



Water Harvesting and Utilization in the Earth–Atmosphere–Biological System: From Natural Processes to Technological Innovations
Abstract
Water is indispensable for municipal, domestic, and agricultural uses, yet its acute shortage disrupts nearly all aspects of human life across the globe. Water naturally exists in three phases—gas, liquid, and solid—which shift through changes in temperature and pressure. It is present throughout the Earth system, including the atmosphere, cryosphere, soil, and all living organisms. However, the demands for freshwater continues to rise while its availability declines due to population growth, rural–urban migration, and human-induced greenhouse gas emissions. Consequently, enhancing the potential for water harvesting has become critical for sustaining human wellbeing. This paper examines the potential for harvesting and utilizing water across different components of the Earth–atmosphere–biological system. Water harvesting from solid (ice) and liquid (rain) sources—across atmospheric, surface, and subsurface domains—has been practiced since ancient times to secure freshwater. Advances in science and engineering have improved the precision and efficiency of these methods, yet extracting water directly from atmospheric vapor remains a major technological challenge. Atmospheric water harvesting is emerging as a promising solution for addressing water scarcity in arid and inland regions that lack reliable liquid water resources. Cloud seeding technology with some chemicals like silver iodide, potassium iodide, sodium chloride, dry ice (solid CO2) etc can be used as cloud harvester to make artificial rain while sorption-based specialized materials like MOFs, hydrogels, and zeolites are used to absorb water vapor from the air, even in arid conditions. These sorbents capture liquid water molecules through mechanisms like hydrogen bonding. Once saturated, the material releases the water for collection. In water-scarce regions where fog and dew are abundant, atmospheric water present as vapour can serve as a valuable freshwater source when appropriate harvesting techniques are applied. Fog nets or mesh barriers placed perpendicular to wind flow can condense fog into liquid water, while spider webs and similar structures naturally harvest dew droplets. Technological advancements are expected to substantially enhance these water-harvesting processes, helping to meet future freshwater demands for humanity.
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1. Introduction
The Earth is a water-rich planet. But exactly how much water is found on, in, and above it? Approximately 71 percent of the Earth's surface is covered by water, and the oceans contain about 96.5 percent of all the water on the planet. Water is also present in the atmosphere as vapor, in rivers and lakes, in polar and alpine regions as icecaps and glaciers, in the ground as soil moisture and in aquifers, and within all living organisms (Water Science School, 2019).

Of the world’s total water supply—about 1,338 million km³—more than 97 percent is saline. Of the remaining freshwater, over 68 percent is stored in ice and glaciers, while another 30 percent lies underground. Fresh surface water found in rivers and lakes, which people rely on daily, accounts for only about 93,100 km³, roughly 1/150th of one percent of all water on Earth. Notably, only 0.001 percent of global water—about 12,900 km³—is present in the atmosphere as humidity, clouds, and various forms of precipitation. Additionally, about 0.0001 percent of the world’s water (1,120 km³), known as biological water, exists within living organisms life (Shiklomanov, 1993). 

Water is essential for the existence of all life. It is found in the oceans, on land, in the atmosphere, and within every living organism. Water occurs in three forms—gas, liquid, and solid—which can transform into one another depending on environmental conditions, particularly temperature and pressure. In its gaseous or vapor state, it may remain invisible in the atmosphere. The gaseous and solid forms of water can also convert directly between each other without passing through the liquid phase, a process known as sublimation. The temperature range between the two ends of sublimation (vapor and ice) is relatively narrow and generally compatible with living organisms. Interestingly, some visible forms of water can easily float in the atmosphere. Due to its diverse states and characteristics, water can move from one place to another and exists everywhere—whether in the oceans, the atmosphere, cryosphere, on land, or underground.

Water harvesting (WH) from solid (ice) and liquid (rain) sources across atmospheric, surface, and subsurface reservoirs has been practiced since time immemorial to secure freshwater supplies. Generally, WH refers to the practice of capturing, infiltrating, storing, using, and reusing freely available on-site liquid water sources—such as rainwater, storm runoff, greywater, and dark greywater—in ways that preserve or improve water quality, enhance long-term availability (even during drought), reduce on-site and downstream flooding during wet periods, and promote greater biological productivity and soil fertility. In doing so, water, soil, and overall environmental conditions are improved both at the local scale and across the wider community and watershed (Lancaster, 2009). Thus, water harvesting encompasses activities in which rainfall or surface runoff is collected, diverted, stored, and utilized. Runoff from higher-elevation catchments (the impluvium) is captured and directed onto fields where crops are cultivated. 
Nevertheless, water harvesting can also target the microphysical phases of atmospheric water—characterized by high enthalpy and inherently low extractability—which become particularly important in water-limited environments where annual conventional precipitation is minimal or highly unreliable. Therefore, harvesting water from clouds, atmospheric vapor, fog, or dew is critically important in water-scarce, arid, or drought-prone environments—remains a persistent scientific and engineering challenge (Elmer and Hyde, 1986; Fessehaye et al., 2014; LaPotin et al., 2019; Azeem et al., 2020; Hanikel et al., 2020; Ejeian and Wang, 2021). 

With recent technological advances, liquid water can now be extracted and stored from all atmospheric phases—including the otherwise invisible vapor phase—to meet diverse human needs. The primary objective of this paper is to synthesize state-of-the-art knowledge and develop a comprehensive framework for atmospheric and rainwater harvesting, with particular emphasis on conceptual foundations, experimental evidence, and operational or technological innovations.
2. Forms, harvesting and utilization of water
Water exists in three physical states—gas (vapor), liquid (aqueous), and solid (ice)—which can interconvert depending on environmental conditions, particularly temperature and pressure. Water harvesting (WH) from solid (ice) and liquid (rain) sources—whether originating from the atmosphere, land surface, or subsurface (e.g. springs, streams, wells etc) — has been practiced since antiquity, with the ultimate objective of securing liquid water. WH techniques are highly dependent on state of water, extractable capacity, local geography, and their benefits are therefore site-specific. With advances in science and engineering, the water harvesting methods have become increasingly precise and efficient. 
2A. Atmospheric water with low extractability
Extracting water directly from atmospheric vapor remains technologically challenging, as these microphysical phases exhibit low extractability and provide minimal yield of condensable liquid water (Table 1a–e). Atmospheric water harvesting (AWH) is broadly pursued through four established strategies: fog harvesting, dew collection via radiative or active cooling, could harvesting, and sorption-based atmospheric water harvesting (SBAWH). Fog consists of microscale water droplets suspended in air; these droplets gradually grow through coalescence, driven by interfacial forces, until they reach sizes conducive to gravitational settling (Bilal et al., 2022). Fog-collecting mesh systems exploit this natural droplet growth by enhancing collision and coalescence efficiency, enabling the captured droplets to drain into storage systems for practical use (Fessehaye et al., 2014; Azeem et al., 2020; Salehi et al., 2020). This passive method has been deployed in various regions as a reliable supplementary freshwater source.

Dew collection relies on the condensation of atmospheric water vapor when ambient air is cooled below its dew-point temperature, the threshold at which vapor becomes saturated. Achieving such cooling typically demands considerable energy input to overcome both sensible and latent heat requirements during phase transition (Lee et al., 2012; LaPotin et al., 2019), posing limitations to large-scale or energy-efficient deployment.

The primary chemical agent employed in cloud seeding is silver iodide (AgI). Other materials, including potassium iodide (KI), sodium chloride (NaCl), and dry ice (solid carbon dioxide, CO₂), are also utilized depending on the seeding objective and cloud conditions. These substances are dispersed into cloud systems to serve as condensation or ice nuclei, thereby promoting the formation and growth of water droplets or ice crystals that can subsequently precipitate as rain or snow (Malik et al., 2018). Cloud seeding can offer short-term mitigation during severe droughts by enhancing precipitation, thereby supporting agricultural productivity and strengthening rural water security (Agriculture Institute, 2023). It may also function as an emergency air-quality intervention during extreme pollution events, as induced rainfall can facilitate the wet deposition of suspended particulate matter (Shukla, 2025). In regions prone to persistent fog—such as airport corridors—cloud seeding can improve visibility and operational safety (Khain et al., 2004). A targeted application involves stimulating the formation of numerous small ice crystals rather than a few large ones, which suppresses hailstone growth and reduces damage to crops, infrastructure, and property (Dessens et al., 2016). Additionally, by accelerating the onset of precipitation, cloud seeding may prevent rainfall that would otherwise occur in subsequent days, enabling more controlled management of weather-related impacts.
Table 1: Microphysical phases of atmospheric water with low extractability and their utilization potential
	State of atmospheric water (high enthalpy)
	Form and characteristics of water


	Geographic areas or ecosystem
	Time of formation
	Mechanism of water availability and use, and natural harvest potential
	Artificial water harvest by human 
	References

	
	
	
	Seasonal
	Diurnal
	
	
	

	a) Humidity
	Water in its vapor or gaseous state in the atmosphere is invisible to the human eye. Its abundance is commonly expressed as relative humidity (RH), defined as the amount of water vapor present in the air relative to the amount required for saturation at a given temperature. Relative humidity varies inversely with temperature.
	Globally, high in wet areas and low in dry areas
	High in wet season and low in dry season 
	High in night and early morning and low during afternoon
	Invisible water vapour in air condenses to visible to eye as cloud, fog, dew etc. Rain, drizzle hails, snow etc fall from cloud to the ground. High RH reduces evapotranspiration thus increases internal water potential and water relations of plants. 
	Atmosphere contains 3400 trillion gallons of water vapor that could cover the entire Earth with a one-inch layer of water. The SBAWH systems use specialized materials like MOFs, hydrogels, and zeolites to absorb water vapor from the air, even in arid conditions with low humidity (Fig. 1).  
	Wang et al. (2018); Peeters et al. (2021); Sibie et al. (2021); Huang et al. (2022)

	b) Cloud
	Invisible water vapor condenses into visible minute water droplets (liquid), small ice crystals (solid), or other suspended particles (aerosols) in the atmosphere. This occurs when a parcel of air becomes saturated—that is, when it can no longer retain all the water in vapor form—causing water to transition into liquid or solid states. 
	Globally, less in arid and semi-arid regions 
	Mostly in wet season. Vapour condensation process leads to the formation of various types of clouds 
	All times of the day
	Gaseous or vapour form of water in cloud (atmosphere) precipitates to ground in liquid (rain, drizzle etc) or solid form (snow, ice, hail etc) when it cool downs enough or gains additional vapour from surrounding atmosphere. 
	Rainfall or snowfall could be occurred artificially through cloud seeding with adding silver iodide or some other agents (Fig. 2). 
	Jung et al. (2015); Mittal et al. (2022); Wondie (2023); Ansari et al. 2024); Sadeghi and Yaghoubi (2024)

	c) Mist
	Very fine water droplets or wet hygroscopic particles, typically 50–100 μm in diameter, remain suspended in the atmosphere. They often form a thin, grayish veil over the landscape, reducing horizontal visibility to approximately 1 km or more. Mist is generally considered synonymous with “light fog” (Fig. 3a).
	Usually occurs near the shores or mountain tops when warmer water vapour in the air is rapidly cooled.
	Cooler months (late autumn, winter and early spring)
	Night
	Mist increases RH around plant thus it improves internal water relation of plant tissues. Misted plants increased instantaneous water-use efficiency 84% to 100%. A very light rain may sometimes also occur form mist. 
	Mist usually evaporates or burning-off when the sun comes up and things warm. Strong wind also removes the mist. Water harvesting from mist is hardly possible.

	Moazzam et al. (2018)

	d) Fog
	Fog consists of tiny water droplets and ice crystals suspended in the atmosphere as a visible aerosol near the ground. It is more likely to form in cooler air, particularly when the difference between air temperature and dew point is less than 2.5°C. The water content in fog typically ranges from 0.05 to 0.5 g m⁻³, and horizontal visibility is reduced to less than 1 km. Fog is denser than mist and generally persists for a longer duration (Fig. 3b).
	Fog forms over the land, ocean and mountain. It forms as cloud at ground level. 
	Cooler months (late autumn, winter and early spring) mostly occurs at winter
	Morning with the highest frequency of events around dawn i.e. morning
	Fog reduces extreme temperatures and radiative stresses, and increase plant water potentials. Fog largely minimizes the atmospheric vapour pressure deficit that reduces evaporation and transpiration thus fog delays dryness. Fog may also produce precipitation in the form of drizzle or very light snow. 
	Netting mesh (especially black in colour) against wind flow could drop the fog as liquid water (Fig. 4a, b). Fog is a supplemental water source for plants in dry lands. Fog dissipates when the air gets drier and warmer than the dew point by absorbing the sun's rays or moving over a hot surface. Strong winds can also remove fog.                                                                                                                                                                                                                                              
	Spellman ( 2012); Schemenauer and Cereceda (1992); Klemm et al., (2012); Abdul-Wahab and Lea ( 2008); Huan et al. (2023)

	e) Dew 
	Tiny water droplets from atmospheric vapor that condense and deposit on the surfaces of cooler objects, such as plant leaves and other outdoor surfaces, particularly at night (Fig. 5a). This occurs when the air temperature drops below the dew point (DP)—the temperature at which air becomes saturated and can no longer retain all its moisture, causing condensation to form dew. The dew point is always equal to or lowers than the ambient air temperature but remains above the freezing point.
	Three major dew formation zones were identified after cluster analysis: arid and semi-arid regions; mountain regions; and coastal regions.
	Autumn and Winter
	Night and morning
	Dew regulates internal water relation, improves water potential and turgor pressure thus triggers plant growth. Natural dew from plant leaves drops on the soil surface. Up to 0.5 mm of dew can form at night in some climates that is significant enough as an important source of moisture for some plants and animals in arid and semi-arid areas.
	Spider meshes/webs or related structures harvest the dew droplets as liquid water (Fig. 5b). During early morning hours in winter season, drawing netting mesh, ropes, or sticks across crop canopies—particularly at the early growth stages of grasses such as wheat and barley—can help dislodge dew droplets and allow them to fall to the ground as usable moisture.
	Tomaszkiewicz et al. (2017);  Annonymous ( 2022); Liu et al. (2022); Guo et al. (2023)


In contrast, SBAWH leverages the strong hygroscopicity of solid or liquid desiccants to spontaneously capture moisture from air, followed by desorption induced by thermal or pressure swings (Hanikel et al., 2020). The liberated water vapor subsequently condenses within a confined high-humidity chamber, producing liquid water that can be readily collected (Fig. 1). SBAWH represents a promising decentralized water-supply technology—particularly in arid and hyper-arid regions characterized by persistently low relative humidity—and continues to attract growing research attention (Elmer and Hyde, 1986; Ejeian and Wang, 2021).

[image: image1.jpg]release

)




Fig. 1. Schematic illustration of the working process of sorption-based atmospheric water harvesting (SBAWH) (Huang et al., 2022).

[image: image2.jpg]How cloud seeding works

3. Silver iodide
h aids in the
formation of ice

crystals

2. Silver iodide
4. Now too heavy

particles S
Kachthe to remain in the
Gorcetad air, the ice
cloud crystals then
fall, often
1. Silver iodide is released by melting on their
i aplane or ground-based way down to
generator form rain





Fig. 2. How cloud seeding works. (Source: https://forumias.com/blog/question/artificial-way-of-causing-rainfall-to-reduce-air-pollution-makes-use-of/; accessed on 1 December 2025).
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Fig. 3a. Mist in the mountains landscape with trees. (Source: https://en.wikipedia.org/wiki/Mist; accessed on November 21, 2025.)
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	Fig. 3b. Foggy forest in the mountains landscape with trees. (Source: Freepik; https://www.freepik.com/premium-photo/foggy-forest-mountains-landscape-with-trees-mist-landscape-after-rain-view-background-nature-image_33042539.htm; accessed on November 21, 2025.)
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	Fig. 4a. Fog harvesting technique. (Source: H2O Global News: https://h2oglobalnews.com/the-science-of-fog-harvesting/; accessed on 21 November 2025)
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	Fig. 4b. Fog harvesting structures (Vaidyanathan, 2017).
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	Fig. 5a. Condensation of dew on plant foliage. (Source: https://www.differencebetween.net/science/nature/difference-between-dew-and-fog/; accessed on 21 November 2025.)
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	Fig. 5b. Dew drops collected on spider web. (Source: https://ask-nature.sfo3.digitaloceanspaces.com/wp-content/uploads/2016/05/31142412/spider-web-dew-drops.jpg; accessed on 21 November 2025.)


2B. Atmospheric water with high extractability
Atmospheric water occurs in several hydrometeorological phases with high extractability—such as rain, frost, snow, ice, hail, graupel, sleet, and freezing rain—each of which ultimately yields liquid water upon melting (Table 2a–i). Among these, rainfall is the earliest and most fundamental component of the hydrological cycle and remains a primary freshwater source for human societies. However, a substantial portion of rainfall over inhabited landscapes is lost through evapotranspiration or rapidly conveyed to rivers and the ocean before it can be utilized. While such losses may be inconsequential in water-abundant regions with robust, centralized supply networks, they pose significant challenges in water-scarce environments. In arid and semi-arid regions—where rainfall is limited, sporadic, and highly seasonal—small-scale collection systems can markedly enhance water availability for domestic use, livestock, and agriculture. Under these climatic conditions, runoff and streamflow may be abundant for short periods but absent for much of the year (Pacey and Cullis, 1986; Liebe et al., 2007).

The term water harvesting (WH) is often used interchangeably with rainwater harvesting (RWH), although WH more accurately describes a broad set of techniques for capturing and managing surface runoff and floodwater. These include rooftop collection, runoff irrigation, spate irrigation, and various forms of runoff farming (Critchley and Siegert, 1991; Falkenmark et al., 2001; Critchley and Gowing, 2012; Oweis et al., 2012; Scheierling et al., 2013). In contrast, RWH refers specifically to the direct capture of rainfall. The collected water may be stored for immediate use, retained for future supply, or used to enhance groundwater recharge.

In the context of liquid water, WH broadly denotes the collection and storage of rainfall-generated runoff from a defined catchment for human, agricultural, or livestock needs (Hillel, 2005). Historically, WH has enabled societies in arid and semi-arid zones to thrive despite limited access to perennial rivers, lakes, or groundwater. Harvesting can occur passively—for example, in natural depressions—or through intentional interventions such as constructed catchments, bunds, diversion channels, and storage structures (Mekdaschi and Liniger, 2013). Without deliberate management, rainwater is quickly lost through evaporation, soil drying, or rapid runoff that may generate flash floods or flow into saline sinks. Therefore, RWH begins with the principle of capturing water as close as possible to where it falls, with any surplus stored or conveyed for downstream use.

RWH encompasses practices that induce, collect, store, and conserve localized surface runoff for productive purposes, particularly agriculture. Under conditions of climate change, declining groundwater levels, and intensifying water scarcity, RWH contributes to aquifer recharge, reduces localized flooding, and augments freshwater availability. Although widely applied across climatic zones and farming systems, RWH plays a particularly pivotal role in drought-prone and semi-arid regions.

RWH systems are typically classified into in-situ and ex-situ approaches. In-situ RWH captures rainfall directly within the field or soil profile by enhancing infiltration and moisture retention. This is achieved through soil and water conservation practices such as mulching, ridge–furrow configurations, terracing, pitting, and conservation tillage, all of which reduce runoff and maintain soil moisture for plant use. Ex-situ RWH, by contrast, collects water from a catchment surface and channels it to a separate storage facility—such as ponds, tanks, cisterns, or small reservoirs—whether natural or engineered. These systems provide a reliable supply of stored water for irrigation, domestic consumption, or supplemental environmental needs during dry periods.

Table 2: Atmospheric water with high extractability and their utilization potential

	State of atmospheric water
	Form and characteristics of water


	Geographic areas or ecosystem
	Time of formation
	Mechanism of water availability and use, and natural harvest potential
	Artificial water harvest by human 
	References

	
	
	
	Seasonal
	Diurnal
	
	
	

	a) Rain
	Liquid water droplets with diameters greater than 0.5 mm fall visibly from various types of clouds to the Earth’s surface. Raindrops form and descend when clouds become saturated (100% relative humidity) and contain a sufficient concentration of water droplets. The number of raindrops typically ranges from 100 to 1,000 m⁻³. Intense rainfall occurring over a short period is referred to as a downpour.
	Globally, much in wet areas and lower in arid and semi-arid areas
	Mostly in rainy season, less in the other season
	Any times
	Rainfall is the main way to come down liquid water from atmosphere to earth, where it runs-off and fills lakes and rivers, recharges the underground aquifers, and provides drinks to plants and animals. Hourly rates relating to light, moderate, and heavy rain are <2.5, 2.6-7.6 and >7.6 mm, respectively.
	Successful harvest of liquid water is possible for agricultural, industrial, potable and other uses. Experts suggest harvesting more rainwater for saving water in underground aquifers.  
	Jebamalar, et al. (2012); Kashiwar et al. (2016);  Hussain et al. (2019); Hemant et al. (2022)

	b) Drizzle/ drizzling rain
	Uniformly distributed numerous minute liquid water droplets (from 100 μm to 0.5 mm in diameter) that are very close together appear to float, but it falls to the ground. It is very light rain but stronger than mist. Drizzle forms when warmer air creeps into a wedge of colder air. Drizzle often is accompanied by fog but differs from it because drizzle falls to the ground as fine droplets. Freezing drizzle occurs in winter when super-cooled drizzle drops land on a surface whose temperature is below freezing, leading to the buildup of ice sheet. Drizzle commonly falls from stratus clouds.
	Occurs over large areas of world's oceans. These regions are dominated by shallow marine stratocumulus and trade wind cumulus clouds, which exist entirely within the marine boundary layer. Cloud must be fairly low to the ground (<1500 ft), and so it is more likely to occur in hilly areas. 
	Spring and summer months
	All times
	Amount of water falls from drizzle from less than 1 mm/day in ground up to 1 mm/h (heavy or thick drizzle) along the coasts and mountainous areas. Water from drizzling rain is slowly but effectively soaked by soil over time and more efficient for plant’s uptake and infiltration in soil. Due to the tiny water droplets, under many circumstances the drizzle largely evaporates before reaching the earth and may not be detected by ground-based observatories. 
	Little water can be harvested for a while.


	Meunier and Beysens ( 2016)

	c) Frost

 
	Water vapor deposited as minute ice crystals (a process of sublimation) as thin white cover on cold objects or the ground, leaves, cars, windows or other surfaces (whose temperature goes below the freezing point or 0°C) in the form of scales, needles, feathers, or fans.  Frost forms when an outside surface cools past the dew point. Areas that have a lot of fog often have heavy frosts. A hard frost is a frost where both the air and the ground freeze. The white frost that forms on trees along mountain ridges is rime (haor, haorfrost) that forms when the moisture in fog freezes suddenly.
	Cold air settles in the valleys since it is heavier than warm air, therefore frost conditions are more prone in these regions.
	Winter season and early spring
	Frost usually forms at night when the air temperature remains cool
	During frost formation, the water freezes on crop and releases heat to provide warm conditions. Frost improves soil structure – when moisture within soil freezes, water expands when if freezes, so frost splits apart soil particles making soil more friable and easier to work. Frost vanished when the sun come out. Dry air will make frost disappear through sublimation. 
	A thin layer of frozen soil stops moisture in the layers below from evaporating. So frozen ground helps regulate the water cycle. Watering after a frost can actually help thaw frozen soil and aid plants' recovery.


	Duff (2023); NSIDC ( 2023)

	d) Snow 
	White or translucent tiny ice crystals stick together in cloud due to go down temperature below the freezing point (0°C), when water vapor in atmosphere condenses directly into ice, falls to the earth as frozen rain (snowfall), covers, permanently or temporarily. Frozen rain may contain three types of particles—graupel (granular snow pellets, also called soft hail), sleet (partly frozen ice pellets), and hail (hard spheres of ice).
	High latitude (temperate and polar) and altitude (mountainous) regions worldwide with sufficient moisture and cold temperatures. Snow cover helps regulate the temperature of Earth's surface.
	Winter and early spring
	Al times of day
	Snow vaporizes and disappears following sublimation process at low humidity and warm sunlight. When season changes at temperature above 0°C, solid snow melts, releasing liquid water run-offs and replenishes soil moisture, allowing plants to absorb the water they need, fills the reserviours like ponds, lakes, rivers etc. 
	Snowmelt harvesting, similar to rainwater harvesting, is the capture and storage of rainwater and snowmelt water 
	Bhuchar  et al. (2009); Singh (2022)

	e) Ice
	The solid, crystalline form of water substance; found in the atmosphere as snow crystals, hail, ice pellets, etc, and on the earth's surface in forms such as hoarfrost, rime, glaze, sea ice, glacier ice, ground ice, frazil, anchor ice, etc. Glaze (ice coating) is the accumulated water covers the surface and freezes relatively slowly.
	Frozen  lakes, icebergs, and glaciers in polar regions and mountainous areas
	All seasons  much in winter
	All times of day
	At temperatures above 32°F (0°C), melts and changes state from a solid to a liquid (water). Ice melts above 0°C and run-offs as liquid water, and mixes to lake, rivers, and thus sea level rise occurs.
	Ice cuts as block and delivered to businesses and homes, who needed fresh supplies every few days to keep fish, meat, and dairy products from spoiling.
	Coillet (1997)

	f) Hail
	Pellets of frozen rain that formed under extremely cold temperature in strong thunderstorm clouds, particularly those with intense updrafts with great vertical extent under a tornado condition where water droplets or super-cooled water vapour  freezed into balls or clumps of ice or solid ice larger than 5 mm (Fig. 6a).
	Most frequently within continental interiors at mid-latitudes and usually last around 15 minutes
	Spring and early summer months when low pressure generate within a small area (March through June) or fall thunderstorms
	Afternoon and early evening hours
	Hail density varies from 700 to 900 kg-3 in observed storms. Melts after landing to liquid water and mixes in soil.
	Small scale harvesting of water is possible manually. It mixes with soil and incorporates liquid water following melting.
	Pruppacher and Klett ( 1978); Duff (2023)

	g) Graupel (snow pellets)  
	Graupels are milky white ice pellets, also called soft hail or snow pellets, generally 2 to 5 millimeters in diameter, sometimes distinguished by shape into conical, hexagonal, and lump (irregular) formed in a cloud in the upper atmosphere when supercooled water droplets collide and freeze on impact; a form of frozen precipitation with heavily rimed or intense (Fig. 6b).
	Graupel commonly forms in high-altitude climates and is both denser and more granular than ordinary snow, due to its rimed exterior.
	Winter storms, usually falls only during thunderstorms
	
	Graupel density varies from 50 to 890 kg m-3 in observed storms.


	Same as hail
	Pruppacher and Klett (1978); Duff (2023)

	h) Sleet (ice pellet)
	Mixture of rain and snow. Transparent globular ice pellets that have diameters of 5 mm or less composed of frozen or mostly frozen raindrops or refrozen partially melted snowflakes, eventually reach the ground and make a 'ping' noise as they bounce off the vehicle's windows. Sleet is when frozen precipitation melts as it falls through warm air and then refreezes (warm above cold) before it hits the ground (Fig. 6c).
	Cryosphere or colder temperature areas. Sleet can accumulate in a similar way to snow but sometimes form a solid sheet of ice.


	Cold winter and spring
	
	Depending on the intensity and duration, sleet can accumulate on the ground much like snow.
	Same as hail
	Duff (2023); LCWB (2023)

	i) Freezing rain
	It occurs when snowflakes descend into a warmer layer of air and melt completely. When these liquid water drops fall through another thin layer of freezing air just above the surface, they don't have enough time to refreeze before reaching the ground. 
	Low lying valleys typically contain cold air, and when warm, moist air flows over this cold air, freezing rain events often occur. 
	Winter time between the months of December and March.
	Most freezing-rain events are short lived and occur near sunrise. 
	It looks like plain rain because it falls entirely in liquid form. The rain doesn't freeze until after it's made contact with the ground or other outdoor surface. It is also one of the most hazardous forms of precipitation.
	Although the occurrence of freezing rain is uncommon, it can produce extremely costly impacts. Water is added to soil eventually. 
	Cortinas  et al. (2004); Xingyu et al. (2022)
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Fig. 6a. Hail (hard ice balls) formed during thunderstorm (Source: https://txdroofing.com/why-does-hail-happen/; accessed on November 21, 2025).
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Fig. 6b. Graupel (snow pellet): Snowflake that collects super-cooled water droplets on its surface. Formed when raindrops freeze right before hitting the surface (Duff, 2023).
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Fig. 6c. Sleet (ice pellet): Liquid precipitation that freezes before reaching the ground (Duff, 2023).


2C. Soil Water 
Various forms of soil water and their respective harvesting and utilization potentials are summarized in Table 3a–c. The dynamics of soil moisture are largely hidden from direct human observation, as water movement and transformation occur within the porous matrix of the soil. Likewise, many soil-based water harvesting and utilization processes operate naturally without human intervention. For instance, capillary forces pull groundwater upward against the gravitational gradient, generating a tension-driven zone of negative pressure. Although capillary water is tightly adsorbed onto soil particles, it is sufficiently mobile to evaporate under ambient atmospheric conditions and represents the principal fraction of soil moisture accessible to plants as a hydration reserve.

Table 3: Various states of soil water with their harvest and utilization potential

	State of soil water
	Form and characteristics of water


	Geographic areas or ecosystem
	Time of formation
	Mechanism of water availability and use, and natural harvest potential
	Artificial water harvest by human
	References

	
	
	
	Seasonal
	Diurnal
	
	
	

	a) Hygroscopic water
	A thin or fine film or hygroscopic layer of 4-5 milli microns thickness of water tightly bound than the wilting point to wrap the surface of individual soil particle by adhesion properties and cannot be eliminated except for over drying at 105℃. It is moisture in a form of molecular membrane that is adsorbed on the surface of soil particles and not in pores. It is essentially non-liquid and moves primarily in the vapour form (Fig. 7).
	Globally. Water adheres to soil particles. Find it between air and oven dry.


	All seasons
	All times
	The water is tightly bound to soil by adhesion properties, thus immobile and inaccessible to plants or not readily available to plants because it has very low water potential (strongly negative). Microbes use this water for biological activities.
	Hygroscopic water retention is an important characteristic that determines the ability of a material to absorb moisture from air at a given relative humidity.
	Bao et al. (2021); Meena and Datta (2021)



	b) Capillary water 
	Water retains in soil micropores or capillary pores in liquid or vapour form depending on the pore size. It generally ranks from field capacity until air dry or permanent wilting point. It retains by surface tension properties (adhesion and cohesion) that stronger than the force of gravity and drains slowly. It is also known as available water to plants (Fig. 7).
	Globally
	All seasons, intermittent and periodic
	All times
	Capillary force acts to pull groundwater upward against gravity, forming a zone of negative pressure. Capillary water evaporates easily at ordinary temperature though it is held firmly by the soil particle. It is the main water trapped in the soil solution and most available to plants for utilization as a hydration reserve.
	Capillary rise in soils. Sometimes water molecules in soils travel in upward direction even against the gravitational forces.
	Meena and Datta (2021); Wang and Manga (2021); Boduroglu and Bashir (2022)

	c) Gravitational water


	The amount of water in the soil that percolates downward under the influence of gravity and reaches the water table is called gravitational water. Liquid water fills soil’s macropores. It’s also called free water. It represents the difference in soil moisture content between the saturation condition and field capacity (Fig. 7).
	Globally
	All seasons
	All times
	Plants may use small amounts of this water before it moves out of the root zone. Gravity pulls precipitation downward, allowing it to infiltrate the ground and recharge aquifers. Pulled by gravity, groundwater moves from hills into valleys and discharges directly into wetlands, rivers and lakes. 
	It is difficult to use when it calls gravitational water


	Boyko  et at. (2021); Meena and Datta (2021); 




Plants can also take up limited amounts of gravitational water—the transient portion of infiltrating rainfall—before it drains beyond the rooting depth. Following precipitation, water infiltrates the soil profile under gravitational potential, contributing to aquifer recharge once it percolates into deeper geological layers. At broader landscape scales, groundwater migrates from recharge zones in higher elevations toward discharge areas in lowlands, where it emerges naturally in wetlands, springs, river systems, and lacustrine environments (Boyko et al., 2021; Wang and Manga, 2021; Boduroglu and Bashir, 2022).
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Fig. 7. Cross-section of hygroscopic, capillary and gravitational water in soil (Nancy et al., 2012).
2D. subterranean or underground water

Various forms of subterranean or underground water—including water accessed through wells and boreholes, natural springs, submarine springs, artesian wells, and small groundwater-fed streams or creeks—along with their respective harvesting and utilization potentials, are presented in Table 4a–e. Because these sources supply water in liquid form, their extraction and use are comparatively straightforward. Groundwater obtained from these systems can be directly utilized for drinking, domestic consumption, industrial applications, and agricultural irrigation, subject to appropriate quality assessment and treatment where necessary.

Many subterranean water bodies also play a critical role in sustaining local and regional hydrological cycles. Through vertical percolation of water from some subterranean bodies and intergranular flow, infiltrating rainfall and runoff recharge aquifers, forming the basis of freshwater storage in many climatic zones. Natural discharge points—such as springs, seepage faces, and groundwater-fed streams—function as visible indicators of subsurface hydraulic connectivity and aquifer health.

The concept of groundwater harvesting (GWH) has emerged as a comprehensive term encompassing both traditional and modern interventions designed to access, store, or enhance the availability of groundwater. Classical GWH methods include qanat or karez systems, which tap into sloping aquifers to deliver groundwater to settlements using gently sloping underground channels. Other long-established techniques involve dug wells, infiltration galleries, and hand-excavated shafts.

Contemporary innovations extend these principles through engineered solutions such as subsurface dams, sand dams, and percolation tanks. Subsurface and sand storage dams, for example, obstruct the flow of ephemeral streams within alluvial riverbeds, enhancing water retention within the underlying sediments. This stored water can subsequently percolate downward to recharge aquifers or be extracted directly for human use during dry periods. These structures not only improve groundwater availability but also reduce evaporative losses, making them highly effective in arid and semi-arid regions.

Collectively, subterranean water systems and GWH technologies represent an essential component of integrated water resource management, providing reliable, low-evaporation, climate-resilient water supplies for diverse sectors.

Table 4: Various states of subterranean/underground water with their harvest and utilization potential

	State of subterranean/ underground water
	Form and characteristics of water


	Geographic areas or ecosystem
	Time of formation
	Mechanism of water availability and use, and natural harvest potential
	Artificial water harvest by human 
	References

	
	
	
	Seasonal
	Diurnal
	
	
	

	a) Wells or boreholes
	Vertically excavated hole on the earth’s surface that facilitates to access the liquid water from underground aquifer by bringing it up to the surface. The aquifers receive water from precipitation.
	Valleys and flat uplands
	Well’s water may change with a rainy season
	All time
	Aquifers are layers of rock and soil with water flowing through their small pores. Where surface water is scarce, such as in deserts, people couldn't survive and thrive without groundwater as like in wells.
	Wells provide a reliable and ample supply of water for home uses, irrigation, and industries.


	USGS (2018a); Groundwater Foundation (2023)

	b) Springs
	A spring is a natural discharge or exit point of subterranean or groundwater water emerges out of the aquifer and flows directly into the bed of a stream, lake, or sea. Springs occur when water pressure causes a natural flow of groundwater onto the earth's surface.
	Hilly and mountainous areas. Most of the time, natural springs is the source of streams and lakes.

 
	All seasons, intermittent and periodic. A spring may be constant, or may only flow at certain times of year.
	All times of the day
	Run-off is common to fall on to streams and lakes. There will be animal life and vegetation around the spring. Liquid underground water goes out the surface which rich in minerals like Mg, K, Ca, Na, and other trace mineral.
	All purposes of use. Spring water is the main source of water for drinking, agricultural and industrial needs. 
	Bryan (1919); LaMoreaux and Tanner, 2001); USGS (2019)

	c) Submarine springs 
	Coastal aquifers have the tendency to discharge their subsurface flow into the sea either through seepage or submarine springs where fractures prevail. Submerged freshwater springs discharging at the sea floor. Obviously caused by artesian flow of groundwater in response to pressure gradients in aquifers and breaches in confining layers. Submerged freshwater springs discharging at the sea floor. Karstic aquifers may have hydraulic links with the sea resulting in dominant flow of submarine springs.
	These are known to exist since Phoenicians (1000 years ago) time. Recently these are discovered and described by scientists in Greece, France, Libya, Italy, Spain and South America.
	 All seasons
	All times of the day
	Submarine groundwater discharge (SGD), which occurs as springs and seeps in near-shore areas, is one of the pathways of water discharge from land to the ocean in the global water cycle. Slow seepage of groundwater that flows out along most shorelines of the world may be even more important volumetrically than discrete springs. 
	Submarine springs are found in many parts of the world and some of these are large enough to provide fresh water for human needs.  
	Kohout ( 1966);Taniguchi et al., (2003)

	 d) Artesian well
	In some cases, the underground confined aquifer’s liquid water is under sufficient pressure to rise above land surface. Not all aquifers are artesian.
	Most common at the base of slopes in mountain range, where the high heads under the uplands can induce strong upward hydraulic gradients. 
	Year round or seasonal depending on the pressure and volume.
	All times of the day
	Artesian water is really not different from other groundwater, except for the fact that it flows to the land surface because pressure in the rocks underground force it to the surface. Artesian water can be a good source of clean, natural water, which is beneficial for overall health and hydration.
	It is a handy way to tap groundwater resources. It is an easy and reliable source of water for homes and commercial purposes.
	USGS (2018b); NGWA (2023)

	e) Streams/streamlets/brooks/creeks
	A body of liquid water flowing in a channel or watercourse, as a river, rivulet, or brook. Streams are typically fed by smaller tributaries and have a smaller watershed than rivers. Stream flow begins when water is added as run-off to the surface from rainfall, melting snow, and groundwater. 
	Mountain, hill, or other elevated area. Seasonal streams can be found anywhere but are most prevalent in arid (dry) areas
	Perennial (year-round), intermittent (seasonal), and ephemeral (rain-dependent )
	All times of the day 
	It is flowing body of water that provides benefits to humans and is important habitats to plants and animals. Ground water recharge or percolation occurs to aquifers.
	All types of natural, agricultural and potable use. 
	 Meyer  et al. (2003); Šafarek (2018); USGS (2018c)


3. Conclusion
The paper addresses the urgent global challenge of water scarcity, a crisis affecting billions of people due to climate change, population growth, and the unsustainable extraction of freshwater resources. By providing a comprehensive review of the diverse forms and sources of water within the earth–atmosphere–biological system, it serves as a valuable reference for researchers, educators, and practitioners in water harvesting, hydrology, and environmental management. This review is positioned as a foundational resource for interdisciplinary efforts aimed at innovating and improving water-harvesting technologies. Its discussions on atmospheric water harvesting from cloud and water vapour (humidity), fog and dew collection, groundwater systems, soil-water dynamics, and cryospheric contributions are well aligned with contemporary research trends. Beyond conventional engineering approaches aimed at improving water yield, recent advances in moisture-harvesting materials offer new pathways for enhancing the performance and efficiency of atmospheric water harvesting technologies. As the sources and forms of water are quite different based on geographies, one format of water harvest could not fit for all. However, judicious application of water harvest could reduce the pressure for pure water demand worldwide. Rainwater harvesting is one of water conservation practices for many landscapes to consider. Design of landscapes, crop or plant selection, land preparation, mulching, conservation tillage, irrigation efficiency and proper maintenance are also crucial.  
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