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Abstract

In regions with water scarcity, utilizing Unconventional Water Resources (UWRs) is an option to
meet the growing demand of water. This doctoral thesis aims to improve the understanding and
insights on UWRs distribution globally, with a particular focus on benefits in different climates.
Twelve UWRs were studied at the global scale for better understanding state of the art of UWRs.
Among them i) fog water harvesting, ii) artificial recharge of groundwater resources, and iii)
iceberg water harvesting was included for more detailed analyzing in the specific case studies. As
a literature review, the global distribution of twelve types of UWRs was prepared and the results
showed besides geographic, economic, and political constraints, climatic conditions are the main
drivers on UWRs utilization. Also, results indicated that illustrating of opportunities and
challenges in UWRs utilizations can potentially help water resources managers to better planning
and policymaking. The next phase of the thesis was three case studies where different
environmental variables were considered for developing Fog-water harvesting Capability Index
(FCI) in the Vazroud watershed, Iran (semi-humid region) using Artificial Intelligence (AI)
algorithms. The results showed all AI algorithms (Generalized Dissimilarity Model: GDM,
Generalized Boosted Model: GBM, Linear Additive Model: GLM, and Generalized Additive
Model: GAM) had high accuracy in FCI mapping. The highest values of importance were obtained
for sky view factor and the lowest for slope curvature in FCI mapping. In the second case study,
changes in groundwater levels were detected by comparing data for the periods before
(1985–1996) and after (1997–2018) Managed Aquifer Recharge Structure (MARS) construction.
Results showed that the rate of groundwater depletion decreased after MARS construction. Also,
the permeability of the MARSs have been decreased due to sedimentation and led to reducing the
efficiency of the MARSs in groundwater recharge. In the third case study, opportunities and
challenges in iceberg utilization were investigated across Arctic and Antarctic areas. Economic
considerations and risks associated with iceberg towing were identified as the main limitations in
iceberg harvesting, while environmental impacts were identified as the main challenge to
exploiting this resource. Statistical analysis of ice sheets as the main sources of icebergs showed
a significant decreasing trend for all months and seasons during 2005–2019. This study
demonstrated that assessing the potential of unconventional water for closing the water gap is
currently difficult to be quantified globally, as data only exists in the form of singular case studies.
Therefore, for the direction of future studies, providing methods to prepare quantitative
information about a different type of UWRs utilization can help mitigate water deficiencies.

Keywords: artificial recharge, FCI, global distribution, iceberg water utilization, UWRs
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Tiivistelmä

Alueilla, joita vaivaa vesipula, voivat vaihtoetoiset vesilähteet (VVL) tarjota mahdollisuuden
lisääntyvään vesivarojen kysyntään. Tämän väitöstyön tavoitteen on lisätä tietoa vaihtoehtoisten
vesilähteiden jakautumisesta maailmanlaajuisesti huomioiden erityisesti eri ilmastojen erityisky-
symykset. Työssä tarkasteltiin kirjallisuuteen perustuen kaksitoista erilaista vesilähdettä koko-
naiskuvan hahmottamiseksi. Tapauskohtaisesti tarkasteltiin erikseen kolmea erilaista vesilähdet-
tä tarkemmin eli i) sumun hyödyntäminen, ii) tekopohjaveden muodostamista sekä iii) jäätikkö-
vesien käyttöä. Kirjallisuuskatsauksessa, 12 vesilähteen käyttöä tarkasteltiin maailmanlaajuises-
ti, mikä osoitti maantieteellisten, taloudellisten ja poliittisten sekä ilmastollisten tekijöiden vai-
kuttavan eniten eri vaihtoehtoisten vesilähteiden käyttöön. Tarkastelu osoitti myös että vaihtoeh-
toisten vesivarojen rajoitteiden ja mahdollisuuksien tarkastelu voi edesauttaa vesialan päättäjien
parempaan suunnitteluun ja politiikan tekoon. Työn seuraavassa vaiheessa tarkasteltiin kolmea
luonnonoloiltaan erilaista aluetta sumuveden talteenottoon Vazroudin valuma-alueella Iranissa
tavoitteena kehittää sumuveden talteenotto indeksi (FCI) käyttäen tekoälyä. Tulokset osoittivat,
että kaikilla tekoälyn algoritmeilla (GDM, GBM, GLM ja GAM) oli hyvä tarkkuus FCI kartoi-
tuksessa. Merkittävin tekijä oli taivas näkymällä ja huonoin selittäjä maaston kaltevuudella FCI
kartoituksessa. Toisessa tapaustutkimuksessa, pohjaveden pinnan muutoksia havainnoitiin ver-
taamalla ennen (1985–1996) ja jälkeen (1997–2018) tekopohjavettä muodostavien rakenteiden
rakentamista. Tulokset osoittivat tekopohjaveden lisäävän pohjaveden alenemaa. Sedimentaatio
vähensi pohjaveden muodostusta heikentäen suodatavan rakenteen toimintaa. Kolmannessa
tapaustutkimuksessa tarkasteltiin Etelä- ja Pohjoisnapojen jäätiköiden käyttöä vesilähteenä.
Taloudelliset lähtökohdat ja riskit kuljetuksessa todettiin keskeisemmäksi rajoitteeksi jäätikkö-
veden käytölle ja ympäristövaikutukset nähtiin keskeisenä haasteena tämän resurssin hyödyntä-
misessä. Jäätiköiden tarkastelu vesilähteenä osoittaa tilastollisesti merkittävän vähenemän vuosi-
na 2005–2019. Tämä tutkimus osoittaa, että vaihtoehtoisten vesilähteiden tarkastelu on hanka-
laa, koska aineistoa on saatavilla vain yksittäisistä tapaustutkimuksista. Tämä tulisi huomioida
tutkimustarpeiden määrittelyssä jatkossa, jotta erilaisia vaihtoehtoisista vesilähteistä voitaisiin
paremmin hyödyntää torjumaan vesipulaa.

Asiasanat: FCI, jäätiköt vesilähteenä, tekopohjavesi, UWRs
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1 Introduction  

1.1 Unconventional water resources 

Conventional water resources rely on natural water resources, including snowfall, 

rainfall, river runoff, and easily accessible groundwater. In contrast, unconventional 

water resources depend on anthropogenic activities to gain water from different 

sources other than the natural and freshwater resources (Ahmed, 2010). As 

conventional water resources are overexploited and insufficient to meet growing 

freshwater demand in water-scarce areas, by considering the water-related 

sustainable development challenges in arid regions, utilizing UWRs is increasingly 

growing as an emerging opportunity to narrow the water demand-supply gap and 

can be an alternative water source and thus overcome water scarcity (UN-Water, 

2020). Utilizing UWRs for solving water resource limitations can be especially 

useful in arid and semi-arid areas (Yazdandoost et al., 2021).  

According to Odendaal, 2009, those sources of water which have not been 

traditionally used to meet existing water demands can be classified as UWRs. 

UWRs are additional water resources requiring specialized processes such as 

desalination, rainwater harvesting, and iceberg towing, leading to applying 

appropriate strategies for a specified goal (Qadir et al., 2007). Usually, they are not 

accessible to consumers through conventional means like surface water or 

groundwater (Indelicato et al., 1993, Haddad and Mizyed, 2004; Pereira et al., 

2009).  

Definitions of UWRs in general and individually have undergone significant 

changes over time. Brewster and Buros (1985) defined UWRs as generally not 

producing new water but only developing the potential for treating and using water 

sources that were previously considered unusable or unavailable, such as saline 

water, wastewater, and inaccessible water resources. They also referred to rainwater 

harvesting and weather modification as types of UWR. In the 1990s, UWRs were 

defined as water resources with specific features, such as high organic matter and 

microorganism content, or high saline concentration needing treatment or similar 

processes before use (Indelicato et al., 1993). In the early 2000’s, rainwater 

harvesting was added to the list of UWRs (Jaber & Mohsen, 2001). Buchholz (2008) 

documented UWRs as saline water, brackish water, agricultural drainage water, 

wastewater, and water obtained by fog capturing, weather modification, and 

rainwater harvesting. In the recent literature, UWRs have been considered any 
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water resources other than freshwater that need new technologies to make them 

useable as complementary water sources (Ahmed, 2010; Negm et al., 2018; Ji et 

al., 2020). Table 1 provides some background on the history of the usage of UWRs. 

Table 1. History of UWRs 

UWRs           History 

Artificial 

recharge 

(AR) 

The first artificial recharge (AR) dated back to 221 B.C. in China, where they used AR to 

increase groundwater for agricultural purposes and improved groundwater quality through the 

filtration of surface water into groundwater (Wang et al., 2014). The term Managed Aquifer 

Recharge (MAR) was first used by Ian Gale, who was a British hydrogeologist and the founder 

of the International Association of Hydrogeologists (IAH) Commission on Managing Aquifer 

Recharge. River-side filtration for the utilization of drinking water was formed in Europe in the 

1870s and the first infiltration basins in Europe appeared in Sweden and France in 1897 and 

1899, respectively. At that time, artificial recharge was not common worldwide, but was 

starting to be adopted on a large scale in urban areas of the USA (Dillon et al., 2019). 

Rainwater 

harvesting 

Rainwater harvesting, like many other water harvesting techniques, is not new and has been 

used since 11500 B.C. by the people of Clovis well, North America, and later through simple 

earthworks in India in 4500 B.C., as well as by other groups in the Middle east (Pandey et al. 

2003; Ghimire and Johnston, 2015, Darabi et al., 2021). 

Desalination The first reference to desalination appeared in the Bible (Birkett, 1984). In his treatise on 

meteorology, the process of desalination was introduced by Aristotle, the Greek philosopher. 

He stated that vaporized saltwater had the potential to turn into sweet water through 

condensation (Delyannis, 2003). This is the main process for distillation employed on a larger 

scale to produce freshwater from seawater (Kumar et al., 2017). In the the17th to 19th 

centuries, desalination methods were used on board ships to supply fresh water for the crew 

(Birkett, 2010). Furthermore, the island of Curacao in the Netherlands Antilles was the first 

location that carried out desalination in 1928, however, the capacity was not considerable (El-

Dessouky and Ettouney, 2002). 

Wastewater 

treatment 

In 300 B.C., the ancient Greeks started collecting sewage and stormwater drainage into a 

basin outside the city, then taking it through brick-lined channels to farms for irrigation or 

fertilizer (Golfinopoulos et al., 2016).  Later, the Romans, inspired by the Greeks, started using 

this method (Henze et al., 2008). Sewage treatment plants were constructed in the late 19th 

and early 20th centuries, in the United Kingdom and the United States. It was the first instance 

of passing sewage into a combination of physical, biological, and chemical processes that 

eliminated pollutants instead of discharging wastewater into the sea (Tzanakakis et al., 2014). 

Greywater Van Hees first used the term greywater in 1977 to describe household wastewater (from a 

sink or bath) that does not contain serious contaminants (Van Hees et al., 1977). 

agricultural 

drainage 

water 

In 1920, Egypt became the first country to reuse agricultural drainage water. It was viewed 

as a cheap source as it does not require extensive infrastructure, for example, using pumps 

to transport the drainage water to the irrigation network (Saad et al., 2015). 
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UWRs           History 

Fog water 

harvesting 

Fog water collection has been used extensively in ancient times, as a source of potable water 

in different areas such as the Canary Islands and Oman (GlODA et al., 1993; Schemenauer 

and Cereceda, 1994). The first man-made fog collectors have origins stretching back as far 

as the Inca Empire in the early thirteen centuries (Fessehaye et al., 2014). In the Atacama 

Desert (in Chile), fog was collected using piles of stones (Linacre and Hobbs, 1977; Malim, 

2009). In the desert areas of the Mediterranean region and South America, some evidence 

for the collection of fog and dew has been found (Dower, 2002). Technical attention on 

studying and measuring fog to supply freshwater began in South Africa in the 1900s 

(Lightfoot, 1996). 

Dew water 

harvesting 

Dew is mentioned in some of the oldest literature, such as the bible (Beysens et al., 2001). 

The first person to study dew formation was Leroy in 1751, this work was then built upon by 

Wells, Jamin, and Monteith (Beysens, 2018). Also, since ancient times, humans have 

considered dew a source of fresh water and harvested it using large stones or trees. The first 

documented use of dew water is by alchemists in 1677 (Hitier, 1925). The early Greeks who 

instituted Theodosia (the Greek name for the present Feodosia, a city in the Crimean 

Peninsula in Ukraine) around 6th century B.C. used condensers to harvest dew to fulfil their 

water needs (Jumikis, 1965; Gioda et al, 1993). 

Cloud 

seeding 

Vincent Schaefer (1946) realized that a small amount of dry ice could create a virtual 

snowstorm in a freezer that would form clouds to make rain (the first idea for cloud seeding). 

After more than a year of study, a group of government and private researchers attempted 

the home freezer experiment in Florida with no success (Schaefer, 1948). The first of two 

weather modification experiments were conducted in 1961 and 1967, which have increased 

rainfall (Kerr, 1982). 

Iceberg 

water 

harvesting 

James Cook was the first to use an iceberg as a source of fresh water in 1773 (Beaglehole, 

2017). The idea of iceberg transportation is associated with the development of polar 

exploration during the nineteenth century. The first proper attempts at iceberg transportation 

started in the 1850s when 20 m long sailing boats were used for small icebergs towing over 

4,000 kilometers from Chili to Peru to supply ice to the emerging ice market in Peru (Weeks, 

1980). 

Fossil water Fossil water has been held far below the earth's surface since the Holocene and Pleistocene 

periods (10000-40000 years ago), in huge aquifers that exist on every continent. Dating of 

groundwater relies on measuring concentrations of certain stable isotopes, including tritium 

and heavy oxygen, and comparing values with known concentrations in the geologic past 

(Foster and Loucks, 2006). Most fossil aquifers were first discovered and exploited in the 

nineteenth century, but, in some countries, it is only in the last few decades that intensive use 

has been carried out (Margat et al., 2006; Margat and Van der Gun, 2013). 
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UWRs           History 

Virtual 

water 

Professor Tony Allan from the University of London was the first to present the concept of 

virtual water in 1993 and received the Stockholm Water Prize for his pioneering concept in 

2009. (Allan, 1993). A couple of years later, by understanding the importance of achieving 

regional and global water security, the first international meeting on the subject was held in 

December 2002 in Delft, the Netherlands. A special session devoted to the issue of the virtual 

water trade was held at the Third World Water Forum in Japan in March 2003 (Hoekstra, 

2003). 

1.2 Different types of UWRs 

The grouping of the UWRs into four categories proved helpful when comparing 

UWRs of a similar ‘origin’. The UWRs were categorized as: i) Atmospheric 

Unconventional Water (AUW) resources, including fog water, dew water, cloud 

seeded water, and rainwater. ii) Processed Unconventional Water (PUW) resources, 

including desalinated water, wastewater treated, grey water treated, and agricultural 

drainage water. iii) Transferred Unconventional Water (TUW) resources, including 

iceberg towed water and virtual water. iv) Unconventional Ground Water (UGW), 

including artificial recharge and fossil water.  

1.2.1 Cloud seeded water 

Cloud seeding is a technique of changing the amount, intensity, and even type of 

precipitation using weather modification processes. Cloud seeding processes 

include dispersing agents into a cloud using rockets, aircraft, and ground-based 

generators (Chien et al., 2017; Hussain et al., 2019). To improve the collision-

coalescence process in warm clouds, the cloud seeding authorities can serve as 

cloud condensation nuclei (CCN) or serve as ice nuclei (IN) to convert liquid water 

into ice crystals and strengthen vapor deposition, riming, and aggregation processes 

in super-cooled clouds (Jensen and Lee, 2008). Water obtained from cloud seeding 

can be considered as high-quality UWRs. Cloud seeding projects require high 

technology financial costs to be performed correctly and huge investments with 

technically experienced staff (Qadir et al., 2007; Guo et al., 2015; Jung et al., 2015; 

Wang et al., 2020). 
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1.2.2 Fog water harvested 

Fog water as non-rainfall, suspended water droplets and moisture in the atmosphere 

or near the Earth's surface is available in fog-prone areas and is a high-quality 

source of unconventional water, which is an important component of the water 

cycle in water-scarce regions. As a source of potable water, fog-water harvesting 

using innovative techniques could be a sustainable strategy for providing drinking 

water for human consumption and environmental ecosystems, which is vital for 

water harvesting within Integrated Water Resources Management (IWRM) (Olivier, 

2004; Rajaram et al., 2016; Gürsoy et al., 2017; Kaseke et al., 2018; 

Karimidastenaei et al., 2020). 

1.2.3 Dew water harvested 

Dew water is a meteorological phenomenon commonly occurring globally (Kaseke 

et al., 2018). As an unconventional potable resource, it originates from atmospheric 

humidity that is altered into liquid water on cold surfaces (Monteith, 1957; Beysens, 

2006). There is some evidence that plants and small animals in arid and semi-arid 

environments use dew water (Gindel, 1965; Steinberger et al., 1989). Investigation 

on dew water collection has been done many times recently (Berkowicz et al., 2004; 

Beysens, 2006; Sharan, 2006; Jacobs et al., 2002; Clus et al., 2008; Gido et al., 

2016; Kaseke et al., 2018). 

1.2.4 Rainwater harvested 

Rainwater Harvesting (RWH) is a common and traditional approach globally, 

which is being carried out for domestic use, groundwater recharge, and small-scale 

agricultural use, especially in rain-fed agriculture (Toosi et al, 2020). Due to the 

lack of precipitation and its unfit Spatio-temporal distribution, RWH is one of the 

UWRs used in arid and semi-arid regions. (Rahaman et al., 2019). Using rainwater 

has advantages over other sources, for example, rainwater harvesting in the rainy 

seasons provides a source of water for when other sources of water, including 

groundwater, are scarce (in the dry seasons). Also, RWH enables the control of 

flood flows in areas with heavy rainfall and flooding (Rosmin et al., 2015). 

Rainwater can be collected from rooftops and non-rooftop areas and can be used in 

settlements and cultivated areas (Ngigi, 2003; Helmreich and Horn, 2009). 
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1.2.5 Iceberg water 

Is a type of UWR, which can be used as melted iceberg water and then transferred 

to the places that need water, or it can be towed to arid and semi-arid places which 

suffer from water scarcity (Marchenko and Eik, 2012; Yulmetov and Løset, 2017). 

Iceberg water is the purist unconventional water in the world (Eik and Marchenko, 

2010). Iceberg water offers a great new source for those who do not want to carry 

out any pre-use processes to increase the water quality. In a world where the purity 

of even bottled water is questionable, iceberg-melted water ensures that the water 

you are drinking is pure and pristine (Eik and Marchenko, 2010; Karimidastenaei 

et al., 2021). 

1.2.6 Virtual water 

Virtual water was first introduced by Allan (Allan, 1993) and can be defined as the 

amount of fresh water that is used to produce goods and services along supply 

chains. This includes water used in the import of goods, e.g., meat, rice, and cane 

sugar, which need substantial amounts of water to produce them. Based on this 

definition, virtual water took a few years to enter global water resource assessments 

(Horlemann and Neubert 2006; Wichelns, 2010) and it is one of the UWRs which 

may be useful for arid regions, as when they import goods from other regions, they 

are also importing water (Zhao et al., 2020). Physical transfer and virtual water 

supply enough water and can be included as a possible option for arid regions 

(Winpenny et al., 2010). 

1.2.7 Wastewater treated 

Wastewater is any water source contaminated by human utilization from a 

combination of industrial, agricultural, commercial, and domestic activities. 

Treated wastewater is one of the most important UWRs (Almanaseer et al., 2020). 

Treated wastewater is used in agriculture (for crop irrigation), urban landscape 

irrigation, and industries. It has been used in water-scarce regions, especially in 

semi-arid and arid regions (Adewumi et al. 2010; Baawain et al., 2020). But public 

and especially farmer’s approval matters, as they are directly impacted by the costs 

and consequences of these projects (Leviston et al. 2006; Nancarrow et al. 2008; 

Domènech and Saurí 2010). Due to freshwater shortage problems, public 

acceptance has recently become more positive toward wastewater reuse, with 
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previous concerns becoming less of an issue (Davarnejad et al., 2018; Davarnejad 

and Karimi, 2019; Davarnejad et al., 2019; Karimidastenaei et al., 2020). 

1.2.8 Desalinated water 

Defined as eliminated salt from saline water (which comprises ocean and sea saline 

water and brackish groundwater), which is perceived as an environmentally 

damaging and expensive alternative and affordable only for affluent countries 

(Pistocchi et al., 2020). Referring to the World Health Organization (WHO), the 

permitted amount of salt in water is 500 ppm and in exceptional situations is up to 

1000 ppm (Eltawil et al., 2009; Abdelmoez et al., 2014). A desalination system aims 

to clean or purify seawater or brackish water and supply water with total dissolved 

solids within the permissible limit (< 500 ppm). This is accomplished using several 

desalination techniques that may be classified into conventional and 

nonconventional methods (Jones et al., 2019; Elsaid et al., 2020; Ghafoor et al., 

2020). 

1.2.9 Agricultural drainage water 

Agricultural drainage water is an artificial or natural surface and sub-surface water 

removed from agricultural areas as excess water and can be considered an 

unconventional water source (Niaghi et al., 2019). Agricultural drainage water is 

defined as any water left from land irrigation not involved in growing crops (Zhang 

et al., 2017; Wang et al., 2019). Agricultural drainage water can be a probable 

source for further irrigation when harvested and prevented from being disposed of 

as wastewater. However, as water passes through the soil and drainage network, it 

contains salts, agricultural chemicals, and other pollutants such as pesticides, so it 

needs to be treated (Barnes, 2014). 

1.2.10 Artificial recharge augmented water 

An effective, anthropogenic technique that can lead runoff surface water for 

infiltration and following movement to the aquifer for the augmentation of 

subsurface and groundwater resources through designing various methods to 

increase the transfer of surface waters into groundwater aquifers to supplement the 

groundwater resources (Bouwer, 2002; Bhattacharya, 2010; Riad et al., 2011; 

Prabhu and Venkateswaran, 2015). Finding a potential location for artificial 
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recharge plays an important role and relies on key factors such as rainfall, drainage 

density, lineament density, slope, soil permeability, land use/land cover, geology, 

and geomorphology (Senanayake et al., 2016). 

1.2.11 Fossil water 

Fossil water, or paleowater, is a valuable finite and non-renewable UWR. It is 

ancient water that can be found in undisturbed spaces, such as groundwater in an 

aquifer and subglacial lakes. This ancient freshwater was formed eons ago and 

surrounded underground in enormous reservoirs, or aquifers established under past 

climatic and geological conditions. It provides a significant source of groundwater 

in water-scarce areas. Fossil water reservoirs are sealed, preventing further water 

recharge or important outflows (Maliva and Missimer, 2012). These fossil aquifers 

are often geologically restricted at their lower and upper limits by impermeable 

rocks, meaning that as soon as it has been extracted, it is gone forever, at least on a 

human timescale. The exploitation of this type of non-renewable source is 

commonly referred to as groundwater mining (Omran, 2017). 

1.2.12 Grey water treated 

Grey water is defined as household wastewater which is generated from all 

domestic wastewater (e.g., wastewater from bathtubs, hand basin, showers, laundry 

machines, kitchen sinks or dishwashers), not including toilet flushing water (Boano 

et al., 2020). In water-scarce regions, treated grey water can reduce water stress as 

an alternative UWR for non-potable uses. Grey water treatment needs high 

technological treatments to remove contaminants, including micro pollutants 

related to the use of many personal care products (Patel et al., 2020). 

1.3 Objective of the study and thesis structure 

The main objectives of this study were to offer i) better understanding and 

highlighting of the existing literature research on UWRs by summarizing current 

literature and offering insights into the global distribution of different types of 

UWRs with a new classification of UWRs and potential opportunities and 

challenges for the implementation of UWRs; ii) Assess opportunities and 

challenges in iceberg water utilization, as well as the feasibility of icebergs as an 

alternative source of freshwater supply; iii) to employ Artificial Intelligence 
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Algorithms (AIAs) in fog-water capability index mapping by developing a new 

computational framework based on the selected environmental variables, and iv) 

assess the hydrological impacts of MARS on groundwater levels and determine the 

impact of the sedimentation on MARS performance.  

To achive the objectives mentioned above, the following research questions 

were considered: 

– How effective are the UWRs utilizations in overcoming the risk posed by water 

scarcity?  

– Are the Artificial Intelligence Algorithms (AIAs) suitable for developing a 

Fog-water harvesting Capability Index (FCI)? 

– How efficient are the managed aquifer recharge structures in groundwater 

recharge?  

– Is iceberg water utilization a promising way to simply supply freshwater to 

water-deficient regions? 

To reply to the above-mentioned questions, four main tasks have been defined as 

follow:  

– Developing a global map of unconventional water utilizations based on the 

different type of unconventional water alternatives.  

– Developing fog-water harvesting capability index to meet water demand in 

domestic and agricultural consumptions.  

– Assessing the performance of managed aquifer recharge structure in 

groundwater recharge. 

– Assessing opportunities and challenges of iceberg water utilization as one of 

the UWRs. 

The doctoral thesis was based on the four peer-reviewed scientific publications 

(papers I-IV). The focus of the study was on these papers, the contribution of the 

papers on thesis are presented in the Table 2. 
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Table 2. Summarizing of the scope and structure of the work for papers included in the 

thesis. 

Stage of 

research 

2019 2020 2021 2022 

Second six 

months 

First six 

months 

Second six 

months 

First six 

months 

Second six 

months 

First six 

months 

Second six 

months 

WP*1 Paper I Paper I Paper I Paper I Paper I Paper I  

WP2 Paper II Paper II      

WP3   Paper III Paper III Paper III   

WP4    Paper IV Paper IV   

Writing thesis 

and defense 

     Thesis Thesis 

* WP: Work Package 

Twelve UWRs were studied widely at the global scale for better understanding state 

of the art of UWRs. Among them, i) fog water harvesting, ii) artificial recharge of 

groundwater resources, and iii) iceberg water harvesting was included for more 

detailed analysing in the specific case studies. The inclusion criteria of the above-

mentioned alternative were data accessibility and availability. Although the other 

types of UWRs were capable for deeper study, due to the time limitation for the 

doctoral program, the corresponding studies remain for the future. Paper I 

described the first work package titled ‘Unconventional Water Resources: Global 

opportunities and challenges. Paper-II responded to the second work package with 

the title of ‘‘Fog-water harvesting Capability Index (FCI) mapping for a semi-

humid catchment based on socio-environmental variables and artificial intelligence 

algorithms. Paper III investigated the third work package to assess morphological 

changes in a human-impacted alluvial system using hydro-sediment modeling and 

remote sensing’. Paper IV examined the fourth work package with the title of ‘Polar 

Ice as an Unconventional Water Resource: Opportunities and Challenges’.  

The study's novelty lies in: i) developing a global map of unconventional water 

utilizations based on the different type of unconventional water alternatives.  ii) 

Developing fog-water harvesting capability index to meet water demand in 

domestic and agricultural consumptions based on the socio-environmental 

variables and artificial intelligence algorithms. iii) Analyzing MARS's performance 

on groundwater recharge and assessing sedimentation in the MARS using hydro-

sediment CCHE2D modeling. iv) Assessing opportunities and challenges of 

iceberg water utilization as one of the UWRs. 
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2 Study area 

The current research intends to study and review twelve general types of UWRs at 

the global scale and investigate their distribution of different affecting factors. Also, 

iceberg water, fog water and artificial recharge structures were selected to study 

more specifically on the types of UWRs. Iceberg water was studied globally, while 

fog water and artificial recharge structure were studied in the following case studies 

Vazroud watershed in northern Iran, Kaboutar-Ali-Chay aquifer in northwestern 

Iran, respectively. 

2.1 Vazroud watershed, the north of Iran 

The case study was the Vazroud watershed spreading across 1400 km2 in northern 

Iran (36°14′26′′ to 36°25′54′′N: 52°01′46′′ to 52°52′30′′E), which is known for 

mountainous terrain and rugged topography by frequent intense foggy and cloudy 

weather, especially in headwater areas (elevation from 278 to 3577 m above sea 

level) (Fig. 1). The climate type in this case study is semi-humid, based on an aridity 

index of 0.67 (Sahin, 2011: Darabi et al., 2019), mean annual rainfall of 672 mm, 

and potential evapotranspiration of 1005 mm (in the period 2001–2018). 

Considering severe freshwater scarceness for households and livestock in the 

watershed and watershed climatic features, fog water harvesting in the Vazroud 

watershed was studied. 
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Fig. 1. Location of the Vazroud watershed in northern Iran (reprinted, with permission, 

from Paper II © 2019 Elsevier B.V.). 

2.2 Kaboutar-Ali-Chay aquifer, northwestern Iran 

The Kaboutar-Ali-Chay aquifer with a general north-south slope falling within the 

Lake Urmia basin (38°08′45′′ to 38°13′15′′N: 45°34′20′′ to 45°37′39′′E) is in 

Azarbaijan-e Sharqi province, northwestern Iran (Fig. 2). Based on the 

metrological data from the Shabestar station (1985–2018), the mean annual 

precipitation in the area is 320 mm, maximum temperature is 28 °C (in July) and 

the minimum temperature is −18 °C (in January). The managed aquifer recharge 

structures (MARS) at the Kaboutar-Ali-Chay aquifer were built in 1996 and 

encompass seven ponds (Fig. 2). The floodwater diverted to the ponds leads to 

artificial aquifer recharge, raising the groundwater level. 
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Fig. 2. Location of the study area at the outlet of Shibestar watershed (reprinted, with 

permission, from Paper III © 2020 Elsevier B.V.). 
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3 Materials and methods 

3.1 Materials 

3.1.1 Data required for Paper I and IV 

For the first paper, twelve unconventional water resources were selected based on 

the extensive literature review. Data related to UWRs was collected based on the 

documents presented on reliable websites such as AQUASTAT-FAO's Global 

Information System on Water and Agriculture (www.fao.org), Global water 

intelligence (www.globalwaterintel.com), World Water & Climate Atlas 

(www.iwmi.cgiar.org), the World Overview of Conservation Approaches and 

Technologies (WOCAT) (www.wocat.net), the International Water Management 

Institute (IWMI) (www.iwmi.org), the CGIAR Research Program on Water, Land 

and Ecosystems (WLE) (www.wle.cgiar.org), (www.gwiwaterdata.com), 

(www.desalination.com) and (www.fogquest.com). Data sources, search criteria, 

and literature search for iceberg water harvesting were conducted in Scopus using 

all fields, Web of Science using all databases, and ProQuest under the “topic” 

domain. Web of Science (www.web of science.com), Scopus (www.scopus.com), 

Proquest (www.proquest.com), and National Snow and Ice Data Center 

(www.nsidc.org) accessed November 2021. Also, data for assessing ice sheet 

changes during 2005-2019 over the Antarctic and Arctic region was obtained from 

the National Snow and Ice Data Center (NSIDC), an information and referral center 

established in the United States. 

3.1.2 Data required for Paper II  

Fog sampling (field measurements) 

Data on foggy zones in the study area were collected based on field surveys and 

observations using the Global Positioning System (GPS; Garmin 76cx). The input 

data was a list of foggy areas during foggy weather in 2018. Consequently, a fog 

list with a point base map as a dependent variable was considered in the analysis, 

where each point referred to an actual foggy area in the Vazroud watershed. In 

preparation of the fog potential map, 100 fog-prone points (assigned a value of 1) 

which were divided into two groups: model training data (70% of the inventory 
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data, n=70) and model validation data (30% of the inventory data, n=30) and 90 

non-fog-prone points (assigned a value of 0) were chosen randomly (Darabi et al., 

2019). To better evaluate site selection for fog water harvesting, field observations 

were used in the verification of the model outputs. 

Influencing factors for the fog probability and suitability maps 

Different environmental influencing factors were chosen based on their relevance 

to fog formation and categorized into three groups: hydro-climatic influencing 

factors (precipitation, temperature, leeward effect, windward effect, topographic 

wetness index, and diurnal anisotropy heating); topographical influencing factors 

(elevation, slope aspect, slope variability, slope curvature, sky view factor, and 

terrain ruggedness index); and remote sensing influencing factors (land use/land 

cover and land surface temperature) (Casu et al., 2017). Also, three social 

influencing factors (as maps), including distance to a residential area, distance to 

livestock buildings, and road distance, were selected according to their relevance 

to the fog suitability map for the Vazroud watershed. All these variables are 

presented in the following Table 3 and Fig. 3. 

Table 3. Environmental and social influencing factors for the fog probability map. 

Hydro-climatic factors Description 

Precipitation Daily precipitation data for 2001-2018 were obtained from the Iranian 

Meteorological Organization (IRIMO) and used to produce a precipitation map 

for the study area by applying the inverse-distance weighting (IDW) 

interpolation method in ArcGIS GIS 10.4. The recorded annual precipitation 

amount ranges from 832 mm in the east of the study area to 349 mm in the 

west. Mean annual precipitation in the Vazroud watershed is 672 mm  

Temperature Daily temperature data for 2001-2018 obtained from IRIMO were used to 

produce a temperature distribution map by applying IDW in ArcGIS GIS 10.4. 

The recorded temperature ranges from 11.59°C mm in the southwest of the 

study area to 15.41°C mm in the north. Mean annual temperature in the 

Vazroud watershed is 13.13°C.  

Leeward effect (LE) The leeward side is the downwind (downslope) side of a mountain facing away 

from the wind at the point of reference. It is protected from the moist prevailing 

wind and is typically drier with lower barometric pressure (Scholl et al., 2007; 

Vikram and Chandradhara, 2016).  
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Hydro-climatic factors Description 

Windward effect (WE): The windward side is the upwind (upslope) side of a mountain facing the wind 

at the point of reference. It generally has higher barometric pressure and is 

wetter than the leeward side (Scholl et al., 2007; Vikram and Chandradhara, 

2016). 

Topographic wetness 

index (TWI) 

Among the many hydrological variables available, TWI was used here as it can 

quantify the local topographic conditions in hydrological processes and express 

the surface saturation and spatial variability of soil moisture. The relevance of 

TWI can be described (Pei et al., 2010; Zhu et al., 2018). The TWI for the study 

area was calculated using SAGA GIS algorithms based on a digital elevation 

map (DEM, 12.5 m spatial resolution). 

Diurnal anisotropy 

heating (DAH): 

DAH was calculated using the SAGA GIS program (Böhner and Antonić, 

2009).  

 Topographic factors 

Elevation A medium-resolution Advanced Land Observation Satellite-Phased Array type 

L-band Synthetic Aperture Radar (ALOS PALSAR) derived DEM with 12.5-m 

spatial resolution was obtained from the Alaska satellite facility 

(https://vertex.daac.asf.alaska.edu/). The elevation of the Vazroud watershed 

ranges from 278 to 3577 masl. 

Slope aspect A slope angle map was derived from the 12.5-m DEM and expressed as a 

percentage using the “slope tool, Spatial Analyst” in ArcGIS GIS 10.4. The 

slope in the Vazroud watershed area varies from 0 to more than 78.76%. 

Slope variability (SV) SV, a measure of the relief of slope, refers to the difference between the 

minimum and maximum slope angle within a certain area (i.e., SV = slopemax 

– slopemin). SV was calculated based on the slope roughness variation 

method (Ruszkiczay-Rudiger et al., 2009) in ArcGIS GIS 10.4 from the 12.5-m 

DEM. 

Slope curvature Slope curvature is another conditioning factor in foggy areas. In this study, 

slope curvature was derived from the DEM and allocated to one of three 

classes: concave (<-0.05), flat (-0.05 to 0.05), and convex (> 0.05). A positive 

value represents an upwardly convex surface, whereas a negative value 

indicates an upwardly concave surface, at a given pixel location (Mandal and 

Mandal, 2018; Tehrany et al., 2019; Das, 2019).   

Sky view factor (SVF) SVF is defined the ratio at a point in space between the visible sky and a 

hemisphere centered visible from the ground over the analyzed location 

(Zakšek et al., 2011; Bernard et al., 2018). It varies significantly in regions with 

different topography and is an adjustment factor used to account for 

obstructing the overlying sky hemisphere by surrounding land surface, with 

areas with higher visibility less related to fog abandonment (Olcinal, 2013). In 

this study, the SVF was calculated using SAGA GIS software, and it varies 

from 1 for completely horizontal surfaces or peaks and ridges to 0 for 

completely obstructed land surface (Böhner and Antonić, 2009).  
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Hydro-climatic factors Description 

Terrain ruggedness 

index (TRI) 

TRI is a metric developed by Riley et al. (1999) to express the elevation 

difference between a cell and the mean of an eight-cell matrix of surrounding 

cells. It can also quantify surface roughness through consideration of absolute 

elevations in the surroundings of a given raster cell for DEM (Riley et al., 1999; 

Zhu et al., 2018). TRI was calculated using SAGA GIS software and it varies 

from 771.22 m (highly rugged) to 0 m (completely level surface) in the Vazroud 

watershed. 

 Remote sensing factors 

Land use/land cover 

(LULC) 

A LULC map was prepared using Landsat 8 Operational Land Imager images 

or OLI (Path/Row: 164/035) acquired on 11 June 2016 (from the USGS 

dataset). In image pre-processing, atmospheric correction of Landsat 8 images 

was carried out using Quick Atmospheric Correction (QUAC) in ENVI 5.3, 

followed by image classification using the supervised classification and 

maximum likelihood method in ENVI 5.3 (Liang et al., 2001; Darabi et al., 2014; 

Pullanikkatil et al., 2016; Darabi et al., 2018). There are five land use types in 

the Vazroud watershed: dense forest, low-dense forest, rangeland, farmland, 

and residential zone, occupying an area of 80.21 km2 (57.19%), 14.22 km2 

(10.10%), 38.34 km2 (27.24%), 4.87 km2 (3.46%), and 2.84 km2 (2.01%), 

respectively. The overall accuracy and Kappa coefficient of classification have 

been determined to be 95 and 0.93, respectively (Pullanikkatil et al., 2016). 

Based on the Landsat images, land use maps were generated for 2016. 

Land surface 

temperature (LST) 

LST plays an important role in surface energy processes and water balance 

locally and globally (Sobrino et al., 2004; Liang et al., 2013). Landsat satellite 

data were used in emissivity estimation for atmospheric impacts using the Fast 

Line-of-sight Atmospheric Analysis of Spectral Hypercube (FLAASH) algorithm 

in the ENVI 5.3 software (Vlassova et al., 2014). The LST was prepared from 

the thermal bands; the digital numbers were converted into radiance and then 

to at-sensor brightness temperature, which was converted to LST. The LST 

map for the study areas was produced based on 20 Landsat-TIRS images from 

2013-2017. The mean all these LSTs was used as the final LST map (Huang et 

al., 2016). 

 Social factors  

Distance to residential 

area 

Distance from villages and residential areas is an important factor in a 

suitability map for fog water harvesting, because the greater the distance 

between human settlements and areas where conditions are suitable for fog 

harvesting, the more difficult and costly it is to transport the water harvested. 

Hence, in the present study, regions closer to residential areas were given 

higher priority. According to a field survey and local authorities, most villages in 

the study area, but not all, are affected by a lack of potable water. The distance 

to the villages was derived using the distance module in GIS 10.4.  
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Hydro-climatic factors Description 

Distance to livestock 

buildings 

Distance to livestock also plays in important role in a suitability map for fog 

water harvesting. As with distance to residential areas, shorter distance 

between fog harvesting areas and buildings used for domestic animal rearing 

was prioritized in this study. The distance to livestock buildings was derived 

using the distance module in GIS 10.4 for each raster cell. 

Distance to road Distance to road is an important conditioning factor in a suitability map for fog 

water harvesting. The distance to road in the study area was derived using the 

distance module in GIS 10.4 for each raster cell. 
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Fig. 3. Environmental and social influencing factors for the fog probability map 

(Adapted, with permission, from Paper II © 2019 Elsevier B.V.). 
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3.1.3 Data required for Paper III  

Hydro-sediment modeling in MARS 

To determine the sediment deposition process in seven ponds, Hydro-sediment 

modeling of MARS was carried out using the hydrodynamic Center for 

Computational Hydro-science and Engineering 2 Dimension (CCHE2D) model. 

Required data for the CCHE2D model are a digital elevation model (DEM), 

discharge and sediment data, particle size distribution in beds, and data on 

suspended load particle size. 

Groundwater level analysis  

Times series of data from groundwater observation wells downstream of the 

Kaboutar-Ali-Chay MARS were analyzed from 1985 to 2018 to assess the role of 

the structure on groundwater levels in the aquifer. Also, precipitation data were 

used for the years 1985-2018. 

3.2 Methodology 

3.2.1 Literature review 

Peer-reviewed articles were accessed through the following databases: Scopus by 

Elsevier, Web of Science (WOS) by Clarivate Analytics, and ProQuest. The review 

of articles indexed was limited by the Science Citation Index (SCI), Social Science 

Citation Index (SSCI), and ProQuest databases published in December 2020. As 

WOS and ProQuest are of high quality but have a minimal number of publications, 

it was decided only to use the Scopus database for further analyses since it has a 

good amount of quality journals covering an extensive set of international English 

and non-English publications. Statistical analyses were performed based on the 

Scopus database, and to evaluate the homogeneity of the time-series of UWRs 

academic records, Pettitt's test (PT) (Pettit, 1979) was adopted at a 5% significance 

level. The PT method has been reported in several studies (Taxak et al., 2014; 

Animashaun et al., 2020) as a nonparametric test suitable for assessing abrupt 

changes in time series data. In the current study, the PT was used to determine the 
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year in which abrupt changes occurred, from 1971 to 2020. Data analysis based on 

the PT was carried out using XLSTAT in Excel. 

3.2.2 Bibliometric analysis of the literature 

Bibliometric analyses are effective research methods used to do quantitative 

assessments in a specific field of research. In bibliometrics analyses, numerous 

characteristics of documents, such as co-relationships, distribution, and patterns, 

can be explored using statistical and mathematical methods. They can also measure 

different aspects of a special research topic (Zhang and Yuan, 2019). The 

bibliometric analysis provides graphics and statistical and mathematical 

evaluations of the scientific publications to identify areas and track progress for 

future research. The literature review recognizes qualitative data's manifest and 

background for a specific topic (Zhou et al., 2007). This study combined 

bibliometric analysis and literature review to provide deeper knowledge of the 

UWRs' research progress.  

To visualize keywords co-occurrence of the research pattern, VOSviewer 

software was used. The VOSviewer software, designed for the bibliometric 

analysis, was used to identify the keywords that co-occurred more than five times, 

based on their relevance score (Sharifi, 2021). Based on the review of 189 papers 

presented in the Scopus database to retrieve all documents relevant to different 

forms of UWRs, the following string was developed: “TITLE-ABS-KEY ("non-

conventional water*" OR "unconventional water*") AND TITLE-ABS-KEY 

("artificial recharge*" OR "cloud seeding*" OR "desalinate*" OR "dew*" OR 

"drainage water*" OR "fog*" OR "fossil water*" OR "greywater*" OR "iceberg*" 

OR "rainwater*" OR "virtual water*" OR "wastewater*") AND TITLE-ABS-KEY 

(management OR "water scarcity" OR "water supply" OR "water demand" OR 

policy OR sustainability OR SDG) AND (EXCLUDE (PUBYEAR, 2021))”.  The 

keywords with fewer than five occurrences were excluded. Of the 2021 items, only 

130 terms met this threshold. The terms were then manually screened to eliminate 

words that discussed research process and synonyms, and the final keywords were 

21. 

3.2.3 Distribution maps of UWRs utilizations  

The current literature provides the following forms of UWRs: Artificial Recharge 

(AR), Agricultural Drainage Water (ADW), Cloud Seeded Water (CDW), 



39 

Desalinated Water (DW), Dew-Water (DW), Fog-Water (FW), Fossil Water (FW), 

Greywater Treated (GT), Iceberg Towed Water (ITW), Rainwater Harvesting 

(RWH), and Wastewater Treated (WT). Virtual Water (VW) as an unconventional 

water source created some controversy and divided opinions. The concept has been 

in discussion for more than two decades, with contrasting opinions on the concept 

and its application. Ye et al. (2018) mentioned that virtual water can be a part of 

physical water resources to alleviate water stress. Horlemann and Neubert (2006) 

and Wichelns, (2010) have pointed out that it has been a couple of years since 

virtual water entered global water resource assessments. In this study, based on the 

concept and the idea of physical transfer of virtual water as an unconventional 

resource, it was considered as a form of unconventional water by importing goods 

from other regions.  

Global distribution maps of above-mentioned UWRs were created based on 

the information extracted from the articles shown in Table 2. Articles were selected 

based on the following criteria: (1) it had to be an English language article, and (2) 

the article had to describe a UWR-specific project. Therefore, the list is certainly 

incomplete and is only an approximation of UWR utilization globally and 

historically. 

Global UWRs utilizations information about artificial recharge, cloud seeded 

water, dew water, fog water, fossil water, grey water treated, iceberg towed water, 

and rainwater harvesting was obtained based on data presented in the literature 

review. The available data for the above-mentioned UWRs was related to each 

country. According to Deng et al., (2021), all imports and exports of virtual water 

were considered for virtual water trades (traded volume) between countries. Data 

and information about agricultural drainage water, desalinated water, and treated 

wastewater were obtained based on the documents presented on reliable websites 

from AQUASTAT-FAO's Global Information System on Water and Agriculture 

(http://www.fao.org/aquastat).   

Also, the search was performed identically in the three databases, using the 

following search terms: “iceberg towing”, “iceberg harvesting”, “iceberg water 

harvesting”, “iceberg water”, and “iceberg utilization”. This study exemplifies 

important worldwide iceberg water utilization over the last few decades. However, 

it is not within the scope of this study to list all projects relevant to iceberg water 

utilization, as the existing information and databases are too incomplete. Therefore, 

the global distribution of recorded iceberg water utilization was created by 

searching for reports and publications on the basis of available data. 
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3.2.4 Artificial intelligence models 

Several artificial intelligence models have been developed in recent years, 

including those tested here (Generalized Linear Model (GLM), Generalized 

Additive Model (GAM), Generalized Boosted Model (GBM), and Generalized 

Dissimilarity Models (GDM)) (Guisan et al., 2002, Panahi et al., 2022). In the Table 

4, concepts of four artificial intelligence models were presented: 

Table 4. Artificial intelligence models 

Models Definition 

Generalized Linear 

Model (GLM) 

Generalized linear models are extensions of linear models that are widely used 

in regression analysis and represent an important class of statistical models 

that allow for non-linearity and non-constant variance structures in the data 

(Nelder and Wedderburn, 1972; Guisan et al., 2002; Yeo, 2007). They are 

based on the relationship between the response variable and linear 

combination of the independent variables. Thus, GLMs are flexible and well 

suited for analyzing environmental interactions, which can be weakly described 

by classical Gaussian distributions (Austin, 1987). 

Generalized Additive 

Model (GAM) 

Generalized additive models were first developed by Hastie and Tibshiran 

(1987). The methods available in GAM are techniques developed to combine 

characteristics of GLMs with additive properties, in which the predictor depends 

linearly on unexplored functions of influencing factors and focuses on 

reasoning about these functions. GAMs also provide an effective framework for 

mapping point-based data (Hastie and Tibshirani, 1987; Webster et al., 2006).  

Generalized Boosted 

Model (GBM) 

Generalized Boosted Models are a combination of two techniques, decision 

tree and boosting algorithms, and are robust to missing values and outliers. 

GBMs fit many decision trees repeatedly to achieve results with high accuracy. 

In each model, the input data for a new tree are weighted data that were 

weakly modelled by older trees. The model attempts to improve its accuracy by 

taking into account the fit of previous trees. This continuous method is only 

used for the boosting approach (Elith et al., 2008; Franklin, 2010; Sánchez-

Mercado et al., 2010). 

Generalized Dissimilarity 

Models (GDM) 

Generalized dissimilarity models were developed by Ferrier et al. (2007) for 

modeling the spatial distribution of environmental variables. GDMs are an 

extension of matrix regression, which can be applied in environmental studies 

(Ferrier et al., 2007). GDMs require point data from a range of locations over 

the study area (as dependent variables) to fit a model which predicts the 

merger dissimilarity between pairs of points as a nonlinear multivariate function 

of the environmental factors (independent variables) of these locations (Koubbi 

et al., 2011). 
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Training and accuracy assessment of the models 

In this study, our modeling approach used different types of algorithms (GLM, 

GAM, GBM, GDM) to narrate response variables (here fog probability maps) to 

predictive or independent variables (influencing fog conditioning factors). Each 

ML algorithm was run based on learning procedures using fog prone locations and 

independent variables. Each ML algorithm also trained a portion of the fog-prone 

data (training: 70%) and was then verified on another portion of fog data (validation: 

30%). Also, the accuracy assessment of the ML models was measured by 

evaluating the agreement between fog data and model outputs (here fog probability 

maps) in terms of both presences of fog prone areas and absence or non-fog points 

(Paper-II). The model performance was analyzed using Receiver Operating 

Characteristic-Area Under the Curve (ROC-AUC) in both training and validation 

steps. 

Fog-water harvesting Capability Index (FCI) map 

Fog-water harvesting Capability Index (FCI) maps were produced by multiplying 

fog probability by the fog suitability map (Hiatt et al., 2012; Darabi et al., 2019):   

FCI=Fog probability ×fog suitability, 

where the probability map was determined from the 14 conditioning factors 

(precipitation, temperature, leeward effect, windward effect, diurnal anisotropy 

heating, topographic wetness index, elevation, slope variability, slope aspect, slope 

curvature, sky view factor, and terrain ruggedness index, land use, and land surface 

temperature), using the different machine learning models; and the suitability map 

was based on the social factors (distance to residential areas, livestock buildings, 

and road). 

3.2.5 Impacts of MARS on groundwater level 

Times series of data from groundwater observation wells downstream of the 

Kaboutar-Ali-Chay MARS were analyzed to assess the role of the structure on 

groundwater levels in the aquifer (Cai & Ofterdinger, 2016; Kalbus et al., 2006; 

Zhang et al., 2017). Mann-Kendall and Sen's slope estimator, two nonparametric 

statistical methods widely used for hydro-climatological purposes (Bari et al., 2016; 

Sang et al., 2014; Pirnia et al., 2019) were applied in the analysis of observed 
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precipitation and groundwater level trends in pre- and post-MARS construction 

periods. The CCHE2D model was applied to simulate flow and sediment transport 

in the Kaboutar-Ali-Chay artificial recharge structures to identify the impacts of 

sedimentation on artificial recharge structures permeability (Darabi et al., 2021). 

The modeling procedure involved using ArcGIS to make a DEM with topographic 

data, a mesh generator, and a Graphical User Interface (GUI) to develop governing 

equations (continuity and momentum equations) in CCHE2D simulating flow 

(Paper III). Schematic diagrams of the MARS are shown in Fig. 4. In order to 

investigate sedimentation and erosion conditions in the MARS, long-term (14 days) 

and short-term (7 days) simulations were done based on the observed flow duration 

in the studied river reach. 

 

Fig. 4. Schematic diagrams of the managed artificial recharge structures (Reprinted, 

with permission, from Paper III © 2020 Elsevier B.V.) 

3.2.6 Systematic Literature Review for iceberg water harvesting 

The literature search for iceberg water harvesting was conducted in September 

2020 in Scopus using all fields, in Web of Science using all databases, and in 

ProQuest under the “topic” domain. The search was performed identically in the 
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three databases, using the following search terms: “iceberg towing”, “iceberg 

harvesting”, “iceberg water harvesting”, “iceberg water”, and “iceberg utilization”. 

This study exemplifies important worldwide iceberg water utilization over the last 

few decades. However, it is not within the scope of this study to list all projects 

relevant to iceberg water utilization, as the existing information and databases are 

too incomplete. Therefore, the global distribution of recorded iceberg water 

utilization was created by searching for reports and publications based on available 

data.  

The current study examined monthly, seasonal, and annual trends for the ice 

sheets in the Arctic and Antarctic over the period 2005–2019, using Mann–Kendall 

and Sen’s slope statistical tests. These tests were applied to the data obtained from 

the US National Snow and Ice Data Center (NSIDC). As a nonparametric method, 

the Mann-Kendall (MK) test is commonly used to identify statistical significance 

of trends in climatic variables. MK, as a distribution-free method with minimal 

assumptions, was applied here.  

A systematic literature review (SLR) was conducted to evaluate the status of 

icebergs as an unconventional resource for freshwater supply. An SLR provides a 

reliable assessment of the existing literature by clearly defining search and 

inclusion/exclusion criteria (Pickering and Bayrne, 2014). In the present study, the 

SLR process started with the identification of data sources and the definition of 

search criteria for use in three databases (Scopus, Web of Science, and ProQuest). 

Published studies identified in the searches were then included or excluded from 

the final set of papers deemed relevant to the purpose of the study (iceberg 

utilization as a UWR). Finally, relevant published studies were analyzed, and the 

results were summarized. The inclusion and exclusion of published studies was 

performed at three different levels: (i) title and keywords, (ii) abstract, and (iii) full 

text, according to the main criterion that ‘the research must assess the use of 

icebergs for the supply of fresh water’. 
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4 Results and discussions 

4.1 Quantitative results of the literature review 

The statistical analyses were performed on Scopus search engine due to existence 

of all the desired data. A total of 643,101 academic records relating to different 

types of UWRs between January 1971 and December 2020 were found by the 

Scopus database. The number of published records increased over time and was 

highest in 2020. The highest number of publications (61% of the total records) 

originated from China (130,952), followed by the USA (77,298), India (36,400), 

Spain (22,785), Iran (21,769), the UK (20,501), Germany (18,915), Canada 

(18,721), and Australia (17,503) (Fig. 5). Although the conducted literature review 

was performed by searching the "topic" domain using the previously mentioned 

keywords on the WOI, Scopus, and ProQuest, and the data on global maps was 

collected through the literature review, FAO, and different websites, there may still 

be some relevant literature and data that was not acquired.  

Based on PT, there were two change points (mutation #1 in 1984 and mutation 

#2 in 2008) in the number of UWR publications (Fig. 5). Accordingly, the studied 

period is divided into three sub-periods, pre-mutation #1 (1971-1983), mutation #1-

#2 (1984-2007) and post-mutation #2 (2008-2019) encompassing 9,874, 92,419 

and 489,078 UWRs academic records, respectively. This shows increasing concern 

and vitality in studying UWRs to address water scarcity through finding and 

exploiting new alternative water resources such as UWR. 
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Fig. 5. The global distribution of published academic records on UWRs and Pettit’s test 

(Reprinted, with permission, from Paper I © 2022 Elsevier B.V.). 

4.2 Bibliometric analysis of the literature 

Fig. 6 shows the relevant terms and their network of co-occurrences elucidating the 

knowledge structure of UWRs research. VOSviewer recognizes the keywords as 

nodes connected to a cluster, and a larger node size indicates a more frequently 

used term. The curves between the nodes demonstrate their co-occurrence. The 

distance between two nodes shows the co-occurrence, and the color indicates the 

strength of the co-occurrence. The red to blue spectrum signifies a higher to lower 

density weight of network-forming nodes. In the current paper, three clusters were 

identified namely: i) Policy and management related keywords such as decision-

making, water planning, water resources management, cost-benefit analysis, and 

sustainable development (grouped in the red cluster). ii) Nonconventional water 

resources, water demand, water availability, and climate change (grouped in the 

green cluster) show the clear nexus between climate change and UWRs as an 

adaptive management approach to reducing the misbalance between water supply 

and water demand. iii) Desalination, virtual water, surface water resources, and arid 

regions (grouped in the blue cluster). The term 'arid regions’ in this last cluster 

indicates more focus on desalination and virtual water as UWRs to eliminate water 

scarcity in arid and semi-arid regions. The most prominent keywords related to 

UWRs are desalination, wastewater treatment, and water supply. 
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Fig. 6. High-frequency keyword network visualization map indicating the most 

prominent keywords related to UWRs (Reprinted, with permission, from Paper I © 2022 

Elsevier B.V.). 

4.3 Global maps of UWRs utilizations  

Distribution maps with marked locations in fog, dew, rainwater harvested, and 

cloud seeding projects as Atmospheric Unconventional Water (AUW) and artificial 

recharge, fossil water as Unconventional Ground Water (UGW) and, iceberg water 

and virtual water projects as Transferred Unconventional Water (TUW) are shown 

in Fig. 3. AUW, TUW, and UGW produce drinking water and supply water required 

for agricultural use, especially in arid, semi-arid or seasonally arid regions.  

Based on Fig. 3, the most favorable location for fog and dew water harvesting 

depends on variables such as climatic and meteorological conditions and a 

mountainous or coastal area (Gido et al., 2016); for example, in South America, 

sections of the coastal areas of the Pacific Ocean which receive only very small 

amounts of annual rainfall. Stratus clouds as low-level clouds, frequently form over 
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the cold ocean water and move inland, which lead to foggy areas on the coastal 

zones with virtually no precipitation. In these coastal areas, fog water harvesting 

projects intend to provide fresh water for the local people and support agricultural 

and reforestation activities.  

Due to the frequency of rainfall events in humid areas, dew is not very 

important and is ignored, but in arid areas and desert environments such as the 

Middle East and African countries, dew is a precious gift to plants and small plants 

organisms (Sharan, 2006). As shown in Fig. 3, the most fog water projects were 

conducted in South Africa, Chile, the USA, Yemen, Peru, Iran, and Australia, and 

the most dew water projects were conducted in Chile, Spain, Japan, Sweden, and 

India.  

In the arid and semi-arid regions of the world, an extreme lack of conventional 

water and low precipitation leads to the utilization of rainwater harvesting (RWH) 

(Iraq, India Syria, China South Africa, and Tunisia). Even some water-abundant 

countries have introduced RWH systems. Germany has been developing RWH 

practical projects since the 1980s and has implemented research to evaluate the 

practicality and feasibility of runoff collection (Nolde, 2007; Ammar et al., 2016; 

Gebru et al., 2021).  

The biggest cloud seeding project was carried out in China to increase the 

amount of precipitation over several arid regions where rain is needed. Also, cloud 

seeding projects have been carried out in the United Arab Emirates, Iran, India, and 

the USA. For example, in India, the State Government of Karnataka has carried out 

a cloud seeding program from 21 August to 07 November 2017. (Khalili et al., 2008; 

Zoljoodi and Didevarasl, 2013; Chien et al., 2017; Kulkarni et al., 2019: Kumar et 

al., 2019).  

Different types of recharge aquifer structures are widely used and applied at 

different scales and for different reasons in countries worldwide. Many countries 

located in the Middle East have arid and semi-arid climates with severe water 

scarcity, as well as other regional characteristics such as economic, social, 

demographic, cultural, environmental, political, or developmental problems, 

leading the development of aquifer recharge structures (Fig. 3) and the extraction 

of non-renewable fossil water (Haddadin, 2002; Rahman et al., 2012; 

Malekmohammadi et al., 2012). Sprenger et al., (2017) have pointed out that 224 

artificial recharge sites are currently located in 23 European countries (e.g., 

Slovakia, Hungary, Poland, Germany, Switzerland, France, and Finland) which 

produce large quantities of drinking water. As shown in Fig. 3, most fossil water 

projects were conducted in Algeria, Libya, Niger, Chad, Yemen, Egypt, and 
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Australia. The largest known fossil water aquifer in the world, the Nubian 

Sandstone Aquifer System (NSAS), is in North and North-eastern Africa, covering 

two million km2 under the nations of Egypt, Libya, Chad, and Sudan. Also, in the 

northern region of the Kalahari, in central southern Africa (South Africa and 

Namibia), a deep aquifer in cave stone was found that seemed to be confined with 

little to no leakage for long periods (Mazor et al., 1997; De Vries et al., 2003).  

Based on the literature review, in the cold climates of Newfoundland, Canada, the 

local people were encouraged to use iceberg water due to the availability of this 

water resource as a legacy from their ancestors (Spandonide, 2009).  

According to Deng et al., (2021), for virtual water trades (traded volume) 

between major countries, all imports and exports of virtual water were considered 

(Fig. 7). Based on the imported trade water data among major countries, the growth 

rate of China's virtual water is the largest (due to the huge imports of agricultural 

products) followed by Argentina, Saudi Arabia, and Brazil. Russia had the largest 

growth rate in exported virtual water. The highest contribution of traded water as 

exported virtual water was conducted by Australia, India, and Indonesia. 

 

Fig. 7. Global distribution of artificial recharge, fossil water, iceberg melted water 

utilization, virtual water, fog water harvesting, dew water harvesting, rainwater 

harvesting and cloud seeding (Reprinted, with permission, from Paper I © 2022 Elsevier 

B.V.). 

Fig. 8 shows the distribution maps of Processed Unconventional Water (PUW), 

including wastewater, desalinated water, and agricultural drainage water. The 

growing competition between industrial and domestic sectors for limited 
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freshwater resources has motivated investment in wastewater and grey water 

treatment (Grey water has been included in the wastewater category because it is 

hard to separate from wastewater) (Oron et al., 2014) in many countries around the 

world, such as North America, north and southwest Europe (Spain, Italy, and 

France), Australia, Israel, China, Japan, and South Africa. Technical solutions and 

public policies in developed countries support the treatment and use of wastewater, 

but the situation is not the same in developing countries that struggle with 

inadequate treatment facilities, leading to agricultural irrigation using untreated 

wastewater (Sato et al., 2013; Qadir et al., 2020). It is worth mentioning that grey 

water treatment has already been conducted in many countries worldwide and is 

becoming increasingly commonplace in water-stressed areas such as Australia, 

China, India, Algeria, the Middle East, and Mediterranean countries (Shaikh and 

Ahammed, 2020). Desalination can be found in many places around the world, and 

it is becoming a main alternative water supply source in the many Mediterranean 

and Middle East countries where natural water resources are restricted and the 

availability of seawater is viable to satisfy the increasing demands for sustainable 

development (Tsiourtis, 2008; Nair and Kumar, 2013). Fig. 4 shows that utilizing 

agricultural drainage water has been piloted in many countries around the world, 

especially in India, Egypt, Syria, Kazakhstan, and Uzbekistan. 
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Fig. 8. Global distribution of a) used treated wastewater, b) desalination water, and c) 

agricultural drainage water utilization (Reprinted, with permission, from Paper I © 2022 

Elsevier B.V.). 

The literature review showed that an immense number of peer-reviewed journal 

articles has been published on UWRs in the past few decades, demonstrating the 

importance of this field. The drastic increase in the production of science on this 

topic since 2010 also highlights the increasing awareness of these technologies. 

Moreover, while the USA and China are record-holders in publishing on this topic, 

other countries, such as India, Iran and Spain, have developed a clear interest here; 
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one reason is that these countries are also particularly affected by water scarcity. In 

addition, UWRs offer important opportunities for synergies between water scarcity 

adaptation and mitigation. Using UWRs is essential to meet the challenge of 

increasing water demands when the severe changing climate due to global warming 

is forcing fluctuations in the water cycle and having important effects on the 

availability of water resources. Also, utilizing UWRs is vital to achieving the 

Sustainable Development Goals (SDGs). In recent years, more countries have 

focused on sustainability aims related to water, including UWRs, reuse of water, 

sustainable water use in agriculture and clean water production in part due to global, 

supranational, and national agendas and policies (Djuma et al., 2016; Aznar-

Sánchez et al., 2018). 

The bibliometric analysis extracted through the VOSviewer resulted in three 

large clusters, namely: (1) unconventional water resources, water supply, water 

planning and management, (2) water availability, water demand, 

groundwater/aquifer and climate change (3) water scarcity, arid regions, surface 

water, desalination and virtual water which strongly shows the importance of 

considering water planning in the utilization of UWRs worldwide. The grouping of 

the UWRs into four categories proved to be useful when comparing UWRs of a 

similar ‘origin’. The UWRs were categorized as: i) Atmospheric Unconventional 

Water (AUW) resources, including fog water, dew water, cloud seeded water, and 

rainwater. ii) Processed Unconventional Water (PUW) resources, including 

desalinated water, wastewater treated, greywater treated, and agricultural drainage 

water. iii) Transferred Unconventional Water (TUW) resources, including iceberg 

towed water and virtual water. iv) Unconventional Ground Water (UGW), 

including artificial recharge and fossil water.  

Mapping of UWR studies demonstrated that (a) some UWRs have clear 

geographic limitations, (b) some UWRs overlap in their geographic distribution, (c) 

some are practiced only in specific contexts, and (d) some UWRs are negligible in 

their abundance/implementation. For example, fog and/or dew harvesting, iceberg 

or fossil water, and desalinization can only occur where the proper geographic 

conditions are present. Fog and dew harvesting overlap in the Pacific Coast of 

South America, Southern Africa, and Southeast Asia; rainwater harvesting overlaps 

with fog harvesting for most of Africa; and cloud seeding and dew harvesting are 

practiced in the Middle East. Managed Artificial Recharge, cloud seeding, and 

wastewater use demand specific legislative frameworks since their unskilled 

implementation may cause significant harm to the environment, both regionally 

and across borders. Agricultural drainage water utilization, fog or dew harvesting, 
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iceberg water use, and cloud seeding are minor water providers and are mainly only 

used in unusual or climatically extreme conditions. The global maps, therefore, 

show the opportunities as well as the limitations that UWRs bring about.  

4.4 Cost/Benefit analysis of UWRs utilization 

UWRs that can alleviate water stress, especially in arid and semi-arid regions, have 

many challenges and side effects. None of the UWRs mentioned are accessible 

worldwide, and most of them are restricted to specific locations. Some key points 

need to be considered, such as the existence of the kind of UWR, cost, acceptability, 

political agendas, and supportive plans for empowering local people to access safe 

potable water in remote areas. To select the best alternative, it is difficult to compare 

the costs of UWRs utilizations globally, due to variations in the materials and 

labour costs, maintenance, additional resource costs, presence or absence of 

subsidies, and efficiency of UWRs systems in a given location (Qadir et al., 2018; 

Hussain et al., 2019). Costs associated with UWR utilization are also condition-

dependent; for example, in desalination procedures, cost depends on many factors 

including the desalination method, the level of feed water salinity, the energy source, 

the capacity of the desalting plant, and other site related factors. The UAE struggles 

to find new water resources other than desalinated water, due to its rapid population 

growth. It was successful in enhancing rainfall through cloud seeding, which was 

found to be more cost-effective than the desalination method (Hussain et al., 2019). 

However, in the last few years, due to much lower energy consumption and the 

recent advances that have been achieved in membrane technology, reverse osmosis 

among all the existing methods is the optimal and desired choice (Karagiannis and 

Soldatos, 2008). In another example, the cost of rainwater harvesting (RWH) 

depends on the scale at which RWH is done, e.g., at a single-house scale, the cost 

of rainwater is about $4.7m-3, while on an apartment building scale, it is much 

lower at approximately $1.65 m-3 (Morales-Pinzón et al., 2015). Therefore, it is 

difficult to precisely quantify the costs of the different forms of UWRs globally, 

but some positive and negative aspects of UWRs can be gathered. In Table 5, a 

summary of the advantages and disadvantages of UWRs is presented. 
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Table 5. A summary of the advantages and disadvantages of different UWRs (Adapted 

under CC BY 4.0 license from Paper I © 2022 Authors). 

UWRs Advantages Disadvantages 

Artificial recharge 

water 

1) Cost-effective  

2) Has the potential for use in flood control  

3) Boosts water quality using natural filters 

4) Does not require complex technology 

1) Needs regular maintenance 

2) Can cause reduced stream flow in arid 

environment  

3) May disturb soil and vegetation cover 

 

Agricultural 

drainage water 

1) Can be reused and act as a valuable 

supplement in the face of scarcity 

1) One of the major causes of 

groundwater and surface water pollution 

 

Cloud seeded 

water 

1) Increases precipitation and makes land 

more usable 

2) Helps to regulate weather patterns in 

specific locations 

3) Improves economy through increasing 

crop quality and quantity 

4) Decreases the impact of drought events 

1) Needs specific atmospheric conditions 

and capable clouds 

2) Is expensive and cannot be used 

everywhere 

3) Its efficiency is still under review; It is 

not always a reliable method 

4) Changes weather patterns in other 

areas and causes weather-related 

disasters 

 

Desalinated water 1) Due to the sheer volume of seas and 

oceans all over the world, it is an 

accessible water resource everywhere 

1) Disposing of the salt created can be 

hard and damaging to the environment 

2) The cost of desalination is not 

affordable for developing countries and it 

can only be used in rich countries 

encountering a lack of water, such as 

countries in the Middle East 

3) Desalination requires a continuous 

input of energy, chemicals, and labour 

(high energy consumption) 

Dew water  1) Is energy-free 

2) Does not require sophisticated 

instruments 

3) Does not need processing or treatment 

before use 

4) Requires low investment and 

maintenance 

 

1) Is not available everywhere 

2) Needs regular maintenances and 

supervision by experts 

3) Has a small yield 
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UWRs Advantages Disadvantages 

Fog water  1) Does not rely on energy consumption  

2) Needs green technology  

3) Very low-cost collection system  

4) Good-quality freshwater 

6) Requires very little maintenance or 

additional equipment 

7) Does not need processing or treatment 

before use 

1) Seasonal fluctuations in the occurrence 

and intensity of fog in a calendar year 

limits availability 2) Can increase car 

accidents in fog prone areas 

3) Is not accessible all over the world 

4) Needs regular supervision from experts 

5) Volume of the harvested water is not 

considerable 

Fossil water 1) Provides good quality water 

2) Has Large resources available 

1) Has high costs in terms of drilling and 

pipelines 

2) Is unrenewable 

Greywater 1) Is useful for landscape irrigation in 

urban areas 

2) Provides plant nutrients and fertilizers in 

agriculture 

1) Spreads infectious diseases and 

causes bioaccumulation of toxic elements 

in plants 

2) Increases salinity and nitrogen in the 

soil 

3) May cause groundwater contamination 

Rainwater  1) Can be done using a number of 

different building materials based on the 

budget 

2) Is easy to use for local people 

3) Produces a sufficient quality of 

harvested water 

4) Is renewable and environmentally 

friendly 

5) Is useful for household consumptions 

 

1) May produce harvested water affected 

by air pollution or other kinds of impurities 

2) Is sensitive to drought events 

3) May differ seasonally and not always be 

available 

Iceberg water 

towed 

1) Is a pure water resource 

2) Creates new jobs 

3) Prevents icebergs damage to offshore 

structures through iceberg transferring 

 

1) Has a major issue with the difficulty of 

the transportation of large icebergs over 

open seas 

2) Influences design structures in the 

offshore area 

3) May disturb both shallow and deep 

polar seafloor habitats 

4) Is not cost-efficient 

5) Immense carbon emission 

Virtual water  1) Is suitable for arid countries through 

importing goods to avoid using local water 

sources 

2) Is the easiest way to achieve peaceful 

solutions to water conflicts 

3) Saves local water resources  

1) Is difficult to quantify the exact amount 

of virtual water used 

2) Does not have any kind pf pricing 

protocol in IWRM  
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UWRs Advantages Disadvantages 

4) Prevents competition over water 3) Causes unfair competition between 

countries through unequal water resource 

distribution 
Wastewater 1) Is suitable for agricultural and urban 

landscape irrigation, dust control, toilet 

flushing, and use in carwashes 

1) May be dangerous to aquatic life 

2) Requires sophisticated treatment 

3) Requires the continuous input of 

energy, chemicals, and labour. 

4.5 Possible solutions to overcome limitations of UWRs utilization 

Even though utilizing UWRs would benefit from enhancing water resources in 

water scarce areas some major obstacles in utilizing UWRs remain. To overcome 

these obstacles and limitations, some solutions are presented. For instance, to 

facilitate fog water and dew water harvesting and boost the acceptance rate of these 

water resources, involving local people of both genders and asking local and 

international volunteers could effectively tackle those difficulties. As weather 

modification such as cloud seeding could have long-term effects on weather 

patterns and the hydrological cycle, clear international water rules and legislations 

are needed with conditions agreeing to share the profits of the transformed rainfall 

patterns. As RWH has uncertainty due to climate oscillation and weather fluctuation, 

long term studies on climate and weather conditions before establishing RWH 

structures may help provision a stable water source. Desalination is technically 

highly and necessitates significant innovation to be affordable and efficient. To 

motivate water reuse, new regulations and incentives could be employed such as 

establishing a quota for the amount of treated wastewater use, designing improved 

technical treatment systems at lower costs to promote water reuse and making this 

a unique possibility on water markets. Water authorities may want to validate water 

reuse and expand their diversity of usages. In general, UWRs could become more 

widely used by modifying policies around water, employing more sophisticated, 

innovative, cost-effective, and environmentally friendly techniques, and increasing 

awareness about UWRs and their acceptability. 

4.6 Closing the water supply-demand gap  

UWRs are an opportunity for water security. Global water demand for agriculture, 

energy production, industrial use and human consumption is around 4,600 

km3/year (Boretti and Rosa, 2019; Piesse, 2020). The total global water withdrawal 
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considering conventional and unconventional water resources including treated 

wastewater, agricultural drainage water, fossil water and desalinated water is about 

4,011km3/year based on the latest statistics extracted from Aquastat (Fao, 

AQUASTAT, 2021). The total global freshwater withdrawal, which can be 

considered as used conventional water resources, is approximately 3,756 km3/year 

(Fao, AQUASTAT, 2021). Currently, 255 km3/year UWRs is used worldwide, of 

which 131 (51.37 %), 83 (32.54 %), 35 (13.72 %), 5.95 (2.35 %) km3/year belongs 

to agricultural drainage water, fossil water, desalinated water, and treated 

wastewater, respectively (Fao, AQUASTAT, 2021). For other types of UWRs, the 

annual potential (or actual) usage is difficult to estimate and there is no exact 

amount for annual usage. However, the existing estimations of some UWRs, such 

as atmospheric water (fog, dew and rainwater harvesting, cloud seeding), and 

icebergs are presented in Table 6. 

Among sources of UWRs, the greatest volume belongs to seawater, with 1.35 

billion km3. Currently 35 km³/year is produced as desalinated water, followed by 

Antarctic ice, which produces 27 million km3 of freshwater and, annually, 2000 

km3/year of icebergs break off, giving the potential to be utilized in the future 

(Lewis, 2015; UN-Water, 2020). Fossil water with 25 million km³ is the next largest 

source of UWR, with optimistic estimations suggesting there is 30 million km³ deep 

groundwater, 5 million km³ of which is considered renewable and approximately 

25 million km³ is non-renewable or fossil water, which of it approximately 83 

km³/year is being used (UN-Water, 2020). Whereas most UWRs present renewable 

water resources, fossil water is considered a non-renewable form of groundwater 

extraction that is not sustainable and may provide a false sense of short-term water 

security. Atmospheric moisture contains 13,000 km³ of water as the feed of cloud 

seeding, fog and dew water, which may diminish local water scarcity in areas with 

limited reliable rainfall and water (Shan et al., 2020). Fog and dew water yield 

depends on the intensity, duration, and frequency of the events. Correggiari et al., 

(2017) have pointed out daily fog water yields range from 2 to 20 L/m² (Correggiari 

et al., 2017), while Monteith & Unsworth, 2013 have implied dew has a theoretical 

maximum daily water yield of 0.8 l/m² (Monteith & Unsworth, 2013) and is a more 

common occurrence globally than fog (Jacobs et al., 2002; Vuollekoski et al., 2014). 

Due to the low yield of dew and fog, it is unlikely that fog and dew harvesting will 

replace conventional water resources and should thus be viewed as supplementary 

resources, especially during the driest periods of the year (Kaseke and Wang, 2018). 

Annual generated wastewater and greywater is 380 km³/year (UN-Water, 2020); of 

this 5.95 km3/year is treated wastewater (data used in this study covers all treated 



 

58 

wastewater in every sector which encompasses domestic, commercial, and 

industrial effluents, storm water, and runoff) which is used directly for irrigation 

and 8.35 km3/year is untreated municipal wastewater used for irrigation purposes 

(Graham et al., 2010; Levwis, 2015, Baggio et al., 2021). The annual usage of 

agricultural drainage water which is used directly is around 131 km³/year (FAO, 

AQUASTAT, 2021). 

Table 6. The volume feed of UWRs (Adapted under CC BY 4.0 license from Paper I © 

2022 Authors). 

UWRs Total volume Reference 

Sea and oceans 1 1.35 billion km³ Baggio et al., (2021) 

Wastewater and greywater 

2 

380 km³/year Qadir et al., (2020) 

Atmospheric water 

harvesting 3 

13,000 km³ Graham et al., (2010); Shan et al., (2020) 

Antarctic ice 4 27 million km³ UN-Water, (2020) 

Fossil water 5 25 million km³ Foster and Loucks, (2006); Gleeson et al., (2016); 

Ferguson et al., (2018) 

1. Sea and oceans, 2. All the produced wastewater around the world, 3. Atmospheric water vapor,  

4. Iceberg, 5. Unrenewable groundwater 

While the potential use may be large, economic, social, environmental, and political 

challenges prevail. As such, fog and dew water harvesting need to consider the 

regional and transboundary impacts and environmental aspects, and iceberg towing 

through seas/oceans and cloud seeding may need to consider issues with the 

technology and facilities needed. For instance, iceberg towing will have an 

immense carbon footprint. According to the estimates by marine services company 

Atlantic Towing, moving a large iceberg across the ocean would require at least  

40-50 tons of fuel per day, per vessel and would release up to 5,000 tons of fuel 

into the ocean during  a 100-day journey (Costov and Appelmann, 2021). Also, 

desalinated water may be perceived as a competitor to UWRs such as iceberg water 

because the relevant technologies are much better developed and they are already 

in use in many areas of the world (Smakhtin et al., 2001). Thus, utilization of UWRs 

are accompanied by controversial questions of which methods to consider at the 

international, regional, or domestic scales.  

Among the atmospheric unconventional water resources, fog and dew 

alternatives give a small volume of water in comparison to rainwater harvesting 

and cloud seeding. Mountainous and coastal regions are among the best site 
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selection for effective fog and dew water collection (Dodson and Bargach, 2015). 

Although cloud seeding gives a considerable volume of water, it needs specific 

atmospheric conditions with capable clouds and needs sophisticated technologies. 

The main advantage of these atmospheric UWRs is that they produce renewable 

clean water sources with low-to-no pre-treatment. However, the seasonality 

(availability of atmospheric UWRs at different times/seasons of the year) is the 

main disadvantage of atmospheric UWRs.  

Although all processed UWRs, such as desalination, are categorized as 

renewable sources and give a huge volume of water, they can cause environmental 

damage and require sophisticated treatment with high energy consumption. 

Currently, more than 150 countries use desalination to supply potable water for 300 

million people (Mickley, 2018). Approximately 24.85 billion m3 annually of global 

desalination capacity is in high-income countries and only 0.035 billion m3 

annually is produced in low-income countries. Almost 15.4 billion m³ of the 

desalination capacity is in the Middle East, China, the United States, and Latin 

America (Jones et al., 2019; UN-Water, 2020).  

Among unconventional groundwater UGWs, fossil water is not renewable. 

However, artificial recharge has been considered as a renewable source but may 

cause environmental damage. Although iceberg water as transferred 

unconventional water, gives a pure water source for supplying freshwater, the 

transportation of large icebergs over open seas is expensive.  

As the literature has pointed out, recovering a volume of unconventional water 

from different resources (such as fossil water, atmospheric water, Arctic and 

Antarctic ice, and seawater) can ease water stress around the world. However, some 

UWRs, such as cloud seeding and iceberg towing, are difficult to assess due to the 

lack of information and facilities, hence they remain in their infancy until further 

development (Walker, 2016). Today, among all forms of UWR, desalinated and 

treated wastewater produce the greatest amount of water. Approximately 97% of 

the planet’s water resources, delivers unlimited raw material for seawater 

desalination (UN-Water, 2020). The key to the long-term sustainability of 

desalination is the management of the brine produced, both environmentally and 

economically. Desalinated water provides a climate-independent and steady supply 

of good-quality water (Elsaid et al., 2020). However, fog and dew water provide 

small yields but, surprisingly, deliver precious support to local communities to 

address water scarcities (Hussain, et al., 2019).  
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4.7 Fog probability map 

The fog probability maps derived using the GDM model, indicating areas with high 

and low concentrations of fog, are shown in Fig. 9a. GDM model showed areas 

with a high fog concentration in the south and southeast of the study area, with light 

fog mostly located in the north. Zones with the highest (1.00) and lowest (0.00) fog 

probability were successfully recognized by GDM model. 

4.7.1 Fog suitability map 

Weight and rank values of the conditioning factors and their classes were assigned 

according to their importance in the case study. Based on expert knowledge and 

using AHP results to evaluate the relative importance of fog suitability variables, 

the social factor with the greatest weight was the distance to residential area (0.45), 

followed by distance to livestock buildings (0.32) and distance to road (0.23). 

By using the weighted factors, total scores were applied and then each pixel of the 

output fog suitability map was assigned a value reflecting its factor (Fig. 9b). Based 

on the results, southeastern and southern areas of the Vazroud watershed have the 

highest suitability for fog water harvesting.  

4.7.2 Fog-water Capability Index (FCI) 

The Fog-water Capability Index (FCI) values obtained for different parts of the 

study area by multiplying probability by fog suitability maps areas is shown in Fig. 

9c, where areas with high and low FCI have high and low capability for fog water 

harvesting, respectively. The results confirmed that southeastern and southern areas 

of the Vazroud watershed have the highest capability for fog water harvesting. The 

precision of the GAM, GBM, GDM, and GLM models was evaluated using ROC 

curve. The highest ROC values during training were attained for GAM (0.958) and 

GDM (0.925), followed by GBM (0.885) and GLM (0.876). The highest AUC 

values during testing performance were obtained for GDM (0.892), followed by 

GBM (0.775), GLM (0.764), and GAM (0.759). The ROC-AUC plot for GDM 

model was presented in Fig. 9d.  
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Fig. 9. Fog a) probability, b) suitability, c) capability maps and d) ROC curve (Adapted, 

with permission, from Paper II © 2019 Elsevier B.V.). 

4.7.3 Importance of the variables in fog water harvesting 

Importance variables were determined based on model functions and the impact of 

the variables from the field survey data. For all models, maximum values of 

importance were obtained for SVF and minimum values for slope curvature. The 

highest and lowest values obtained were 0.78 and 0.32 for GAM, 0.74 and 0.38 for 

GBM, 0.79 and 0.40 for GDM, and 0.77 and 0.35 for GLM (Table 7). 
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Table 7. Importance variables were determined based on the GDM model functions 

(Adapted under CC BY 4.0 license from Paper II © 2019 Authors) 

Variable Importance Variable Importance 

Precipitation 0.65 Slope aspect 0.35 

Temperature 0.67 Slope variability  0.42 

Leeward effect 0.68 Slope curvature 0.40 

Windward effect 0.70 Sky view factor  0.79 

Topographic wetness index 0.54 Terrain ruggedness index  0.66 

Diurnal anisotropy heating 0.55 Land use/land cover  0.72 

Elevation 0.66 Land surface temperature  0.50 

Many researchers have studied fossil water harvesting using hydrological variables 

to simulate the physical processes of fog water conditions, but this approach 

requires sophisticated datasets and abundant computations. Thus, in this study, 

artificial intelligence algorithms were used in socio-environmental modeling to 

identify foggy areas in the Vazroud watershed, in which mapping-based models are 

important. Models have been used for mapping to support water sustainability 

strategies by other researchers, but not in fog probability mapping. Artificial 

intelligence algorithms have become more popular in spatial distribution analysis 

modeling, especially in IWRM. A key advantage of these models is that limited 

knowledge is required. Moreover, the approach is parsimonious since in areas 

where climate and hydrological data are lacking, some predictive variables, namely 

hydrological, topographical, or land use properties, can be used in artificial 

intelligence algorithms.  

4.8 Performance of artificial recharge structures  

The performance of artificial recharge structures was assessed by analysis of 

temporal variations in precipitation and groundwater levels 1985-2018 (Fig. 3). No 

significant trend was observed in the precipitation value, but there was a positive 

tendency in the amount of precipitation (positive value for the Mann-Kendall test 

and Sen's slope) during 1985-2018 (Fig. 10 and Table 8). In the same period, the 

groundwater level in the Shabestar aquifer showed a significant negative trend, 

declining by approximately 25 m by 2018, despite the positive trend in the 

precipitation value (Fig. 10 and Table 8). This decline reflected the significant 

influence of anthropogenic activities (e.g., irrigation, domestic, and industrial water 

usages) on available water resources. The dramatic decline in groundwater level 

led to the construction of the Kaboutar-Ali-Chay MARS in 1996 to recharge 
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groundwater resources. Although the groundwater level did not recover entirely or 

even stabilize by 2018 due to artificial recharge structures construction, the rate of 

decline in the groundwater level gradually became smaller (Fig. 10). In the period 

before artificial recharge structures construction (1985-1996), the rate of decline in 

groundwater level was -2.14 m/yr (Fig. 10), with a significant negative trend (p < 

0.01, Sen's slope = -2.089) (Table 8). In the post-construction period (1997-2018), 

the rate of decline in groundwater level was reduced to -0.86 m per year (significant 

negative trend; p < 0.0.05, Sen's slope = -0.669) (Table 8). 

 

Fig. 10. Temporal variation in groundwater level and precipitation in the Shabestar 

aquifer in pre- and post- periods of artificial recharge structure construction (Reprinted, 

with permission, from Paper III © 2020 Elsevier B.V.). 

Table 8. Results of the Mann-Kendall (MK) test for groundwater level and precipitation 

in the Shabestar aquifer in pre- and post- periods of artificial recharge structure 

construction (Adapted under CC BY 4.0 license from Paper III © 2020 Authors). 

Parameter Period MK p-value Sen 

Precipitation 1985-2018 1.200 0.229 0.956 

Groundwater level 1985-2018 -4.561 0.045 -1.295 

Groundwater level pre-period 1985-1996 -4.114 0.001 -2.089 

Groundwater level post-period 1996-2018 -5.495 0.039 -0.669 
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4.9 Impacts of the sedimentation on MARS performance 

Due to the cascade configuration of the MARS, the flow velocity varied from 0.00 

to 1.00 m/s within the ponds. The flow velocity also declined from the upper ponds 

(#1-#4) to the lower ponds (#6, #7). The maximum flow velocity in ponds #6 and 

#7 was found to be below 0.3 m/s, and therefore, the majority of transported 

particles entering these ponds could be expected to be deposited as sediment. 

Investigation of shear stress variations in the MARS ponds showed the maximum 

shear stress in ponds #1 to #4, due to narrowing of the outlet and higher velocity, 

increasing the potential for erosion in these areas. In contrast, in the downstream 

ponds (#6, #7) the shear stresses were low and sedimentation potential was high 

(Fig. 11a and 11b). 

Fig. 11. a) Flow velocity and b) shear stress distribution along the series of ponds in the 

Kaboutar-Ali Chay managed aquifer recharge structure (MARS) (Reprinted, with 

permission, from Paper III © 2020 Elsevier B.V.). 
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The maximum height of sedimentation was 1.022 m in short-term (7 days) and 1.54 

m in long-term (14 days) simulations (Fig. 12). The mean depth of deposition was 

0.57, 0.33 and mean depth of erosion 0.61, 0.43 m for short-term and long-term 

periods, respectively. As a result, the sediment deposition process on the surface of 

the alluvial fan has become a sediment-erosion process. It is also worth mentioning 

that, due to sedimentation in the MARS ponds over time, the permeability of the 

pond bed material will decrease as the pores become clogged with sediment 

particles, decreasing the efficiency of the MARS in groundwater recharge. 

 

Fig. 12. Bed changes along the series of ponds in the Kaboutar-Ali Chay managed 

aquifer recharge structure (MARS) in a) short-term (7-days) and b) long-term (14-days) 

simulations (Reprinted, with permission, from Paper III © 2020 Elsevier B.V.). 
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4.10 Origin publications related to iceberg water utilization 

A brief overview of the outcome and the purpose of the 47 papers focusing on 

iceberg utilization for fresh water supply. Aims of these studies included the 

possibility of obtaining freshwater from icebergs, modeling iceberg towing, 

international law related to iceberg harvesting, cost analysis of iceberg harvesting, 

iceberg towing to water-limited areas, opportunities and challenges in iceberg water 

harvesting, and energy consumption in iceberg melting. Most studies mentioned 

that iceberg transport to water-deficient regions can be a solution to supply 

freshwater and must be considered as a solution to water scarcity in some regions. 

Some studies highlighted economic conditions and risks associated with iceberg 

towing to be major limitations in iceberg utilization. Overall, the SLR showed that 

environmental impact assessment of iceberg harvesting has not received the 

attention it deserves in the literature. 

4.10.1 Global Trends in Ice Sheet Area 

In this study, the MK test was employed to assess trends in ice sheet area over the 

Antarctic and Arctic. Polar ice sheets are significant indicators of climate change, 

as they respond to raised temperatures with increased melt, enhanced mobility, and 

increased iceberg calving (Haghighi et al., 2020). The MK test and Sen’s slope 

estimator results, using data obtained from the NSIDC, indicated that ice sheet area 

significantly decreased in the Arctic region across all months during 2005–2019. 

Ice sheet area over the Antarctic region did not show a significant decreasing or 

increasing trend during February, June, July, August, September, October, and 

December between 2005 and 2019 (Figure 3; Table 3). The MK test results for 

seasonal scale showed that all seasons (spring, summer, autumn, and winter) 

experienced significant decreasing trends in ice sheet areas in the Arctic region. 

However, over the Antarctic region, the results indicated that significant changes 

(decreasing trend) only occurred in spring, summer, and autumn (winter had a 

nonsignificant de-creasing trend) during 2005–2019 (Table 9). Significant 

decreasing trends in ice sheet area at the annual scale were observed for both 

regions during 2005–2019 (Table 9). Overall, the results indicated a decreasing 

trend in ice sheet area that has been more prominent in the Arctic than in the 

Antarctic. The annual rate of change in iceberg area was 0.113 and 0.122 million 

km2 per year for the Antarctic and Arctic regions, re-spectively. From a seasonal 

point of view, the rate of decrease in ice sheet area in winter was not significant, 
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while warmer seasons, especially summer, showed a significant rate of decrease, 

especially in the Antarctic. This could be due to the considerable impact of global 

warming in warmer seasons (Arrigo et al., 2002). A recent study on the impact of 

climate change on icebergs reported that global warming has increased the melting 

rate of icebergs in both the Arctic and Antarctic regions (Wunderling et sal., 2020). 

Overall, our analysis indicated a higher iceberg melting rate in the Arctic than in 

the Antarctic region. 

Table 9. Mann-Kendall (SK) test and Sen-slope estimator (Sen) results for the 

significance of trends in monthly and seasonal ice sheet area in the Arctic and Antarctic 

region 2005-2019 (Adapted under CC BY 4.0 license from Paper IV © 2021 Authors) 

Time series Arctic  Antarctic 

 MK p-value Sen Time series MK p-value Sen 

January -4.2064 0.0000 -0.0774** January -3.2167 0.0013 -0.2016** 

February -3.5136 0.0004 -0.1347** February -2.2269 0.0260 -0.0830** 

March -4.1074 0.0000 -0.1094** March -2.7218 0.0065 -0.1446** 

April -4.3054 0.0000 -0.1441** April -2.3259 0.0200 -0.1657* 

May -4.1074 0.0000 -0.1307** May -2.2269 0.0260 -0.1450* 

June -3.6126 0.0003 -0.1180** June -0.8413 0.4002 -0.0551 

July -4.0629 0.0000 -0.0940** July -1.4864 0.1372 -0.0666 

August -3.0187 0.0025 -0.0889** August -0.8413 0.4002 -0.0391 

September -2.3259 0.0200 -0.0656** September -1.5341 0.1250 -0.1016 

October -2.9197 0.0035 -0.1325** October -1.0392 0.2987 -0.0768 

November -2.8208 0.0048 -0.0921** November -2.6228 0.0087 -0.1511** 

December -3.6126 0.0003 -0.1304** December -1.1382 0.2550 -0.1425 

Winter -4.1074 0.0000 -0.1210** Winter -0.9403 0.3471 -0.0290 

Autumn -4.4044 0.0000 -0.1286** Autumn -2.6228 0.0087 -0.1568** 

Spring -3.9095 0.0001 -0.1091** Spring -2.0290 0.0420 -0.1020* 

Summer -3.4146 0.0006 -0.0889** Summer -2.0290 0.0425 -0.1015* 

Yearly -4.5033 0.0000 -0.1135** Yearly -2.3259 0.0200 -0.1221* 

Statistical significance *p < 0.05, **p < 0.01  
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5 Conclusions and directions for future 
studies 

5.1 Key findings on UWRs 

Due to the uneven distribution of freshwater resources worldwide, policymakers 

need a radical re-think and planning of water resource management, including 

unconventional water resources for food security, livelihoods, ecosystems, climate 

change adaption, and sustainable development. In the current study, twelve general 

types of UWRs were considered based on a literature review, then categorized as 

atmospheric (fog harvesting, dew harvesting, rainwater harvesting, cloud seeding), 

transferred (iceberg towing, virtual water), processed (desalination, agricultural 

drainage water, greywater, and wastewater treatment) and groundwater resources 

(artificial recharge, fossil water). Findings of this study revealed that UWR 

implementation at a regional and local scale is influenced by technical aspects, 

climate, cultural, environmental, political, and socio-economic conditions and are 

used in specific regions of the world. Results of this study may enhance awareness 

around UWRs, with a particular focus on their various respective opportunities and 

challenges in different climates, potentially leading to better planning and 

policymaking.  

The more specific outputs are: 

– Considering supportive solutions by utilizing different forms of UWRs to make 

water management more efficient.   

– This study demonstrated that truly assessing the potential of closing the water 

gap is currently numerically difficult globally, as data only exists in the form 

of singular case studies.  

– Providing an efficient local and global data for water authorities considering 

practical and academic constrains in unconventional water resources utilization.  

–  Among atmospheric unconventional water, exploiting fog water via effective 

site selection throught machine learning algorithms is economically justifiable 

(overcome limitation of input data) for achieving SDGs of the united nation.  

– MARSs are commonly used to recharge groundwater resources, but 

sedimentation in MARSs decreases the efficiency of groundwater recharge by 

reducing bed permeability. However, for the better performance under 

conditions of clogged pores, some consideration could be applied in the 

MARSs design. Since, prevention for the clogging pores is the best option, 
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controlling the water quality by pre-treatment and some operational activities 

such as removing suspended solids, pH management or stripping any dissolved 

oxygen would reduce the potential for clogging.  

– Statistical analysis of ice sheets as the main sources of icebergs over Arctic and 

Antarctic zones showed a significant decreasing trend for all months and 

seasons during 2005–2019. 

5.2 Recommendation and directions for future studies 

Overall, the study proved that, although UWRs offer the capable potential for 

mitigating water shortage, current knowledge is patchy and points towards UWRs 

being, for the most part, limited in scope and applicability due to geographic, 

climatic, economic, and political constraints. Future studies focusing on improved 

documentation and demonstrating the quantitative and socio-economic potential of 

various UWRs could help strengthen the case for some, if not all, UWRs as avenues 

for the sustainable provision of water. 

Therefore, future work on UWRs should focus on: 

– Encouraging international collaboration in collecting, storing, and analyzing 

numerical data and information on the implementation and performance of 

UWRs.  

– Developing and applying integrated numerical modelling on the physical and 

socio-economic potential of UWRs implementation and the discovery of 

hotspot applications.  

– Motivating water resource management agencies and policymakers to support 

scientific funding for UWRs studies and develop supportive practical plans for 

UWRs utilization. 

–  Assessing the spatial distributions of renewable water per capita and their 

socio-economic development and discussing on the results.  

– Investigating the role of legislation in UWRs utilization. 

– Providing a ranking of different technologies for diverse earth regions 

considering issues such as technology maturity, cost, available sources, climate 

etc. 

–  Focusing on the preserving existing water resources and improving 

transboundary cooperation by utilizing unconventional water resources.   
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– For the direction of future studies, providing methods to prepare quantitative 

information about a different type of UWRs utilization can help adapt and 

mitigate water deficiencies. 

– Identifying and implementing sustainable methods and technologies for UWRs 

utilization. 
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