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Abstract: Rainwater harvesting (RWH) has the potential to enhance the sustainability of ground and
surface water to meet increasing water demands and constrained supplies, even under a changing
climate. Since arid and semi-arid regions frequently experience highly variable spatiotemporal rain-
fall patterns, rural communities have developed indigenous RWH techniques to capture and store
rainwater for multiple uses. However, selecting appropriate sites for RWH, especially across large
regions, remains challenging since the data required to evaluate suitability using critical criteria are
often lacking. This study aimed to identify the essential criteria and develop a methodology to select
potential RWH sites in Rajasthan (India). We combined GIS modeling (multicriteria decision analy-
sis) with applied remote sensing techniques as it has the potential to assess land suitability for RWH.
As assessment criteria, spatial datasets relating to land use/cover, rainfall, slope, soil texture, NDVI,
and drainage density were considered. Later, weights were assigned to each criterion based on their
relative importance to the RWH system, evidence from published literature, local expert advice, and
field visits. GIS analyses were used to create RWH suitability maps (high, moderate, and unsuited
maps). The sensitivity analysis was also carried out for identified weights to check the inadequacy
and inconsistency among preferences. It was estimated that 3.6%, 8.2%, and 27.3% of the study area
were highly, moderately, and unsuitable, respectively, for Chauka implementation. Further, sensi-
tivity analysis results show that LULC is highly sensitive and NDVI is the least sensitive parameter
in the selected study region, which suggests that changing the weight of these parameters is more
likely to decide the outcome. Overall, this study shows the applicability of the GIS-based MCDA
approach for up-scaling the traditional RWH systems and its suitability in other regions with similar
field conditions, where RWH offers the potential to increase water resource availability and relia-
bility to support rural communities and livelihoods.

Keywords: Indigenous rainwater harvesting; Site suitability; Multicriteria decision analysis

1. Introduction

Water is critical for maintaining environmental functions and as a natural resource
for plant and animal survival [1,2]. With a changing climate, increasing seasonal variabil-
ity in rainfall, steady declines in groundwater levels, and growing demands for water
from different sectors, pressures on existing water resources are increasing. The United
Nations World Water Development Report stated that nearly six billion people will live
under conditions of limited water availability by 2050 [3], which would restrict develop-
ment in many countries globally. Arid and semi-arid regions regularly face droughts, wa-
ter shortages, and the availability of drinking water and water resources for agriculture.
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These regions represent about 50 million km? [4], with groundwater (GW) often being the
primary source for meeting domestic, agricultural, and industrial water demands. To in-
crease water availability for crop and livestock production, local communities have devel-
oped indigenous techniques to harvest rainwater to replenish GW and provide additional
water supplies that last through the subsequent dry season [5]. Techniques include using
rainwater harvesting (RWH) structures that capture runoff, allowing it to infiltrate the
subsurface. The primary role of RWH techniques is to increase the amount of available
water by capturing excess rainwater in one area for local use or transfer to another location
[6]. Such harvested excess rainwater is relatively clean, and the quality is usually accepta-
ble for many purposes, often requiring little treatment [7,8].

Indigenous RWH techniques have been developed to cope with different challenges
of water shortages, for example, in Jordan, Palestine, Syria, Saudi Arabia, Tunisia, and Iraq
[9-11]. Rajasthan in India also has many local RWH practices suitable for dry to arid cli-
matic regions. The most common RWH structures in Rajasthan include the Talab (other-
wise known as lakes or large reservoirs constructed in natural depressions or valleys),
Johad (small earthen check dams that capture and conserve rainwater), Bandha (a stone
check dam built across a stream or gully, to capture monsoon runoff), Sagar (large lakes),
Nala bunds (embankments constructed across gullies for checking velocity of runoff, in-
creasing water percolation) and Baoli (step wells) [12]. Another traditional RWH tech-
nique, known locally as Chauka, is an infiltration pond developed to support pastoral
lands in the early dry season in Rajasthan. The Chauka system consists of bunds to trap
rainfall runoff and cause it to infiltrate the soil instead of running off into the river [13].
Recently this technique has been evaluated through field studies, which revealed that the
Chaukas allow approximately 5% additional rainfall to be available as recharge [14]. A re-
cent study [15] linked Chaukas to nature-based solutions (NBS) and reported numerous
benefits, such as recharging GW, avoiding GW contamination, irrigating downstream ar-
eas, for spiritual purposes and for nature. However, Chaukas are currently only imple-
mented in four different villages of Rajasthan: Lapodiya, Antoli, Dethani, and Balapura,
to improve the pastureland for rural communities. Considering the impacts of climate
change on water resources, there is significant scope for Chaukas to be scaled up and im-
plemented in other arid and semi-arid regions in Rajasthan and elsewhere globally. Fur-
ther, upscaling potential RWH sites, especially across large regions, remains challenging
since the data required to evaluate suitability using key criteria are often lacking.

Scaling up indigenous RWH techniques depends on the identification of suitable
sites [6]. Various methodologies have been developed for selecting potential RWH sites,
which include remote sensing (RS) and geographical information systems (GIS) in combi-
nation with various multicriteria decision analysis and hydrological modeling approaches
[9,16,17]. However, the application of RS and GIS along with multicriteria decision analy-
sis (MCDA) has gained importance as it provides a systematic methodology for the com-
plex problems to locate potential regions for soil and water conservation structures and
artificial/traditional GW recharge techniques [18-22]. Further, reviewers have identified
various types of discrete MCDA techniques, such as multi-attribute utility theory
(MAUT), simple additive weighting (SAW), analytic network process (ANP), technique
for order of preference by similarity to ideal solution (TOPIIS), preference ranking organ-
ization method for enrichment of evaluations (PROMETHEE) and Analytical Hierarchy
Process (AHP). Recently, the AHP technique gained huge importance and included vari-
ous site suitability analyses such as groundwater potential zone, managed aquifer re-
charge sites, flood zone suitability maps, and potential RWH systems. [23-27]. Further, it
solves complex problems by incorporating subjective opinions from experts and provides
a reproducible and transparent methodology [24]. For further information on AHP, the
readers may refer to studies such as [28-30].

Considering the problem definition and data availability, researchers have used sur-
face spatial and meteorological parameters such as slope, land use land cover (LULC),
geomorphology, soil, drainage density, proximity to water bodies, rainfall, and subsurface
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hydrological parameters including aquifer thickness, GW level, and other aquifer param-
eters to identify potential RWH regions [18,31,32]. In this context, all hydrogeological and
meteorological factors were carefully examined based on available information on Chau-
kas to ensure their successful implementation using a GIS-based MCDA approach. The
suitable sites, identified by scientific data and local knowledge, will help improve plan-
ning of rainwater harvesting using an indigenous technique such as the Chauka system in
other similar hydroclimatic conditions, which will in turn provide more extensive benefits
for the community living in these regions. Further, integrating hydrometeorological data
with local knowledge about the Chauka system on a large scale can upscale the locally
adopted Chauka system in other similar hydroclimatic conditions. This study aimed to
define site selection criteria and assess Chaukas as an RWH technique that could be scaled
up and applied widely to other arid and semi-arid regions across Rajasthan and, more
broadly, across India. A sensitivity analysis was performed to determine the efficacy of
each parameter and the robustness of the Chauka construction suitability model.

2. Materials and Methods

A methodology was developed involving evidence synthesis to support the develop-
ment of a conceptual framework which would assess Chaukas’ suitability, together with
field visits to collect locally relevant data and GIS spatial analyses to model and map land
suitability. Local practitioners provided information on Chaukas’ construction. A brief de-
scription of the study area, conceptual framework development, data collection, and GIS
modeling approaches are outlined below.

2.1. Description of the Study Area

Rajasthan is located in the northwestern part of India. It is popularly known as the
desert state of India, where 90% of rural and 50% of urban water supply is met by ground-
water [33]. This region experiences an arid/semi-arid climate with an annual average rain-
fall of 574 mm [34,35]. Approximately 90% of rain is concentrated during the monsoon
season between June and September [15]. Most rainfall occurs at the beginning of the rainy
season, which is mainly used for replenishing soil moisture, but some are also lost to evap-
oration due to arid conditions. The amount contributing to groundwater storage is 5% to
7% in areas underlain by hard rocks and 10% to 15% in alluvial regions [33]. High tem-
peratures and low precipitation occur in the summer (February— June), with cold-dry
weather in winter (November—January).

Rajasthan has a reasonably mature topography developed during a long period of
denudation and erosion. Physiographically, the state can be divided into four units: Ara-
valli hill ranges, Eastern plains, Western Sandy Plain and Sand Dunes, and Vindhyan Scar-
pland and Deccan Lava Plateau. The sandy plains in western Rajasthan, forming a part of
the Thar Desert, are mainly occupied by alluvium and blown sands [33]. Our study (Fig-
ure 1) did not include the western half of Rajasthan as it was known to be unsuited for
Chauka construction due to its prevalence of desert cover (loose sand/sand dunes).
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Figure 1. Location of the study area showing Rajasthan State in India (a), the location of the district
selected for analysis (b), the Chauka system (c), and locations of four existing Chauka sites (d).

The principal source of recharge to groundwater in Rajasthan is rainfall. Due to the
scarcity of surface water resources, smallholder agriculture depends mainly on the mon-
soon season and GW during the dry season. In the study area, RWH is practiced, and
many water conservation measures (e.g., farm ponds, percolation ponds, check dams, and
shallow infiltration ponds) have been constructed by the local non-government organiza-
tion (GVNML) and government organizations. Without adequate surface and groundwa-
ter resources, rainwater plays a vital role in supporting livelihoods in arid and semi-arid
regions. If rainwater can be harvested on a large scale, it could be a reliable source of po-
table water for domestic purposes.

2.2. Conceptual Workflow

A conceptual workflow was developed to define the essential criteria, attributes of
relevance, and thematic layers, including the processes of reclassification (ranking) and
weighting using GIS and analytical hierarchy processes (AHP) (Figure 2). The workflow
was categorized into five phases: (i) selection of appropriate criteria to identify potential
sites and their reclassification, (ii) assigning weights to the criteria and their normaliza-
tion, (iii) ranking (reclassifications of) the sub-criteria, (iv) using GIS analyses to combine
spatial data and generate Chauka suitability maps, and (v) evaluation and validation of
potential Chauka sites. The details of these phases are discussed in Sections 2.3-2.5.
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Figure 2. Conceptual workflow displaying the critical criteria identified as thematic layers and their
processing using GIS and AHP to identify potential RWH sites.

2.3. Defining Assessment Criteria

In [36], the author identified six critical relevant criteria for RWH implementation,
including local climate, hydrology, topography, agronomy, soil, and socioeconomics [37].
However, in this study, only five of those criteria relating to climate (average annual rain-
fall), hydrology (drainage density), topography (slope), agronomy (normalized vegeta-
tion index (NDVI), land use/cover, and soil texture were considered. Spatial datasets for
each criterion were retrieved from institutional websites and data sources (Table 1). Ac-
cording to the variability in LULC, soil texture, and rainfall classes (which defined the
Chauka’s suitability), each criterion was then sub-divided into three categories based on
the existing class of each thematic layer and their suitability to Chaukas with the most
suitable ranked “3”, moderately suitable ranked “2” and unsuitable ranked “1”.

Table 1. Summary of the key criteria used for evaluating Chauka suitability, including the assigned
variables and datasets used for GIS modeling.

Criteria Variable Resolution/Scale Data Source

Indian Meteorological Department https://www.im-
dpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Down-
load.html (accessed on 22 Oct 2022)

Both layers are derived from ASTER (DEM with 30 m reso-

Climate Rainfall 0.25° x 0.25°

Hydrology and to- Drainage density

ooraph nd slope 30 m lution) https://appeears.earthdatacloud.nasa.gov/task/area
pograpiy @ P (accessed on 06 November 2022)
Calculated using 8 years of Landsat 8 data obtained from
Agronomy NDVI 30m google earth engine https://earthengine.google.com (ac-

cessed on 14 November 2022)
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LULC-2020 10m=x10m

ESRI Sentinel-2 10 m Land Use/Land Cover
https://www.arcgis.com/apps/instant/media/in-
dex.html?appid=fc92d38533d440078f17678ebc20e8e2 (ac-
cessed on 14 November 2022)

Soils

Derived by taking reference of National Bureau of Soil Sur-
vey and Land Use Planning (NBSS and LUP) data.

Soil texture 1:250,000 https://www .arcgis.com/apps/mapviewer/index.html?lay-

ers=d6642f8a4f6d4685a24ae2dc0c73d4ac (accessed on 05
December 2022)

Groundwater quality EC and fluoride N/A

Groundwater Authority of India http://cgwb.gov.in/wqre-
ports.html (accessed on 18 January 2023)

Infrastructure

The main roadways were downloaded from Open Street

Roads N/A Map, https://www.openstreetmap.org (accessed on 20 De-

cember 2022)

*N/A: not applicable

2.3.1. Soil Texture

Soil texture determines the amount of water that can be stored within an RWH struc-
ture as it affects the surface runoff and rate of infiltration in the soil profile [38]. Soil infor-
mation for the Rajasthan state was obtained from the National Bureau of Soil Survey and
Land Use Planning [39]. The ideal soil for constructing Chaukas is fine and medium-tex-
tured soils because of their high unsaturated water holding capacity [40]. The soils with
high clay content lead to increased runoff and decreased infiltration, while sandy soils
exhibit the opposite effect [41]. Loam, sand, loamy sand, and sandy loam are considered
the most suitable soils for infiltration systems [42]. All others are deemed impermeable
and were excluded from our analysis. Therefore, loamy soil was ranked highest (3) for soil
texture. Sandy soil, which has a high infiltration rate, was ranked €’, and rocky outcrops,
clayey, clay skeletal, loamy skeletal, and other subclasses were ranked el’.

2.3.2. Slope

Slope plays a key role in GW occurrence as infiltration is inversely proportional to
the slope [43]. The slope characteristics for the study site were generated from the Ad-
vanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM with a
30 m resolution. The data was processed in ArcGIS v10.4 spatial analyst environment to
derive the slope layer. The construction of Chaukas is generally preferred on low gradient
slopes with a range of <0.5-2.0% [40]. The local Chauka expert suggested that a maximum
slope of up to 7% in areas meeting other criteria is acceptable. Any slope outside the stand-
ard slope range was considered unsuitable. The slope was categorized into three classes:
rank &’ for slopes ranging between 0-3%, €’ for slopes ranging between 3 and 7%, and ¢’
for slopes > 7%.

2.3.3. Land Use Land Cover (LULC)

Land use plays a crucial role in the hydrological changes in the water cycle as it af-
fects various processes such as overland flow, evapotranspiration, infiltration, and aquifer
recharge [44]. LULC for 2020 derived from Esri Landscape was used for better accuracy,
based on ESA Sentinel-2 imagery with a 10 m resolution. The LULC classification by Esri
Landscape includes cropland, bare land, scrubland, forest, flooded vegetation, built-up
areas, and water bodies. Chaukas are usually constructed in barren land that is not used
for agriculture [15] and were considered est” for potential rainwater harvesting sites and
ranked &’. Forests have low overland flow conditions [45] and can be designated for RWH
if needed and were therefore considered egood’ for potential rainwater harvesting site and
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ranked &@’. Urban areas have limited percolation, hence were deemed poor for recharge
potential sites along with the agricultural lands, which are not considered for Chauka
construction as they are needed for food crops. Accordingly, both were ranked ¢l includ-
ing ether’ sub-classes such as built-up areas, water bodies, and flooded vegetation.

2.3.4. Rainfall

Groundwater recharge potential is closely linked to rainfall and directly impacts wa-
ter percolation into the subsurface. The historical 30-year (1991-2020) gridded annual
rainfall data for the study area were obtained from the Indian Meteorological Department
(IMD). ArcGIS v10.4 was used to process the data and derive average annual rainfall val-
ues for the state. The Inverse Distance Weight (IDW) interpolation technique was em-
ployed to estimate rainfall in areas without direct measurements. Researchers [46] re-
ported that a mean annual rainfall of 150-750 mm/year was suitable for most RWH tech-
niques to be effective, and [47] reported that a cumulative annual rainfall of 200-300 mm
in the Indian semi-arid tropics was necessary to initiate surface runoff for rainwater stor-
age. Based on these findings, annual rainfall in the study area was classified into three
categories, including a low range with minimum significance for RWH structures < 400
mm ranked ¢l’, medium annual rainfall range 400-700 mm assigned &', and rainfall > 700
mm ranked &’.

2.3.5. Normalized Difference Vegetation Index (NDVI)

Vegetation significantly impacts soil infiltration, as the vegetation cover can directly
influence the amount of runoff. NDVI data were obtained for eight years (2013-2020) us-
ing Landsat 8 imagery processed through Google Earth Engine to evaluate the vegetation
cover in the study area. The NDVI data provides valuable information on the ability of
the land to support RWH by quantifying the vegetation cover. NDVI ranges between -1
and +1, where positive values indicate the presence of vegetation, while negative or near-
zero values indicate non-vegetated regions, such as rock, soil, or water surfaces [38]. NDVI
values were classified into three classes; values ranging from 0.1-0.2 were given rank &’
as the range represents barren land and values, ranges from 0-0.1 were ranked €’, and
any values > 0.2 and <0 were ranked ¢l".

2.3.6. Drainage Density

Drainage density relates to the drainage efficiency of a catchment and is the total
stream length of a given basin divided by the basin area. It is a morphometric parameter
and determines infiltration characteristics and surface runoff process. It reflects the sub-
surface hydrological formation and surface features. It shows the surface material’s nature
and channel spacing closeness [38]. ArcGIS 10.4 was used to derive the drainage density
layer using the ASTER DEM data layer. Drainage density and permeability have an in-
verse relationship; for example, low permeability strata allow low rainfall infiltration,
which increases surface runoff and leads to a well-developed drainage system and high
drainage density. The higher the drainage density, the higher the potential for RWH [28].
The class ranging from 0.31-0.65 was assigned rank &’, while 0.17 to 0.31 was ranked &’,
and the class ranging from 0-0.17 was ranked ¢1’.

2.4. GIS Analysis and Production of Suitability Maps

Thematic layers required for identifying potential sites for Chaukas were developed
using a GIS with raster and vector databases. The Analytical Hierarchy Process (AHP) was
used to assign weights to individual criteria and to model the complex problem within a
hierarchical structure. The AHP method [48] includes hierarchical structuring, pairwise
comparisons, judgments, an eigenvector method for deriving weights, and consistency
considerations [49]. In this study, AHP was applied within the GIS in two steps. First, the
criteria maps were analyzed to determine the weights associated with each criterion using
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a preference matrix created through pairwise comparison of the relevant criteria using
Saaty’s pairwise comparison scale (Table 2). Secondly, the AHP method was used to ag-
gregate the priority for all levels in the hierarchy, including the level of the alternative.
AHP allowed us to prioritize the various factors and make informed decisions on selecting
suitable Chauka sites.

Table 2. A rating scale for pairwise comparison.

Relative Importance Degree of Preferences
1 Equally
3 Moderately
5 Strongly
7 Very Strongly
9 Extremely
2,4,6,8 Intermediate
Reciprocals Less importance

1/9,1/7,1/5,1/3,1,3,5,7,9

Less

Importance More

The final pairwise comparison matrix for all criteria is provided in Table 3. For exam-
ple, the first row has a LULC value equal to LULC; thus, it was marked as ¢’; and then
LULC compared to soil texture, rainfall, drainage density, slope, and NDVI was scored
on a scale from 2 to 9. After assigning the values in the matrix, weights were derived by
taking the average values in each row to obtain a corresponding weighting. Since Chaukas
are usually constructed in barren land that is not used for agriculture or other activities,
LULC was given a higher weighting than other criteria. Soil texture was given the second
highest weighting since soil permeability is a critical component that affects how much
water is infiltrated into the soil. The third highest weighting was given to drainage den-
sity. Rainfall was given the next weighting because there were few differences in rainfall
patterns across the study area. Slope and NDVI were given nearly equal weightings.

Table 3. Pairwise comparison matrix for assessing the relative importance of each criterion.

Criteria

LULC Soil Texture Drainage Density Rainfall Slope NDVI

LULC
Soil Texture
Drainage Density
Rainfall
Slope
NDVI

1.00 3.00 4.00 5.00 7.00 9.00
0.33 1.00 2.00 3.00 5.00 7.00
0.25 0.5 1.00 3.00 5.00 7.00
0.2 0.33 0.33 1.00 3.00 5.00
0.14 0.2 0.2 0.33 1.00 3.00
0.11 0.14 0.14 0.2 0.33 1.00

After the weighting was produced for all criteria, the consistency ratio (CR) was then
used to verify the degree of consistency in developing the ratings.
Amax—n
= 1D 1)
where Amax is the largest or principal eigenvalue of matrix A, n is the order of the matrix,
and RI corresponds to the average of the resulting consistency index depending on the
order n. The consistency ratio indicates the probability that the matrix ratings were ran-
domly generated. A standard CR threshold value of 0.1 was adopted in literature as a
measure of the judgments’ consistency in AHP applications [50]. If the CR < 0.1, it implies
the pairwise comparison matrix has acceptable consistency, and the weighted values can
be utilized. If the CR > 0.1, then the matrix lacks consistency, and the element values need
to be modified.
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2.5. Criteria Classification

After producing thematic maps for each layer, an MCDA was applied within a GIS
environment using the weighted overlay process. GIS-MCDA combines data from several
themes by converting cell values to a standard scale (classes), assigning weights, and ag-
gregating the weighted cell values. Scaled maps for each thematic layer were produced
(Appendix A). Table 4 presents the rating and weights assigned for individual criteria and
sub-criteria.

Table 4. Relative weightings used for individual criteria and sub-criteria.

Criteria

Sub-Criteria Rating Weight

LULC

Cropland 1
Scrubland
Forest
Built-up areas 43
Bare land
Waterbodies

Flooded vegetation

Soil texture

Sandy
Loamy
Clayey
Clay skeletal
Loamy skeletal

22

Rocky outcrop
Water

Drainage density

0-0.17
0.17-0.31
0.31-0.65

17

Rainfall

<400 mm
400-600 mm
600-700 mm
700-800 mm

>800 mm

10

Slope

0-3
3-7
>7

05

NDVI

-0.2-0
0-0.1
0.1-0.2
>(0.2

03

—_ W N RIFRE DN WW WD RN RRFE R R RPR R WNDRFE RO RN W

2.6. Evaluation and Validation of the Suitable Potential RWH Sites

Two approaches were used to evaluate and validate the potential RWH sites and their
associated criteria. First, eight locations were identified; four sites were randomly selected
from suitable, moderately suitable, and unsuitable areas, and four existing Chauka sites at
Antoli, Balapura, Dethani, and Lapodiya. The existing Chauka sites were evaluated to en-
sure that their characteristics were consistent with the RWH suitability criteria. Secondly,
the land suitability mapping was enhanced by incorporating data on water quality, spe-
cifically groundwater electrical conductivity and fluoride concentration, and overlaying
the road network layer. This information was used to assess the environmental impacts of
Chaukas and to ensure the availability of appropriate infrastructure for the operation and
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maintenance of the Chaukas. GW quality data were collected from the Ground Water Au-
thority of India. The data were interpolated spatially using the inverse distance weighted
(IDW) technique within the GIS, which establishes the value for each grid node by con-
sidering neighboring data points within a specified radius.

2.7. An OAT-Based Sensitivity Analysis

Decision making often involves uncertainty due to inadequate or imprecise infor-
mation and inconsistency among preferences. In sensitivity analysis, the criteria weight is
a more common approach than changing criteria values because weights include a sub-
jective number with which decision makers may disagree [51]. This study used a time
(OAT) method to observe how the output changes in response to changes in the weighting
of different input parameters, to assess how the RWH model behaved [52]. Therefore, we
considered the weights of each input parameter (Wi) 10%, 20%, 30%, 40%, 50%, and 60%
while keeping other input parameters equally distributed (W2 = W3 = W4 = W5 = (100 -
W1)/4) and where Y'(Wi=1). Each weighting scheme was examined to determine how the
percentage areas under moderately and highly suitable categories changed.

3. Results
3.1. Identification of Potential Chauka Sites

This study processed six thematic layers using a GIS-integrated multicriteria deci-
sion-making approach to identify suitable locations for the Chauka system. The six criteria
layers (Appendix A) were combined, considering corresponding weights and feature clas-
ses, resulting in the RWH suitability map (Figure 3). The suitability map was categorized
into three classes: unsuitable, moderately suitable, and highly suitable. Depending on the
study’s objectives and the requirements of decision makers and water resource planners,
subdivisions into further classes could be made. The site suitability map shows the spatial
distribution of potential sites suitable for Chauka construction. Around 7515 km? (5.6% of
the study area) is considered to be highly suitable, 9886 km? (7.4%) is moderately suited,
and 116,350 km? (86.9%) is unsuited. Figure 3 shows that most areas fall in the moderately
(orange) and unsuited (light orange) categories. The highly suitable RWH sites are spread
across the study area, particularly in the western region of Rajasthan.
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Figure 3. Eastern area of Rajasthan considered in site suitability analysis (a), RWH suitability map
for Chauka construction (b), and data showing suitability class distribution (c).

3.2. Validation of Identified Suitable Sites

The coordinates of sites where Chaukas had been constructed were obtained from
GVNML and superimposed on the suitability map (Figure 4). All four Chauka locations
were classified as being highly suitable. Figure 5 shows randomly selected sites from
highly and moderately suitable areas that share similar identified criteria. Location R3 has
sandy soil, while the remaining areas have loamy soil textures. All the randomly selected
sites fall within the scrubland and barren land for land use and land cover having a slope
between 0-3% except location 3. Location 4 receives 576 mm rainfall, while location 3 re-
ceives 457 mm rainfall and has a 3-7% slope. Location 2 receives 592 mm rainfall, and
location 1 receives 456 mm rainfall and has a 2-3% slope. Therefore, these randomly se-
lected locations fully met the predetermined criteria.
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Figure 4. Validation of identified suitable Chauka sites. (a) displays the entire study area, with exist-
ing Chauka sites indicated, while panels (b—e) provide zoomed-in views of specific existing Chauka

locations.
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Figure 5. (a) displays randomly selected potential sites for validation along with existing Chauka
sites in the study region; (b—e) display zoomed-in perspectives of these locations.

3.3. Evaluation of RWH Sites for Identifying the Environmental Impact of Chauka Sites

Water quality plays a vital role in sustaining an ecosystem and community. However,
depending on their size and location, RWH structures may contain various toxic elements.
Recently, it was observed that in some areas, the value of the GW quality parameters ex-
ceeded allowable limits due to geogenic contaminants (fluoride and arsenic) and anthro-
pogenic activities (overuse of fertilizer, septic systems, mishandling of industrial chemi-
cals, mining, landfills, animal wastes, and road runoff) which introduced contaminants
including nitrate, biological contaminants (coliform bacteria), and heavy metals (uranium,
cadmium, arsenic, etc.) [53-55]. Thus, contaminants generated by anthropogenic activities
might get into the RWH structures and further increase sedimentation and mineral con-
centration in the GW, which increases the EC value over time [15,56-58]. However, GW is
a significant source of irrigation in (semi-) arid regions. If contaminated water is used,
then there is a high probability of accumulation over time due to low rainfall and poor
soil structure. The author of [55] assessed the suitability of the GW for irrigation use by
integrating EC, Na+, Cl- HCO-3, and SAR in a semi-arid district (Birbhum) of India and
reported that 97.73-98.88% of the area is moderate to severely unsuitable for irrigation.
Furthermore, they stated that irrigated areas with such bad water quality result in poor
soil structure formation, causing impermeability of the soil, directly affecting crop growth,
and limiting the choice of crops for cultivation. Site-specific approaches should be taken
to understand the impact of recharge water on GW quality and the use of contaminated
GW for human consumption or irrigation.
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To ensure Chauka recharge sites are appropriate, it is necessary to consider the cur-
rent status of GW quality for community use. Electrical conductivity measures water’s
capacity to convey electric current, while fluoride is a crucial micronutrient that supports
healthy teeth and bones in humans. In Rajasthan, major health concerns arise from ele-
vated fluoride levels in the GW [59,60]. In groundwater, the WHO'’s acceptable limit for
fluoride is 1.5 mg/L, and the most desirable limit of EC in drinking water is prescribed as
1500 puS/cm [61]. In our analysis, 1556 data points were considered and interpolated with
the IWD method, reflecting the 18-year average GW quality. Based on the permitted EC
limits for drinking water for human and livestock consumption and irrigation water, the
region’s EC value was classified into five categories (a) 382-800 ppm, (b) 800-2500 ppm,
(c) 2501-5000 ppm, (d) 5001-10000 ppm, and (e) >10,000 ppm (Figure 6a). Fluoride con-
centrations in the area were classified based on associated health risks given by [62], which
are (a) 0-0.6 ppm, (b) 0.61-1.5 ppm, (c) 1.6-3.0 ppm, (d) 3.1-6.0 ppm, and (e) >6.0 ppm as
shown in Figure 6b. The generated maps were superimposed on the existing and identi-
fied Chaukas’ suitable locations to reflect the status of GW quality. Figure 6¢ highlights
that most of the existing Chauka sites’” EC values range between 2500-5000 ppm except
for Balapura (800-2500 ppm). In addition, EC concentrations in randomly selected loca-
tions (R1 and R3) range between 2500 and 3000 ppm, while R2 and R4 range between 800
and 2500 ppm. Fluoride concentrations in Antoli and Dethani are within acceptable ranges
(0.6-1.5 ppm), while Lapodiya and Balapura have slightly higher concentrations (1.5-3.0
ppm). Fluoride concentrations in randomly selected locations (R1 and R2) are between
0.61-1.5 ppm, while in (R3 and R4) they range between 1.6-6.0 ppm. Furthermore, most
of the highly and moderately suitable Chauka construction sites are found in the southern
and western parts of the study area with acceptable fluoride and EC concentrations. How-
ever, the authors of [63] have developed mitigation strategies for fluoride release during
recharge events through MAR structures in western Australia. They reported that the re-
lease of fluoride from aquifer materials depends on site-specific conditions such as source
water quality and the presence of other minerals in aquifer materials. Thus, a better un-
derstanding of the GW quality at Chauka sites can improve operational conditions for
meeting water demands, thereby extending the benefits of existing Chauka schemes. Au-
thorities and users will be able to set priorities for protecting the environment and popu-
lation according to the scope and severity of the contamination.
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Figure 6. Maps showing the spatial distribution GW EC across the study area (a), the fluoride con-
centration in GW distributed over the area (b), zoomed-EC status near the existing Chauka sites (c),
fluoride concentration nearby existing Chauka sites (d), and where the majority of the highly suited
Chauka sites have safe water quality (e).

3.4. Sensitivity Analysis

In sensitivity analysis, we notice that some parameters, such as LULC, slope, and soil
texture, change more rapidly than others with increasing weights and are more likely to
decide the outcome (Figure 7). Sensitivity can be observed by comparing the slope lines
of each parameter. A high degree of sensitivity was found in the LULC parameter for the
highly suitable area, followed by slope, soil texture, rainfall, drainage density, and NDVI.
The weight increase from 10 to 60% increased the highly suitable area from 0.20% to 9.93%.
However, NDVI was the most insensitive parameter, followed by drainage density and
rainfall, as increasing their weights does not significantly increase in highly suitable areas.
Similarly, the result of a moderately suitable area shows that the soil texture is the main
parameter, followed by LULC and slope.
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Figure 7. Model scenario comparison showing changing highly (a) and moderately (b) suitable areas

with increasing weights.

4. Discussion

Considering GIS-based MCDA, various studies have identified the potential sites for
GW potential zones [29,30,64], managed aquifer recharge sites [65-67], and RWH struc-
tures [5,27,68,69]. However, several lack the consideration of structure-specific infor-
mation, stakeholder consideration, and local expertise. The present study identified and
weighted relevant criteria for Chauka implementation. The criteria and their significance
for Chauka implementation were considered upon a literature survey, field visits, and
practitioners” experience. Based on the relevant criteria, this study presents a transferable
and practical framework for identifying potential areas for Chauka implementation in the

Rajasthan state of India.

We identified potential sites for scaling up traditional RWH structures like Chaukas
in Rajasthan using the GIS-based MCDA. Author [64] used AHP and multi-influencing
factors to identify the GW potential zone in the Jaipur district of western Rajasthan and
found that 13%, 50.7%, and 36.3% of the district are highly suitable, moderately suitable,
and unsuitable, respectively. Additionally, [18] carried out a similar kind of study in Semi-
arid regions of Rajasthan and found that out of 12,698 km?, only 17% are categorized as a
good GW potential zone. While other classes, such as moderate, poor, and very poor, com-
prised 29%, 36%, and 18%, respectively. The author of [70] also identified potential sites
for water harvesting structures in the Gadela watershed of Udaipur district (Rajasthan).
They stated that 45% of the region is moderately suitable, followed by 31% and 24% is
highly suitable and less suitable, respectively. This study’s weight, assigned to various
parameters, was based on the existing Chauka sites. Hence, out of the total area of Raja-
sthan (342,239 km?), only 3.61% (12320 km?) area is in the highly suitable category, while
28063.60 km? (8.20%) is in moderately suitable zones for Chauka implementation, and the

rest of the site is in the unsuitable zone.

To scale up the existing MAR schemes across a larger area, it is imperative that sites
identified using the GIS-MCDA approach should be validated. However, no direct meth-
ods exist to verify MAR-suitable sites, so indirect methods must be applied. Many studies
[71,72] have used the existing MAR projects to validate their site selection. Recently, a
study [32] used the water level fluctuation method to validate the selected sites for MAR
structures. In this study, the suitable Chauka sites were validated using the existing
Chauka sites at four different locations. Further, randomly handpicked sites from highly
and moderately suitable areas were also evaluated and validated against the designed
criteria for the Chaukas. The existing Chauka systems at Antoli, Dethani, Balapura, and
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Lapodiya were classified as highly suitable. Further, the randomly handpicked highly
suitable sites also have similar field conditions as found in the already functioning Chauka
sites.

GW quality of surrounding areas and transportation facilities for regular mainte-
nance should be considered when prioritizing RWH structures [15]. Various studies have
reported the occurrence of high fluoride and EC contamination [18,59,60,73,74], anthro-
pogenic (nitrate) contaminants in GW [59,75,76], and heavy metal accumulations in soil
over time in various patches of Rajasthan [77,78]. By comparing the 18 years’ average GW
quality generated IWD interpolated map with the Chauka site suitability map, we consid-
ered two majorly reported GW quality problems in Rajasthan state: elevated fluoride and
EC. The Rapid Assessment of Wetland Ecosystem Services (RAWES) approach was used
by the authors of [15] to study the influence of Chaukas on water availability and related
ecosystem services in two villages of Rajasthan, Antoli (in which the Chaukas were con-
structed after 2018) and Laporiya (in which the Chaukas had been present since 1987). They
reported the significant difference in the Environmental Sustainability Index (ESI) scores
in all the services for both villages and stated that Laporiya has higher scores due to the
engagement of the whole community and their collaborative work to achieve water and
livelihood security. A significant factor in choosing a site for Chauka implementation is
how far it is from the main road. Existing road networks can provide better connectivity
between local stakeholders and Chauka sites, which can help with operation and mainte-
nance.

The site suitability map for Chauka implementation was based on a methodology that
can be used for effective management, micro-level planning, and implementation of
Chauka as an indigenous RWH system in the study area. The site suitability map suggests
the potential sites that can be considered for the Chauka construction in various parts of
the study region. Site-specific evaluations for different MAR schemes using detailed mod-
eling should be considered to assess their impact on surrounding ecosystems. Further,
among the criteria selected, historical rainfall and current land use/land cover pattern data
were used without considering the effect of climate change, which may vary in the future
and hence should be considered in the detailed analysis. Nevertheless, we identified po-
tential Chauka sites in Rajasthan. Further research should focus on its upscaling using ad-
ditional information such as acceptance among locals and funding requirements for their
training and awareness program (about benefits, distribution of water share) for long-
term sustainability.

5. Conclusions

Under the threat of climate change and water scarcity, traditional RWH systems need
to be scaled up. This system captures the rainwater for multiple benefits, including in-
creasing water demands and constrained supply in Rajasthan’s arid and semi-arid re-
gions. Our study aims to develop a methodology to scale up one of the traditional RWH
systems of Rajasthan, called Chaukas, to identify the potential RWH sites in Rajasthan (In-
dia). This study combined remote sensing and field data in a GIS-based MCDA to deter-
mine the suitability of different locations for the Chauka system in the study area. First,
spatial datasets relating to land use/cover, rainfall, slope, soil texture, NDVI, and drainage
density were defined as assessment criteria. Each was weighted based on their relative
importance to RWH with expert opinions. The results indicated that only 3.6% of the total
area is considered to be highly suitable for Chauka construction, 8.2% is moderately suita-
ble, and 27.3% is unsuited. The methodology incorporated biophysical parameters (slope,
land use, land cover, soil type, and rainfall) into the selection process to build long-term
treatments that improve groundwater recharge in arid environments. Overall, our study
shows the applicability of the MCDA approach for the expansion of the traditional RWH
system, and the approach can be used in a similar arid and semi-arid climates where rain-
water collection might benefit local communities and improve livelihoods. Planners and
water resources engineers can benefit from the suitability mapping approach to
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implement rainwater harvesting programs in regions with similar climatic conditions.
However, the future studies must include variability of land use and rainfall pattern under
changing climate, impact on water quality, acceptance among locals, and funding require-
ments for their training and awareness program for long-term sustainability.
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Figure A1. Reclassified soil texture map of study area.
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Figure A3. Reclassified LULC map of study area.
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