal 

Volume 2, Issue 1, December 2022 

 Copyright to IJARSCT DOI: 10.48175/IJARSCT-7744Q    845 

   www.ijarsct.co.in  

 
 

ISSN: 2581-9429 Impact Factor: 6.252 

 
dominant) 

Mountain Soil Loam to sandy 

loam 

25–70 20–30 8–13 2.5–8.0 

Peaty-Marshy Organic clay 5–20 55–80 25–40 0.1–1.0 

Forest Soil Loamy to clay 

loam 

30–80 25–40 10–18 1.5–7.0 

 

III. INFILTRATION AND SOIL WATER DYNAMICS 

3.1 Mechanisms of Infiltration 

Infiltration, defined as the process by which water enters the soil surface and moves downward into the soil profile, 

represents the first critical step in the transformation of atmospheric precipitation into subsurface water resources. The 

rate and volume of infiltration are governed by a complex interplay of factors including soil texture, structure, 

antecedent moisture content, surface roughness, vegetation cover, and rainfall characteristics [11]. When rainfall 

intensity exceeds the soil’s infiltration capacity, the surplus water accumulates on the surface and subsequently moves 

downslope as Hortonian overland flow. Conversely, when infiltration capacity exceeds rainfall intensity, all 

precipitation is absorbed into the soil matrix. 

The physics of infiltration are described by several well-established mathematical models. The Green-Ampt model, one 

of the most widely applied, conceptualises infiltration as a piston-like wetting front advancing into a homogeneous soil 

column under the combined influence of gravitational and capillary forces [12]. The model expresses cumulative 

infiltration as a function of hydraulic conductivity, matric suction at the wetting front, and the moisture deficit of the 

soil. Philip’s infiltration equation provides a time-dependent solution, expressing infiltration rate as the sum of a 

sorptivity term (dominant at early times when capillary forces prevail) and a gravity-driven steady-state term (dominant 

at later times). Horton’s empirical model describes the exponential decline of infiltration rate from an initial maximum 

to a final constant rate, capturing the commonly observed behaviour in field conditions [13]. 

 

3.2 Factors Affecting Infiltration in Indian Soils 

The infiltration characteristics of Indian soils are profoundly influenced by the nation’s extraordinary pedological 

diversity. India encompasses eight major soil orders distributed across varied agroclimatic zones, from the alluvial 

plains of the Indo-Gangetic region to the lateritic formations of the Deccan Plateau and the organic soils of the 

northeastern hills [14]. Alluvial soils, covering approximately 40% of India’s land area, display infiltration rates 

ranging from 15 to 45 mm/hr depending on textural class and depth to the water table. These soils, formed by riverine 

deposition, exhibit relatively favourable hydraulic properties, though intensive rice-wheat cultivation in the Indo-

Gangetic plains has led to the development of subsurface compaction pans (plough pans) that impede vertical water 

movement. 

Black cotton soils (Vertisols), covering approximately 30% of the Deccan Plateau, present unique infiltration 

challenges. These montmorillonite-rich clay soils exhibit pronounced shrink-swell behaviour, developing deep 

desiccation cracks during the dry season that can extend to depths of 100 cm or more. When the monsoon rains 

commence, these cracks initially act as macropores, allowing rapid preferential flow of water to considerable depths—a 

phenomenon termed “bypass flow.” However, as the clay hydrates and swells, the cracks progressively seal, and 

infiltration rates plummet to values as low as 2–5 mm/hr, generating substantial surface runoff [15]. This biphasic 

infiltration behaviour has significant implications for groundwater recharge in central and western India. 

Laterite soils, prevalent in the high-rainfall zones of Kerala, Karnataka, and Goa, are characterised by high iron and 

aluminium oxide content, which imparts a distinctive reddish colour and gravelly texture. Despite their apparently 

coarse texture, laterite soils often develop indurated hardpans (laterite crusts or “murrum”) at varying depths that 

severely restrict deep percolation. The infiltration rate in these soils typically ranges from 20 to 60 mm/hr in the surface 
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layers but may decrease dramatically below the hardpan, redirecting water laterally as interflow rather than contributing 

to deep aquifer recharge [16]. 

 
Figure 3: Porosity and Drainage Patterns in Different Soils 

 
Figure 4: Infiltration Rate Variation Over Time by Soil Type 
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Table 2: Infiltration Models and Their Applications in Indian Conditions 

Model Key Parameters Soil Applicability Limitations 

Green-Ampt Ks, ψf, Δθ Homogeneous sandy to 

loamy soils 

Assumes uniform wetting 

front 

Philip (1957) Sorptivity (S), Ks Coarse to medium 

textured soils 

Accuracy decreases over 

long durations 

Horton (1940) f₀, fc, k Widely applicable across 

textures 

Empirical; requires 

calibration 

Kostiakov (1932) a, b (empirical) Agricultural soils of 

alluvial plains 

No physical basis; time-

dependent only 

SCS Curve Number CN, S (retention) Watershed scale; all soil 

groups 

Lumped parameter; 

ignores soil layering 

Richards Equation θ, K(θ), h All soil types (numerical) Computationally intensive 

HYDRUS-1D van Genuchten params Layered soils; Indian 

Vertisols 

Requires detailed 

parameterisation 

Modified Green-Ampt Ks, ψf, crusting factor Crusted laterite and arid 

soils 

Limited to surface-sealed 

conditions 

Soil Moisture Balance P, ET, ΔS, R Regional groundwater 

assessment 

Simplified; assumes 

uniform conditions 

 

3.3 Soil Water Retention and Movement 

The ability of soil to retain water against gravitational drainage is quantified by the concept of field capacity, defined as 

the volumetric water content at which gravitational drainage effectively ceases, typically corresponding to a matric 

potential of approximately -33 kPa (-1/3 bar) [17]. The permanent wilting point, at approximately -1500 kPa (-15 bar), 

represents the lower limit of water availability to plants. The difference between field capacity and wilting point defines 

the plant-available water capacity (PAWC), a critical parameter for both agricultural productivity and hydrological 

modelling. 

In Indian soils, PAWC varies dramatically with texture and organic matter content. The black cotton soils of 

Maharashtra and Madhya Pradesh, despite their challenging infiltration characteristics, exhibit exceptionally high 

PAWC values (17–27% by volume) owing to their high clay content and the water-adsorbing properties of 

montmorillonite minerals. Sandy soils of Rajasthan, in contrast, display PAWC values as low as 5–8%, necessitating 

frequent irrigation even during the growing season. The organic-rich soils of Assam and Meghalaya, supporting tea 

(Camellia sinensis) and other plantation crops, exhibit intermediate PAWC values (12–18%) but benefit from high 

organic matter content that enhances moisture retention in the root zone [18]. 
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Figure 5: Soil Horizons and Water Percolation Pathways 

Table 3: Soil Water Constants Across Major Soil Groups of India 

Soil Group Region Saturation (%) 
Field Capacity 

(%) 

Wilting Point 

(%) 
PAWC (%) 

Alluvial (Sandy 

Loam) 

Punjab, UP 42–48 22–28 8–12 14–16 

Alluvial (Silty 

Clay) 

Bihar, West 

Bengal 

48–55 30–35 14–18 16–17 

Black Cotton 

(Vertisol) 

Maharashtra, 

MP 

55–65 38–55 20–28 17–27 

Red Soil 

(Alfisol) 

Karnataka, 

Tamil Nadu 

38–45 18–25 7–12 11–13 

Laterite (Oxisol) Kerala, Goa 40–50 16–24 6–11 10–13 

Desert 

(Aridisol) 

Rajasthan, 

Gujarat 

32–38 8–14 3–6 5–8 

Mountain 

(Inceptisol) 

Himachal, 

Uttarakhand 

44–52 22–32 9–14 13–18 

Peaty (Histosol) Kerala 

backwaters 

70–85 55–75 25–38 30–37 

Saline-Alkali Haryana, 

Rajasthan 

45–58 32–45 16–26 16–19 
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IV. EVAPOTRANSPIRATION AND SOIL–ATMOSPHERE WATER EXCHANGE 

4.1 Evaporation from Soil Surfaces 

Evapotranspiration (ET) represents the combined loss of water from the soil surface through direct evaporation and 

from the plant canopy through transpiration, constituting the largest pathway of water return from the terrestrial surface 

to the atmosphere in most ecosystems. Globally, ET accounts for approximately 60–70% of total precipitation, and in 

tropical and subtropical regions such as India, this proportion can exceed 80% during the dry season [19]. The rate of 

soil evaporation is governed by atmospheric demand (quantified by potential evapotranspiration), soil moisture content, 

soil texture, colour, and the depth to the water table. 

In the initial stage of soil drying, termed the energy-limited or constant-rate stage, evaporation proceeds at a rate 

determined primarily by atmospheric conditions (radiation, temperature, wind speed, and humidity) and is relatively 

independent of soil properties. As the surface dries and a desiccation layer forms, evaporation transitions to the falling-

rate stage, during which soil hydraulic properties—particularly unsaturated hydraulic conductivity—become the 

controlling factor. Clay soils, with their fine pore networks, can sustain capillary rise and surface evaporation for 

extended periods, whereas sandy soils quickly lose hydraulic continuity between the evaporating surface and deeper 

moist layers, resulting in rapid self-mulching [20]. This phenomenon explains why sandy soils in the Thar Desert of 

Rajasthan often conserve more subsurface moisture than the adjacent clay-rich soils of the Aravalli foothills. 

 

4.2 Transpiration and Root Water Uptake 

Transpiration, the biological component of evapotranspiration, involves the absorption of soil water by plant roots, its 

transport through the xylem, and its release as water vapour through stomatal openings on leaf surfaces. The magnitude 

of transpiration is determined by vegetation type, leaf area index, rooting depth, stomatal conductance, and soil 

moisture availability. In India’s diverse agricultural systems, transpiration rates vary enormously—from approximately 

2–3 mm/day for dryland millets (Pennisetum glaucum) in Rajasthan to 8–12 mm/day for irrigated sugarcane 

(Saccharum officinarum) in Maharashtra during peak growth stages [21]. 

Deep-rooted perennial species such as neem (Azadirachta indica), banyan (Ficus benghalensis), and teak (Tectona 

grandis) can extract water from depths exceeding 5–10 metres, effectively reducing the amount of percolation reaching 

the water table. Conversely, natural forests with dense canopy cover significantly reduce direct evaporation from the 

soil surface through shading, while simultaneously promoting infiltration through improved soil structure and organic 

matter inputs. The net effect of vegetation on groundwater recharge depends on the balance between enhanced 

infiltration and increased transpiration—a relationship that varies with climate, species composition, and management 

regime [22]. 

Table 4: Evapotranspiration Rates of Major Crops and Vegetation Types in India 

Vegetation Type Scientific Name Region ET (mm/day) Rooting Depth (m) 

Rice (Paddy) Oryza sativa Indo-Gangetic Plains 5–8 0.3–0.6 

Wheat Triticum aestivum Punjab, Haryana 3–5 0.8–1.5 

Sugarcane Saccharum 

officinarum 

Maharashtra, UP 8–12 1.0–2.0 

Pearl Millet Pennisetum glaucum Rajasthan, Gujarat 2–4 1.5–2.5 

Tea Camellia sinensis Assam, Darjeeling 3–6 1.0–2.0 

Coconut Cocos nucifera Kerala, Karnataka 4–7 2.0–4.0 

Neem Azadirachta indica Semi-arid zones 2–5 5.0–15.0 

Teak Forest Tectona grandis Central India 3–6 3.0–10.0 

Mangrove Avicennia marina Sundarbans, Gujarat 4–8 0.5–2.0 
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V. GROUNDWATER RECHARGE THROUGH SOIL 

5.1 Mechanisms of Groundwater Recharge 

Groundwater recharge is defined as the downward flux of water crossing the water table, augmenting the volume of 

water stored in aquifer systems. This process represents the terminal pathway of water through the soil profile and is 

fundamentally controlled by the hydraulic properties of the vadose zone—the unsaturated region between the ground 

surface and the water table [23]. Two principal mechanisms of recharge are recognised: diffuse (or direct) recharge, 

which occurs over broad areas through the gradual percolation of infiltrated precipitation through the soil matrix; and 

focused (or indirect) recharge, which occurs through concentrated flow in features such as river channels, tanks, lakes, 

and ephemeral streams. 

In India, both mechanisms operate with varying significance depending on physiographic and climatic setting. Diffuse 

recharge predominates in the alluvial aquifer systems of the Indo-Gangetic Plains, where relatively permeable soils 

overlie extensive unconfined aquifers with water tables at depths of 5–20 metres. Studies using tritium tracer techniques 

in the Punjab alluvial plains have estimated diffuse recharge rates of 80–200 mm/year, representing 10–25% of annual 

precipitation [24]. Focused recharge, in contrast, assumes greater importance in the hard-rock aquifer regions of 

peninsular India, where the fractured granite and gneiss formations have limited primary porosity and recharge occurs 

primarily through weathered zones and fracture networks connected to surface water features. 

 
Figure 6: Groundwater Recharge and Discharge Zone Schematic 

 

5.2 Soil Properties Influencing Groundwater Recharge 

The soil profile acts as both a conduit and a barrier to groundwater recharge, with the net recharge flux determined by 

the hydraulic properties of each layer through which water must pass. Saturated hydraulic conductivity (Ks) is the 

primary parameter governing the rate of deep percolation under saturated conditions. In the Indian context, Ks values 

span several orders of magnitude—from 0.005 cm/hr in sodic soils of the Gangetic plains to 25 cm/hr in the aeolian 

sands of the Thar Desert [25]. However, Ks alone is insufficient to predict recharge, as the vadose zone is typically 

unsaturated, and water movement is governed by the unsaturated hydraulic conductivity function, K(θ), which 

decreases non-linearly with decreasing water content. 
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Soil depth and layering profoundly influence recharge dynamics. Many Indian soil profiles exhibit distinct horizon 

development with contrasting hydraulic properties. For instance, the red soils of the Karnataka Plateau typically 

comprise a relatively permeable sandy loam A-horizon overlying a dense clay-enriched B-horizon (argillic horizon), 

creating a permeability discontinuity that can generate perched water tables and redirect vertical flow laterally. 

Similarly, the calcic horizons (kankar layers) common in the arid and semi-arid soils of Rajasthan and Haryana act as 

semi-impermeable barriers that retard deep percolation [26]. Understanding these layered structures is essential for 

accurate estimation of recharge rates using soil water balance methods. 

 

5.3 Estimation of Groundwater Recharge 

Multiple methods are employed for estimating groundwater recharge, ranging from simple empirical approaches to 

sophisticated numerical models. The water table fluctuation (WTF) method, widely used by the CGWB in India, 

estimates recharge from the observed rise in water table levels following rainfall events, multiplied by the specific yield 

of the aquifer material. This method has the advantage of simplicity but assumes that all water table rise results from 

recharge, neglecting lateral inflows. The soil moisture balance method, applied at the field scale, calculates recharge as 

the residual of the water balance equation: Recharge = Precipitation - Evapotranspiration - Runoff - Change in soil 

moisture storage [27]. 

Table 5: Estimated Groundwater Recharge Rates Across Indian Hydrogeological Settings 

Hydrogeological 

Setting 

Dominant Soil 

Type 
Recharge (mm/yr) 

Recharge (% of 

Rainfall) 
Estimation Method 

Indo-Gangetic 

Alluvium 

Alluvial sandy loam 80–200 10–25 Tritium tracer / 

WTF 

Deccan Basalt Traps Black cotton clay 30–80 4–10 Water balance / 

WTF 

Peninsular Granite-

Gneiss 

Red sandy loam 40–120 5–15 Chloride mass 

balance 

Coastal Alluvium Sandy to silty 100–250 12–28 Numerical 

modelling 

Western Ghats 

Laterite 

Laterite gravelly 150–350 8–18 Spring discharge 

analysis 

Thar Desert Aeolian Desert sand 10–40 2–8 Soil moisture 

balance 

Northeast Hills Forest loam 200–500 10–20 Baseflow separation 

Gangetic Delta Silty clay 50–150 5–12 MODFLOW 

simulation 

Aravalli Quartzite Shallow rocky loam 20–60 3–8 Isotopic analysis 

 

VI. IMPACT OF LAND USE AND ANTHROPOGENIC ACTIVITIES ON SOIL–WATER DYNAMICS 

6.1 Urbanisation and Soil Sealing 

Rapid urbanisation represents one of the most significant threats to soil hydrological function in India. The conversion 

of agricultural and natural landscapes to built-up areas replaces permeable soil surfaces with impervious materials—

concrete, asphalt, and compacted fill—that effectively eliminate infiltration and redirect virtually all precipitation to 

surface drainage systems. India’s urban population has grown from approximately 286 million in 2001 to over 500 

million by 2025, with projections indicating that 40% of the total population will reside in urban areas by 2030 [28]. 
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Cities such as Bengaluru, Hyderabad, and Chennai have experienced explosive spatial growth, with impervious surface 

cover increasing by 300–500% over the past three decades. 

The consequences of urban soil sealing for groundwater recharge are profound. Studies in Bengaluru have documented 

a decline in recharge rates from approximately 150 mm/year in 1970 (when the city comprised extensive garden 

landscapes and open spaces) to less than 40 mm/year in heavily urbanised zones by 2020. Simultaneously, increased 

surface runoff has exacerbated urban flooding—a phenomenon tragically illustrated by the devastating floods in 

Chennai (2015), Mumbai (2005), and Hyderabad (2020). The loss of permeable soil surfaces in urban catchments 

creates a hydrological double jeopardy: reduced dry-season baseflow to rivers and increased wet-season flood peaks 

[29]. 

 
Figure 7: Impact of Land Use on Soil Water Dynamics 

 

6.2 Agricultural Practices and Soil Water Dynamics 

Agricultural intensification has profoundly altered soil hydrological properties across India’s farming landscapes. The 

widespread adoption of mechanised tillage, particularly deep ploughing with disc and mouldboard implements, disrupts 

natural soil structure, destroys macropore networks, and creates subsurface compaction layers (plough pans) at typical 

depths of 15–25 cm. In the rice-wheat cropping system of the Indo-Gangetic Plains—covering approximately 13.5 

million hectares across Punjab, Haryana, Uttar Pradesh, and Bihar—the practice of puddling (wet tillage) for 

transplanted rice (Oryza sativa) creates a deliberately impermeable layer to retain standing water, but this pan persists 

through the subsequent wheat season, reducing infiltration by 30–50% compared to unpuddled conditions [30]. 

The application of chemical fertilisers and pesticides, while boosting crop yields, can adversely affect soil biological 

activity and aggregate stability. Excessive use of sodium-containing fertilisers promotes soil dispersion and surface 

crusting, particularly in the sodic soils of Uttar Pradesh and Haryana, where exchangeable sodium percentages exceed 

15%. Irrigation with poor-quality groundwater, common in the Gangetic alluvial belt, further exacerbates sodicity and 

reduces infiltration capacity. Conversely, organic farming practices, conservation agriculture (zero tillage, residue 

retention, crop rotation), and the application of farmyard manure and vermicompost have been shown to improve soil 

structure, increase organic carbon content, and enhance infiltration rates by 20–60% relative to conventional practices 

[31]. 

 

 



I J A R S C T    

    

 

               International Journal of Advanced Research in Science, Communication and Technology 

                          International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal 

Volume 2, Issue 1, December 2022 

 Copyright to IJARSCT DOI: 10.48175/IJARSCT-7744Q    853 

   www.ijarsct.co.in  

 
 

ISSN: 2581-9429 Impact Factor: 6.252 

 
6.3 Deforestation and Soil Degradation 

Deforestation disrupts the intimate connection between vegetation, soil structure, and water cycling. The removal of 

forest cover eliminates the protective canopy that intercepts rainfall and reduces its erosive impact on the soil surface. 

The loss of root systems—particularly the deep taproots of species such as sal (Shorea robusta) and deodar (Cedrus 

deodara)—destabilises soil aggregates and reduces macroporosity. The cessation of leaf litter input deprives the soil of 

organic matter, diminishing the food supply for soil fauna including earthworms (Metaphire posthuma), which are 

critical agents of bioturbation and macropore formation in Indian soils [32]. 

India has lost approximately 1.6 million hectares of forest cover between 2001 and 2020, with the highest rates of 

deforestation occurring in the biodiversity-rich Western Ghats, the northeastern hills, and the Central Indian Highlands. 

In the Himalayan watersheds, deforestation has increased peak runoff by 20–40% while reducing dry-season baseflows 

by 15–30%, reflecting diminished groundwater recharge. Soil erosion rates in deforested catchments of the Shivalik 

Hills have been measured at 20–80 tonnes/ha/year, compared to 1–5 tonnes/ha/year under intact forest cover, resulting 

in progressive loss of topsoil and further deterioration of infiltration capacity [33]. 

Table 6: Impact of Land Use Change on Soil Hydrological Properties in India 

Land Use Type 
Bulk Density 

(g/cm³) 

Organic 

Carbon (%) 

Infiltration 

Rate (mm/hr) 

Annual Runoff 

(%) 

Recharge 

Potential 

Dense Forest 1.05–1.25 2.5–5.0 50–120 5–15 Very High 

Degraded Forest 1.25–1.40 1.2–2.5 20–50 20–35 Moderate 

Rainfed 

Agriculture 

1.30–1.50 0.5–1.5 10–35 25–45 Moderate 

Irrigated 

Agriculture 

1.35–1.55 0.4–1.2 8–25 15–30 Low–Moderate 

Plantation 

(Tea/Coffee) 

1.15–1.35 1.5–3.5 30–70 10–25 High 

Grassland/Pasture 1.20–1.40 1.0–2.5 25–55 15–30 Moderate–High 

Urban (Low 

density) 

1.40–1.60 0.3–0.8 5–15 40–60 Low 

Urban (High 

density) 

1.55–1.80 0.1–0.4 1–5 70–95 Very Low 

Barren/Wasteland 1.45–1.65 0.2–0.5 8–20 50–70 Low 

 

VII. CLIMATE CHANGE AND ITS IMPLICATIONS FOR SOIL–WATER INTERACTIONS 

7.1 Changing Precipitation Patterns and Soil Response 

Climate change is fundamentally altering the precipitation regime over the Indian subcontinent, with cascading 

consequences for soil–water dynamics and groundwater recharge. Analysis of long-term rainfall data reveals a 

significant increase in the frequency and intensity of extreme precipitation events, coupled with a decline in the number 

of low and moderate rainfall days. The Indian Meteorological Department (IMD) has documented that the frequency of 

heavy rainfall events (exceeding 150 mm/day) has increased by approximately 75% since 1950, while the contribution 

of moderate rainfall events (10–50 mm/day) to total seasonal precipitation has decreased [34]. This shift has profound 

implications for infiltration and recharge, as high-intensity rainfall is more likely to exceed soil infiltration capacity, 

generating greater proportions of surface runoff. 

Temperature increases associated with global warming are also affecting soil hydrological processes. Higher 

temperatures accelerate evapotranspiration, reducing the net amount of precipitation available for infiltration and 
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recharge. In the Indo-Gangetic Plains, studies project a 10–15% increase in potential evapotranspiration by 2050 under 

moderate emission scenarios, which could reduce effective recharge by 20–30 mm/year—a significant volume 

considering the already stressed state of aquifers in the region [35]. Furthermore, elevated temperatures alter soil 

biological activity and organic matter decomposition rates, potentially degrading soil structure and reducing infiltration 

capacity over the long term. 

 

7.2 Projected Impacts on Groundwater Recharge 

Integrated modelling studies combining downscaled climate projections with soil hydrological models have produced 

sobering estimates of future recharge changes across India. Projections for the Indo-Gangetic Plains suggest a net 

decline in groundwater recharge of 10–25% by 2050 and 15–40% by 2100 under RCP 4.5 and RCP 8.5 scenarios, 

respectively. The Deccan Plateau, already characterised by limited recharge through its heavy clay soils and hard-rock 

geology, faces even more severe projections, with potential recharge reductions of 20–50% in some districts [36]. 

These projected declines, superimposed upon ongoing increases in groundwater extraction for irrigation, paint an 

alarming picture of future water security for hundreds of millions of people who depend on groundwater for their daily 

needs. 

 
Figure 8: Soil Moisture Distribution Zones in the Vadose Zone 

 

VIII. STRATEGIES FOR ENHANCING GROUNDWATER RECHARGE THROUGH SOIL MANAGEMENT 

8.1 Conservation Agriculture and Soil Health 

Conservation agriculture (CA) encompasses a set of soil management principles—minimum mechanical disturbance, 

permanent organic soil cover, and species diversification through crop rotation—that collectively enhance soil 

structure, infiltration, and recharge. Zero-tillage (ZT) cultivation, widely adopted in the rice-wheat systems of Haryana 

and Punjab, eliminates plough pan formation and preserves biopore networks created by earthworms and root channels. 

Field studies at the Indian Council of Agricultural Research (ICAR) stations have demonstrated that ZT systems 

increase steady-state infiltration rates by 25–45% and reduce surface runoff by 30–50% compared to conventional 

tillage, translating to enhanced deep percolation and aquifer replenishment [37]. 

Residue retention on the soil surface—a key component of CA—provides multiple hydrological benefits. Crop residues 

dissipate the kinetic energy of raindrops, preventing surface sealing and maintaining infiltration capacity. They also 

reduce evaporation from the soil surface by acting as a mulch layer, conserving soil moisture for subsequent 

percolation. In the Indo-Gangetic Plains, the retention of rice straw (approximately 7–9 tonnes/ha) on the surface for the 
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succeeding wheat crop has been shown to increase cumulative infiltration by 35–55% and reduce soil evaporation by 

25–40% relative to residue-burned plots [38]. Additionally, the incorporation of leguminous cover crops such as 

Sesbania rostrata and Crotalaria juncea (sunn hemp) between main crop seasons adds organic matter, fixes 

atmospheric nitrogen, and improves aggregate stability through root exudates and mycorrhizal associations. 

 

8.2 Managed Aquifer Recharge 

Managed aquifer recharge (MAR) encompasses a range of engineered and nature-based solutions designed to augment 

natural recharge by directing surface water into subsurface storage through the soil profile. In India, MAR techniques 

include check dams, percolation tanks, recharge shafts, spreading basins, and rooftop rainwater harvesting with 

recharge wells. The Mahatma Gandhi National Rural Employment Guarantee Act (MGNREGA) programme has 

facilitated the construction of over 1.5 million water harvesting and recharge structures across rural India since 2006, 

significantly enhancing localised groundwater levels in many regions [39]. 

Percolation tanks, traditional water harvesting structures prevalent in the hard-rock regions of peninsular India, capture 

surface runoff and allow it to infiltrate through the tank bed and embankments into underlying weathered and fractured 

rock aquifers. Studies in Maharashtra have documented that percolation tanks can recharge 0.15–0.45 million cubic 

metres of water annually per structure, raising water levels in nearby wells by 1–4 metres during the post-monsoon 

season. However, the effectiveness of these structures is critically dependent on the hydraulic properties of the soil and 

weathered zone beneath the tank bed; silted or clay-lined tank beds may reduce recharge efficiency by 50–80%, 

highlighting the need for regular desiltation and maintenance [40]. 

 

8.3 Afforestation and Agroforestry 

Strategic afforestation and agroforestry systems offer long-term solutions for restoring soil hydrological function in 

degraded landscapes. Tree species with extensive root systems—such as Dalbergia sissoo (Indian rosewood), Acacia 

nilotica (babool), and Eucalyptus tereticornis—penetrate compacted subsoil layers and create macropores that persist 

long after root senescence, facilitating preferential flow and deep percolation. However, species selection must account 

for the water balance implications, as high-transpiring species such as eucalyptus can actually reduce net recharge in 

water-limited environments [41]. 

In India, agroforestry systems integrating trees with crops and livestock have shown considerable promise for 

simultaneously enhancing productivity and hydrological function. The traditional haveli system of central India, where 

fields are bunded and allowed to accumulate monsoon runoff for prolonged soil saturation, combines water harvesting 

with natural recharge through heavy clay soils. Modern agroforestry designs incorporating nitrogen-fixing trees such as 

Leucaena leucocephala and Gliricidia sepium with food crops have demonstrated 30–50% improvements in soil 

organic carbon, 20–40% increases in infiltration rates, and measurable enhancements in groundwater levels compared 

to monoculture systems [42]. 

Table 7: Effectiveness of Soil and Water Conservation Measures in India 

Conservation 

Measure 

Infiltration 

Improvement (%) 

Runoff Reduction 

(%) 

Recharge 

Enhancement 

(mm/yr) 

Implementation 

Scale 

Zero Tillage 25–45 30–50 15–40 Farm level 

Mulching (Crop 

Residue) 

35–55 25–45 10–30 Farm level 

Contour Bunding 20–35 40–60 20–50 Watershed 

Percolation Tanks N/A (concentrated) 50–70 40–120 Village/Watershed 

Check Dams N/A (concentrated) 30–50 30–100 Watershed 
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Rooftop Rainwater 

Harvesting 

N/A (direct 

injection) 

80–100 (roof area) 5–20 Household/Urban 

Agroforestry 20–40 20–40 15–45 Farm/Landscape 

Afforestation 40–80 30–60 25–70 Watershed/Regional 

Constructed 

Wetlands 

N/A (filtration) 60–80 20–60 Community/Urban 

 

IX. CONCLUSION 

Soil constitutes the fundamental nexus between atmospheric precipitation and subsurface groundwater reserves, 

mediating the critical processes of infiltration, redistribution, storage, and deep percolation that sustain freshwater 

availability for ecosystems and human populations. In India, where groundwater supplies drinking water to over 85% of 

rural communities and supports nearly two-thirds of irrigated agriculture, the health and functionality of the soil system 

directly determine water security for over a billion people. The extraordinary pedological diversity of the Indian 

subcontinent—encompassing alluvial, black cotton, laterite, red, desert, and mountain soils—creates a complex mosaic 

of hydrological behaviours that demand locally tailored management approaches. The accelerating pressures of 

urbanisation, agricultural intensification, deforestation, and climate change are progressively degrading soil infiltration 

capacity and diminishing groundwater recharge rates across extensive regions. Evidence-based interventions including 

conservation agriculture, managed aquifer recharge, agroforestry, and urban green infrastructure offer viable pathways 

for reversing these trends, but their widespread adoption requires sustained policy support, community engagement, and 

interdisciplinary research. The preservation and restoration of soil hydrological function must be recognised as a 

national priority, integral to achieving water security, food sovereignty, and climate resilience in the decades ahead. 
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