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Abstract

The hydrological dynamics of the Ayad River Basin are
significantly influenced by climatic changes and demographic
trends. Analysis from 1901 to 2022 indicates a mean annual
rainfall of 641 mm with notable variations, including dry
spells in 1901-1920, 1931-1940, and 1971-2010, with the
longest drought from 1971 to 2010. Since 2010, a trend
toward wetter conditions has been observed, increasing
water resources. However, this does not consistently boost
groundwater recharge due to factors like topography and
aquifer properties. Groundwater level observations from
1984 to 2022 show increases near natural water sources
and vegetation, while agricultural and urban areas saw less
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change. Land use changes during this period revealed an
inverse correlation between groundwater level changes and

irrigated agriculture, urbanization, and natural vegetation.
Groundwater abstraction trends from 2009 to 2022
showed an upward trend, causing increased fluctuations
in groundwater levels. Future population projections and
water demand estimations highlight the need for sustainable
management practices. The Rainfall Infiltration Factor (RIF)
method, validated against empirical approaches, estimated
an average annual groundwater recharge of 62.9 MCM from
1984-2022. Projections under RCP4.5 and RCP8.5 scenarios
indicate a growing disparity between groundwater demand
and availability, with a projected deficit of 2% by 2026, 27%
by 2056, and 39% by 2091. This study emphasizes the



importance of adaptive management strategies to ensure
water security in the Ayad River Basin amidst changing
climatic and demographic conditions.

Introduction

Groundwater plays a critical role in meeting the water demands
for domestic and agricultural purposes in Rajasthan, India. As
a semi-arid region with limited surface water resources, the
state heavily relies on groundwater to fulfill its water needs
(Chinnasamy et al., 2015). Groundwater abstraction has
increased significantly over the years to support the growing
population, agricultural activities, and industrial development
in the state. Groundwater in Rajasthan is primarily sourced
from wells, tube wells, and hand pumps for both rural and
urban communities. Due to the lack of perennial rivers
and adequate rainfall, groundwater is the primary source
of irrigation for agriculture in the region, making it a crucial
resource for sustaining agricultural practices and urban-
rural livelihoods (Dangar et al., 2021). Approximately 90%
of the drinking water supply and 60% of irrigation needs
are fulfilled by groundwater resources. During the 1970s
and 1980s the epoch of the Green Revolution occurred in
India, during which extensive groundwater extraction was
practiced in Rajasthan (Mukherji, 2020). The demand for
groundwater is continuously increasing due to the growing
population, the establishment of additional industries and
the intensification of irrigation. This escalating demand
has accentuated the pressure on groundwater reserves.
Alarmingly, around 80% of the state's territories have witnessed
a decline in groundwater levels due to overexploitation and
excessive pumping of groundwater leading to declining
water levels and aquifer depletion in various parts of the
state, particularly in areas with intensive agricultural activities
(Parimita et al., 2020). Moreover, numerous towns and
villages are suffering from water scarcity, particularly in the
summer months, highlighting the urgency of sustainable
groundwater management strategies. The overexploitation
has raised concerns about the long-term sustainability of
groundwater resources and potential adverse impacts on
the local environment and communities.

About the Study Area

The Ayad river basin extends from 24° 50’ 16" N to 24° 27’
46" N and 73° 31" 44" E to 73° 59’ 44" E covering an area
of 1206.75 Km2. Administratively, the Ayad river basin falls
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into 4 tehsils (Girwa - 58.48%, Mavli - 19.85%, Vallabh Nagar
- 6.97%, Gogunda - 5.94%) of Udaipur district and 1 tehsil
(Nathdwara - 8.76%) of Rajsamand district. The Ayad river
originates from the hills of Gogunda in the north-west of
Udaipur and travels through for 68.45 Km before joining
the Vallabh Nagar lake in the eastern part of Udaipur. The
Ayad river is the major river flowing through Udaipur, it is
seasonal, and discharge is peaking during Monsoons (Pareta
etal., 2022). The Ayad river is a tributary of the Berach river,
which is itself a tributary of Chambal River of Yamuna basin.
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Figure 1. Ayad River Basin, Udaipur
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Data Used and their Sources

5. No. | Datatype Pericd Sources
1 Survey of India (Sal) 2006 Toposheet No.: 45H/09, 10, 11,13, and 14
Toposheet at 1:50,000 Source: hittp:/f/www.soinakshe.ul.gov.in
Scale
2 Landsat-9 OLI-2 Satellite 2023 USGS Earth Explorer
Imagery with 30 m Spatial Source: hitp://earthexplorer.usgs.gov
Resolution
3 Topography / Digital 2014 Shuttle Radar Tepography Mission (SRTM), USGS Earth Explorer.
Elevation Data (DEM) Data Source: http:/fearthexplorer.usgs.gov
4 Geological Data at 2011 Geological Survey of India (GSI)
1:50,000 Scale Source: http://www.portal.gsi.gov.in
5 Monthly Precipitation Data | 1901-2022 Water Resource Department, Govt. of Rajasthan
at College of Technology Source: httpsy//water.rajasthan.gowv.in/wr/#/department-
and Engineering (CTAE) order/142/23/2776/30%900
rain-gauge station
& Groundwater Level Data of | 1984-2022 Ground Water Department, Rajasthan
Monitoring Wells Source: https://phedwater.rajasthan.gov.in
7 Groundwater Resource 2004-2022 Ground Water Department, Rajasthan
Assessment Source:
{Annual Groundwater https://phedwater.rajasthan.gov.in/content/raj/water/ground-
Extraction Data) water/en/around-water-resource-assessment.html
8 Projections of Climats 1951-2100 Coordinated Regional Climate Downscaling Experiment
Change {CORDEX)
Source: hitps://esg-dnl.nsc.liu.se/search/cordex/ or
https:/fwww.flooddroughtmonitor.com/Datafpp/
9 Human Population 1601-2011 Census of India. Rajasthan - Series 09 - Part Xl B - District Census
Handbook, Udaipur
Source:
https://censusindia.gov.in/nadalindex.php/catalog/1033
10 Tourists Population 2000-2022 Udaipur Municipal Corporation (UMC)
Source: hitps://udaipurtimes.com/travel-and-tourism/Udaipur-
tourist-footfall-2022/cid9640906.htm

Methodology

Groundwater recharge

Table 1. Collected data used and their sources

Annual groundwater recharge of Ayad river basin has been
carried out using the rainfall infiltration factor method, which
is a well-established method and has been widely used in
hydrological studies to estimate groundwater recharge in
various regions (UNDP, 1985; Pareta et a., 2015; CGWB,
2022; and Pareta, 2023). The method is based on a rainfall
infiltration factor RIF, which is multiplied by the annual rainfall
P and upscaled to the area of the considered hydrogeological
unit area AHU leading to the following
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equation for estimation of the volumetric groundwater
recharge. R, =A, R.P.

Central Groundwater Board (CGWB) (GEC 1997) has
recommended the rainfall infiltration factors RIF for different
hydrogeological units given in Table 2. In the table are also
listed the areas of the different units.
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No. | Hydrogeological units Anu (km?) | (RF) %
1 Clayey Alluvium, Alluvial Plain 75.7 21
2 Granite, Schist, Gneiss, Limestone 120.3 9
3 Marble, Phyllite, Quartzite 489.3 6.5
4 Migmatite Complex, and Meta-Basics 462.3 2.5
5 Valley Fill 59.1 22
Total 1,206.8

Table 2. Hydrogeological unit area AHU and rainfall infiltration factor RIF for Ayad river basin

Projections of climate change

Projections of rainfall were carried out for the Ayad River
Basin for medium-range future (2029-2060) and far future
(2071-2100) under the two representative concentration
pathways emission scenarios RCP4.5 and RCP8.5 (IPCC,
2014).The RCP scenarios are widely used to project future
greenhouse gas emissions and their potential impacts on
the climate.

The GCMs were dynamically downscaled by the same RCM
model to obtain a spatial resolution more appropriate for
hydrological applications.

GCM RCM Period Resolution (time, spatial)
ECEARTH RCA4 | 1951-2100 Daily, 50 km
NoreESM RCA4 | 1951-2100 Daily, 50 km
IPSL-CM5A | RCA4 | 1951-2100 Daily, 50 km

Table 3. GCMs and RCM from the CORDEX project

ECEARTH = European community earth system model, NorESM = Norwegian earth system model, IPSL-CM5A =
Institute Pierre-Simon Laplace - climate model 5A, RCA4 = Rossby Centre Regional Atmospheric Climate Model.

These models were selected based on their ability to
accurately represent regional climate conditions and their
reliability in simulating historical climate patterns in the study
area (DHI, 2023. https://www.flooddroughtmonitor.com/
DataApp/). Based on the projections from the three climate
model combinations mean monthly and annual values were
computed to understand the potential changes in rainfall
patterns in the Ayad River Basin for the near 2016-2035,
medium-range 2046-2065 and far future 2081-2100.

Historical rainfall data spanning from 1984 to 2022, covering
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atotal of 39 years, was used as the reference period. Monthly
average rainfall data was extracted from the historical records
and for projecting future rainfall for the three periods, the
monthly average rainfall data was multiplied by the climate
change factor expressed as the fraction between the projected
future monthly rainfall and the simulated monthly rainfall
for the reference period, Table 4. The calculations for the
projected monthly rainfall for the three periods are also
presented in Table 4.
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Climate change factor (%) for future periods

Month - RCP4.5 RCP4.5 RCP4.5 RCP8.5 RCP8.5 RCP8.5
2016-2035 | 2046-2065 | 2081-2100 | 2016-2035 | 2046-2065 | 2081-2100
Jan 0.66 0.21 2.78 1.06 0.78 1.39
Feb 2.62 3.64 0.41 3.51 4.98 0.81
Mar 0.25 0.03 1.49 0.20 0.52 0.81
Apr 1.51 2.07 1.07 0.52 0.00 1.35
May 0.74 1.70 0.68 1.23 1.41 1.43
Jun 0.76 0.62 1.08 0.69 1.07 0.86
Jul 1.44 1.31 1.35 1.04 1.45 1.65
Aug 0.76 1.02 1.44 0.80 0.89 1.30
Sep 1.06 0.86 1.00 0.96 0.89 1.39
Oct 1.19 1.24 1.14 1.17 1.03 1.74
Nov 1.25 0.50 1.09 1.26 1.77 1.36
Dec 0.72 1.07 0.85 0.65 0.56 1.23

Average rainfall Predicted rainfall data (mm) for future periods

Month | (mm) for 1984- RCP4.5 RCP4.5 RCP4.5 RCP8.5 RCP8.5 RCP8.5
2022 2016-2035 | 2046-2065 | 2081-2100 | 2016-2035 | 2046-2065 | 2081-2100
Jan 2.7 1.7 0.6 7.4 2.8 2.1 3.7
Feb 2.8 7.4 10.2 1.2 9.9 14.0 2:3
Mar 1.5 0.4 0.1 2.3 0.3 0.8 1.2
Apr 6.1 9.3 12.7 6.6 3.2 0.0 8.3
May 12.3 9.2 21.0 8.4 15.2 17.4 17.6
Jun 69.2 52.3 43.0 74.5 48.0 74.0 59.4
Jul 207.6 299.1 272.7 280.0 216.2 301.4 342.4
Aug 209.5 159.0 213.4 301.7 167.3 186.8 271.7
Sep 107.7 114.0 92.2 108.1 103.3 96.1 150.0
Oct 20.5 24.3 25.4 23.3 23.9 21.1 35.7
Nov 6.8 8.5 3.4 7.4 8.5 12.0 9.2
Dec 1.7 1.2 1.8 1.5 1.1 1.0 2.1
Annual Rainfall 648.5 686.2 696.3 822.2 599.7 726.6 903.7

Table 4. Climate change factors for the future periods 2016-2035, 2046-2065 and 2081-2100 and for RCP4.5 and RCP8.5

Projections of future population

The projection of the future population in the Ayad river
basin involves a systematic approach that considers various
demographic factors and trends. Historical demographic
data from 1901 to 2011 has been collected from Census
of India (2011). Using this data, population growth rates
and patterns have been analyzed to identify the factors
driving changes in population over time. Projection has been
carried out for the next 80 years using various methods e.g.,
arithmetical increase, geometrical increase, incremental
increase, and state urban increase method (Stillwell et al.,
2011). For estimating the population for the next 80 years,
three factors were considered of significance for future
developments: (i) past growth trends of population and
its patterns (1901-2011), and (ii) growth of various economic
activities such as industrial development, agriculture, and
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tourism related activities, and (iii) urbanization of surrounding
villages (CDP, 2014).

Projections of future water demand

Future water demand refers to the projected quantity of
water required to meet the needs of a growing population,
intensification of irrigation for food production, expanding
industries, and changing patterns of water use over time
(Boretti et al., 2019). It is essential to estimate future water
demand accurately to ensure sustainable water management
and allocation. Factors such as population growth and
water use patterns, urbanization, industrial development,
agricultural expansion and cultivation practices, and climate
change can influence water demand patterns (Kirby et al.,
2022). Among the diverse techniques available for water
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demand projection, this study adopts simple methods  method, which is the most widely used method for recharge
based on projected increase in population and demand  estimation. As reported in Pareta (2023) and listed in Table
for industrial and agricultural uses. 5 the results obtained by the various methods compared
favorably suggesting that the rainfall infiltration method is
a valid method and thus will be used in this study.

Results and Discussion

Estimation of groundwater recharge

Pareta (2023) validated groundwater recharge estimation
by rainfall infiltration factor (RIF) method by comparing the
results against estimates obtained by the water fluctuation

Method RIF Chaturve #glslﬂ) Bhattachary | Krishna Sehgal Kumar NGRI Pareta
s | (2022) | di(1936) 1 a(1954) (1970) (1973) (2002) | (2003) | (2023)
Empiric * . : E . . N ~
al > c £ (= £ 2
Years | formula E‘C‘ € o 2‘-—7' 0 < < Dg_ o :‘-7- 5 ‘é“ =
2| 52 L wn D i = s ™ < ) E I <
z¢ | <3 “g Sz & NS ps & | 4+
= e I b i LA = e
Rainfall l & 2 > 3 & o7 = §
x o o
(mm)
1984 547.0 53.0 107.6 94.1 107.0 36.8 119.5 64.5 33.2
1985 588.3 57.0 117.6 103.8 116.9 47.1 135.9 76.8 40.4
1986 383.9 37.2 105.8 92.4 105.2 35.0 116.5 62.3 32.0
1987 393.7 37.1 105.8 92.4 105.2 35.0 116.5 62.3 32.0
1988 467.0 45.3 82.7 /1.8 82.4 16.8 /8.5 37.9 19.3
1989 895.2 86.8 169.2 | 158.0 167.9 123.8 222.8 155.7 93.8
1990 666.4 64.6 133.7 119.9 132.8 66.6 162.5 98.7 54.0
1991 615.3 59.7 123.5 ] 109.6 122.7 53.8 145.7 84.6 45.1
1992 727.3 70.5 144.4 131.2 143.4 81.8 180.6 114.7 64.6
1993 353.1 34.2 105.8 92.4 105.2 35.0 116.5 62.3 32.0
1994 /78.9 75.5 152.7 140.0 151.6 94.7 194.5 127.8 73.5
1995 333.7 32.4 105.8 92.4 105.2 35.0 116.5 62.3 32.0
1996 636.4 61.7 127.9 | 114.0 127.0 59.1 152.9 90.5 48.7
1997 673.9 65.3 1351 121.4 134.2 68.5 164.9 100.7 55.3
1998 669.2 64.9 134.2 120.5 133.3 67.3 163.4 99.5 54.4
1999 412.9 40.0 55.6 51.5 55.9 3.2 25.7 15.7 9.8
2000 439.7 42.6 /1.0 62.4 70.9 9.9 58.2 27.4 14.5
2001 531.2 515 103.4 90.2 102.8 32.8 112.6 59.5 30.4
2002 365.3 35.4 105.8 92.4 105.2 35.0 116.5 62.3 32.0
2003 497.4 48.2 93.4 81.0 92.9 24.4 96.2 48.5 24.5
2004 601.0 58.3 120.5 106.6 119.7 50.3 140.6 80.5 42.6
2005 885.2 85.8 167.9 | 156.6 166.6 121.3 220.6 153.4 92.0
2006 984.3 95.4 180.4 170.6 179.0 146.1 242.3 176.1 109.3
2007 476.3 46.2 86.2 74.7 85.9 19.1 84.3 41.2 20.9
2008 572.2 55.5 113.9 100.1 113.2 43.1 129.8 72.1 37.6
2009 456.1 44.2 78.4 68.2 78.1 14.0 71.1 33.8 17.4
2010 790.4 76.6 1545 | 1419 153.3 97.6 197.5 130.6 75.5
2011 1100.4 106.7 193.5 185.7 192.0 175.1 265.5 201.6 129.5 152.6
2012 730.7 70.9 145.0 | 131.8 144.0 82.7 181.5 115.6 65.1 117.9
2013 663.5 64.3 133.1 119.4 132.2 65.9 161.6 97.9 53.4 103.8

Table 5. Calculation of annual groundwater resource (1984-2022) by rainfall infiltration factor (RIF) and empirical formulas in Ayad river basin
"This formula was later modified by further work at U.P. Irrigation Research Institute, Roorkee (Chaturvedi, 1973)
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The estimates given in Table 5 is based on specificinfiltration
factor associated with the geological strata, such as alluvium,
alluvial plain, valley fill, semi-consolidated limestone,
weathered and fractured granite, schist, gneiss, marble,
and phyllite. Recharge is subject to a large variation between
years ranging from 48 to 163 mm/year depending on
the amount of rainfall the specific years. As recharge is a
determining factor for the replenishment of groundwater
the available groundwater resources for water supply vary
from year to year.

Projection of future population

The historical demographic data from 1901 to 2011 (Census
of India, 2011) and projected population developments
(2021-2100) using the linear method, geometric method,
arithmetical increase method, incremental increase method,
and exponential method (Stillwell etal., 2011) are summarized
in Table 6.

The population projections given in Table 6 indicate that the
geometrical increase and linear methods result in higher
projected populations compared to other methods. After
a comprehensive comparison of population growth trends
over the past century and population forecasts obtained
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Method RIF Chaturve (l‘ijglsr\:) Bhattachary | Krishna Sehgal Kumar NGRI Pareta
s | (2022) | di(1936) 1 a(1954) (1970) (1973) (2002) (2003) (2023)
Empiric * . ! :
a| < e £ c ¢ £ S| &
Years | formula | 3~ L < T L < £ S = T =
> 32| L2 [ w? e i | w2 | 2 | &E I <
S RGN B R e R R
1 Il ] I Il g) I E [
Rainfall | = ik ey o o & o fi S
_ (mm) ¥ | = | | _ |
2014 682.3 66.2 136.6 123.0 135.7 70.6 167.4 103.0 56.7 104.8
2015 /11.5 69.0 141.8 128.4 140.8 77.9 176.1 110.6 61.8 107.0
2016 174.7 75.1 152.1 139.3 151.0 93.7 193.4 126.7 72.8 121.6
2017 747.4 72.5 147.7 | 1347 146.7 86.9 186.1 119.8 68.0 104.8
2018 556.0 53.9 109.9 96.3 109.3 39.0 123.3 67.2 34.7 91.8
2019 1184.0 114.8 202.2 195.8 200.6 196.0 2811 219.4 144.0 176.8
2020 717.9 69.6 142.9 129.5 141.9 792.5 177.9 112.3 62.9 104.7
2021 895.4 86.8 169.2 158.1 168.0 123.9 222.9 155.8 93.8
2022 797.3 /7.3 155.5 143.0 154.4 99.3 199.3 132.3 76.7
Average (39
Years) 62.9 128.5 116.3 127.7 6/7.8 154.3 96.5 54.8 118.6
Overall Average 103.0
Where Rg = groundwater recharge from rainfall in million cubic meter (MCM), Pin = annual precipitation in inches,
Pem = annual precipitation in centimeter, Pmm = annual precipitation in millimeters, WTF = watertable fluctuation
method, SA = change in storage, h = water level fluctuation between pre- and post-monsoon seasons, Sy = specific
yield, A = area of fluctuation in different lithology. All values in MCM, except rainfall

from various methods, it is observed that the incremental
increase method is a suitable and accurate projection for
the future population. So, an incremental increase method is

considered here, and according to this method, the population
is expected to reach 1.64 million by the end of 2071 and
2.19 million by the end of 2100.
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Projected Population by
S. Census Linear Geometric Aflthmeﬂcal Incremental £ al o
No. Year method method I;Zr;asj Increase method fee i ]
© 1 1901 58,072 58,072 58,072 58,072 58,072
‘g 2 1911 42,699 42,699 42,699 42,699 42,699
..._5 3 1921 44,726 44,726 44,726 44,726 44,726
2 4 1931 57,568 57,568 57,568 57,568 57,568
2 5 1941 80,616 80,616 80,616 80,616 80,616
8 6 1951 131,767 131,767 131,767 131,767 131,767
Fa 7 1961 166,602 166,602 166,602 166,602 166,602
g 8 1971 262,328 262,328 262,328 262,328 262,328
= 9 1981 413,732 413,732 413,732 413,732 413,732
_C:‘L 10 1991 577,605 577,605 577,605 577,605 577,605
.30_ 11 2001 754,017 754,017 754,017 754,017 754,017
12 2011 884,264 884,264 884,264 884,264 884,264
0 13 2021 1,635,348 1,157,187 959,372 973,934 911,982
2 14 2022 1,710,456 1,188,736 966,883 983,702 914,801
< 15 2026 2,010,889 1,323,775 996,927 1,024,230 926,165
¥y 16 2031 2,386,431 1,514,345 1,034,481 1,078,167 940,568
_g 4 17 2041 3,137,515 1,981,739 1,109,589 1,196,961 970,051
_‘3 9| 18 2051 3,888,599 2,593,390 1,184,697 1,330,317 1,000,458
2 ® 19 2056 4,264,140 2,966,734 1,222,252 1,402,456 1,016,017
o 270 2061 4,639,682 3,393,824 1,259,806 1,478,236 1,031,818
'8 21 2071 5,390,766 4,441,307 1,334,914 1,640,716 1,064,161
‘g 22 2081 6,141,849 5,812,089 1,410,023 1,817,759 1,097,518
=) 23 2091 6,892,933 7,605,955 1,485,131 2,009,363 1,131,920
o 24 2100 7,568,908 9,689,315 1,552,728 2,194,257 1,163,803

Table 6. Projected population (2021-2100) by various methods in Ayad River Basin

Udaipur holds significant importance as a major tourist
destination in India, attracting a substantial number of visitors
throughout the year. Given the high influx of tourists, it
becomes essential to consider the impact of the tourist
population on the overall demographic dynamics of the
region. The presence of many tourists can significantly

influence various aspects, including water demand, and
resource management. Available tourist population data from
2000 to 2022 has been collected from Udaipur Municipal
Corporation (UMC) and projected the tourist population
from 2026 to 2100 through incremental increase method,
which is given in Table 7.

S. No. Year Tourists’ population (No.) S. No. Year Tourists’ population (No.)
1 2000 812,507 19 2016 932,815
2 2001 719,586 20 2017 1,021,485
3 2002 572,879 21 2018 1,136,946
4 2003 597,630 22 2019 1,185,606
5 2004 659,330 23 2020 400,527
[ 2005 739,880 24 2021 963,060
7 2006 770,530 25 2022 1,532,905
8 2007 739,270 26 2026 1,552,980
9 2008 757,676 27 2031 1,584,558
10 2009 712,312 28 2041 1,669,324
11 2010 755,313 29 2051 1,782,907
12 2011 753,143 30 2056 1,850,504
13 2012 777,612 31 2061 1,925,306
14 2011 753,143 32 2071 2,096,520
15 2012 777,666 33 2081 2,296,551
16 2013 847,425 34 2091 2,525,397
17 2014 887,056 35 2100 2,755,996
18 2015 891,987

Table 7. Tourist population (2000-2022) and projected tourist population (2031-2100)
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The tourist population in the year 2020-2021 significantly
declined compared to the records of the past 20 years due
to the impact of the COVID-19 pandemic. In the estimation
of future water demand, consideration has been given to the
dynamics of rural-urban population and tourist population.

Projection of future water demand

Future water demand refers to the projected quantity of
water required to meet the needs of a growing population,
expanding industries, and changing patterns of water use
over time (Boretti et al., 2019). It is essential to estimate
future water demand accurately to ensure sustainable water
management and allocation. Factors such as population
growth, urbanization, industrial development, agricultural
expansion, and climate change can influence water demand
patterns (Kirby et al., 2022). Among the diverse techniques
available for water demand projection, this study adopts
simple methods for the estimation.

The total water demand for Udaipur town, considering
its resident population of 451,100 (as of 2011) and an
estimated floating population of 30,000, is estimated to

be 65 million liters per day (MLD). This calculation is based
on the water supply norm of 135 liters per capita per day
(lpcd) (CDP, 2014, pp. 68). The total water demand for all
sectors, including domestic, industrial, institutional, tourist,
and floating population, was 115 MLD (million liters per
day) according to data from PHED in 2011 (IUC, 2020). As
outlined in the City Development Plan of 2041 (CDP, 2014),
the projected demand for raw water in the Udaipur city is
anticipated to reach 101 MLD (Million Liters per Day) by
2021,122 MLD by 2031, and further increase to 148 MLD
by 2041.

Considering the literature reviewed, the raw water demand has
been determined using the per capita water supply norms of
135 LPCD (liters per capita per day) for domestic, industrial,
institutional, and tourist populations. Additionally, 30% of the
total water supply has been allocated for agricultural practices
in Ayad river basin. Consequently, the per capita raw water
demand has been projected to be approximately 175 LPCD
(liters per capita per day). Based on the aforementioned
information, the projected future water demand is presented
in the Table 8.

. . , Estimated water demand for domestic, institutional, industrial,
Year Frejesice Projosioe et tourism, and agricultural purposes
lation* opulation® T — ' 9 purp
popu Pop Million liters / day (MLD)' MCM / year?
(1 (2) (3) (4) (5)

2021 973,934 963,060 176.7 64.5
2022 983,702 1,532,905 178.6 65.2
2026 1,024,230 1,552,980 185.8 67.8
2031 1,078,167 1,584,558 195.2 71.3
2041 1,196,961 1,669,324 216.1 78.9
2051 1,330,317 1,782,907 239.6 87.5
2056 1,402,456 1,850,504 252.3 92.1
2061 1,478,236 1,925,306 265.6 97.0
2071 1,640,716 2,096,520 294.2 107.4
2081 1,817,759 2,296,551 3254 118.8
2091 2,009,363 2,525,397 359.1 131.1
2100 2,194,257 2,755,996 391.7 143.0

* Please refer to Table 6, # Please refer to Table 7.

! The estimation incorporates the projected population (Column-2), inclusive of a floating population of

30,000, and the daily tourist population (Column-3/365). This approach is employed to assess water

demand for domestic, institutional, industrial, tourism, and agricultural purposes.

2 Conversion from MLD to MCM/Year: (Column-4/1000) *365

Table 8. Estimated water demand for domestic, institutional, industrial, tourism, and agricultural purposes (2021-2100)
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Estimation of groundwater resources and
future water demand

The estimation of groundwater resources and future water
demand is a vital undertaking in water resource management,
necessitated by the imperative of ensuring sustainable
water supply for growing populations and evolving socio-
economic needs (Carrard etal., 2019). This process involves a
comprehensive assessment of both the available groundwater
reserves and the projected demand for water in the years
ahead. For this analysis, we have obtained predicted rainfall
data corresponding to climate change RCP4.5 and RCP8
scenarios, as presented in Table 4. Utilizing these rainfall
datasets, we have applied the rainfall infiltration factors (RIF)
method to estimate the groundwater recharge, a detailed
expansion of which is available in Table 5. In our attempt to
forecast future population figures, we have employed four
statistics methods such as arithmetical increase, geometrical
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increase, incremental increase, and state urban increase.
Upon comprehensive assessment, we have determined
that the incremental increase method offers the most
accurate population projection, for detail please refer to
Table 6. Drawing from these projected population figures
and considering prevailing agricultural practices in the
Ayad river basin, we have conducted estimations of water
demand for domestic, institutional industrial, tourism, and
agricultural purposes. The specifics of this estimation can
be referenced in Table 8. To encapsulate the outcomes of
our analysis, we have consolidated relevant statistics in
Table 9. Subsequently, we have conducted a comparative
analysis, comparing our estimated groundwater resources
with the future water demand for domestic, industrial, and
agricultural purposes.

Year | Scenarios Rainfall Estimated Projected Future water demand Water
(mm) groundwater | population | for domestic, industrial, | surplus or
recharge tourism, and agricultural | deficit (%)
(MCM) (MCM)
Mean annual rainfall today* 641.4 62.9%
2021 Observed Rainfall 895.4 86.8 973,934 64.5 34.7
2022 797.3 77.3 983,702 65.2 18.6
2026 | RCP4.5 Climate 686.2 66.5 1,024,230 67.8 -1.9
2056 | Change Scenarios for 696.3 67.5 1,402,456 92.1 -26.7
2091 | Predicted Rainfall 822.2 79.7 2,009,363 131.1 -39.2
2026 | RCP8.5 Climate 599.7 58.1 1,024,230 67.8 -14.2
2056 | Change Scenarios for 726.6 70.4 1,402,456 92.1 -23.5
2091 | Predicted Rainfall 903.7 87.6 | 2,009,363 131.1 -33.2
* Long period average (LPA) (1901-2022), ¥ Estimated groundwater resource (average 39 years)

Table 9. Estimated groundwater recharge, projected population, and future water demand for domestic, institutional, industrial, tourism, and agricultural
activities for year 2026, 2056, and 2091

The mean annual rainfall in the Ayad river basin, spanning 122
years, stands at 641.4 mm. Correspondingly, the estimated
average groundwater resource over the same period is 62.9
million cubic meters (MCM). The future water demand for the
years 2021 and 2022 surpasses the estimated groundwater
resource by 34.7% and 18.6%, respectively. Notably, there
is a reduction in this percentage for 2022, a trend likely
influenced by the interplay between groundwater resources
and annual precipitation. The observed 12% decrease in
rainfall during 2022 compared to 2021 is a contributing
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factor to this shift.

Groundwater resources has been estimated from projected
rainfall based on RCP4.5 climate change scenarios. Upon
comparing the estimated groundwater resources with future
water demand, a notable deficit in available groundwater was
identified for the years 2026, 2056, and 2091. Specifically,
the future water demand escalates was determined to
be 2%, 27%, and 39%, respectively. This observation
underscores the significance of thorough assessments in
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projecting groundwater availability relative to future demand,
emphasizing the need for sustainable water management
practices in the face of changing climatic scenarios.

Similarly, the same pattern is found when we estimate the
groundwater resources from projected rainfall based on
RCP8.5 climate change scenarios. Available estimated
groundwater resources deficit future water demand by 14%,
24% and 33% in the years 2026, 2056 and 2091, respectively.
In both scenarios, projected groundwater resources deficit
future water demand. But this is decreasing in the future,
the main reason for this could be population growth and
over-exploitation of groundwater resources.

The outcome of this estimation process provides information
about the balance between groundwater resources and future
demand, which can be carefully considered in future water
resource management strategies. Based on these estimates,
sustainable water allocation plans, efficient extraction
practices, and policies to promote water conservation can
be formulated.

Conclusion

Groundwater is crucial for ecosystems, livelihoods, and
economic activities. Our study of the Ayad River Basin, from
1901 to 2022, provides insights into groundwater dynamics
influenced by climate change and demographic trends. The
average annual rainfall of 641 mm varied significantly, with

notable wet and dry periods. Since 2010, wetter conditions
have increased water resources, though not consistently
boosting groundwater recharge due to topographical and
geological factors.

Groundwater level analysis from 1984 to 2022 showed
increasing trends near natural water sources and vegetation,
while agricultural and urban areas experienced stable or
declining levels. Land use changes, especially urbanization
and intensified agriculture, impacted groundwater levels,
emphasizing the need for sustainable planning. Population
growth further stresses future water demand, with projections
aiding in resource management.

Using the Rainfall Infiltration Factor (RIF) method, we estimated
the average groundwater resource for 1984-2022 at 62.9
MCM. Future projections under climate scenarios (RCP4.5
and RCP8.5) suggest groundwater resources might exceed
future demands initially but will face deficits by 2091 due
to population growth and overexploitation. Sustainable
management is crucial to address these challenges.

Our study highlights the interplay between natural processes
and human activities, urging the adoption of sustainable
water management practices. This approach prioritizes
ecological integrity and socio-economic development to
ensure water security for future generations in the Ayad

River Basin.
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