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ABSTRACT

As the largest and driest state in India, Rajastisafaced with a daunting task of meeting many
different water demands each year. In light of thater scarcity, rainwater harvesting (RWH) hasnbeidely
promoted in rural Rajasthan as a means to increastace water supplies, as well as recharge local
groundwater, through the collection of surface wat@off. In the midst of widespread adoption,rWwledge
gap exists in the understanding of the hydrologipacts of RWH. In order to close this gap, a RWiklg was
carried out from May-July 2006 in the Wakal Riveadh, Rajasthan, India. Within this study, geobiep
information system (GIS) and tracer tools wereiagd to investigate the surface water and grounelwat
dynamics of RWH. Results of this study providedevice that the RWH structures in the study willdj in
years with rainfall similar to the study year. Fagmtmore, localized water tables provide evidencat th
groundwater flows from the RWH structures towardvdstream wells. Finally, the use of?O and Cl as
geochemical tracers of groundwater provides corfiiom of harvested rainwater in these nearby wells.

INTRODUCTION

Water is a limiting factor for livelihood in Rajdmtn, India. Rajasthan is India’s
largest state, accounting for more than 10 peraktite nation’s geographic area, along with
five percent of it's population, yet it containslpmne percent of India’s total surface water
resources (GOR, 2005). In addition to being thestirstate in India, Rajasthan is also the
most drought prone (ECIDWR, 2005).

As a result of this severe surface water scargityundwater is the primary source of
reliable water supply in Rajasthan, accounting90%o of drinking water and 60% of water
used for irrigation (ECIDWR, 2005). As the demafwd water rapidly increases, the
groundwater resources throughout Rajasthan arenbegoincreasingly over-exploited.
Currently, only 32 of the 23Blocks(sub-districts) in Rajasthan are categorized &es\8dh
respect to their groundwater resources (SharmaRay] 2003). The degradation of the
resource has led to a general decline in the watde throughout the state, along with an
increase in groundwater quality problems (Kumaalgt1999).

In light of this threat to Rajasthan’s groundwatesources, rainwater harvesting
(RWH) has been widely promoted throughout Rajastim@ means to artificially recharge
groundwater, as well as expand surface water =pplECIDWR, 2005). Rainwater
harvesting is a traditional, decentralized watemaggement strategy that utilizes different
techniques throughout India. In the mountainogsores of southern Rajasthan, RWH efforts
capture portions of the scarce monsoon rainfatl wauld otherwise escape the mountainous
terrain as runoff. Due to the steep topographyioua types of check dams are the most
common methods of harvesting rainwater (Mahnot @ingh, 2003). A portion of the water
impounded behind these structures recharges losahdgwater, while the remaining water is
utilized as an additional source of surface water.



Although substantial rainwater harvesting efforésvdn been carried out in Rajasthan,
there is a significant lack of quantitative assem#i® of these activities (Rathore, 2005).
Consequently, many of these structures are buibhout a clear understanding of their
hydrologic impact. The benefits of increased ssddf rainwater harvesting are two-fold.
First, increased knowledge of rainwater harvesisngecessary to improve efficiency of the
practice. The second benefit is that this improwedierstanding will in turn facilitate
improved management of a region’s water resouncegeneral. It is with this in mind that
use of geographic information system (GIS) and gdowater tracer tools have been utilized
to investigate the surface water dynamics of ratewaharvesting and the resulting
groundwater dynamics. This study has two cents@atives: 1) to determine the fraction of
rainfall that RWH structures can harvest in relatio their contributing catchments and 2) to
determine the fate of the harvested rainwater ithaécharged to groundwater. Satisfying
these objectives will 1) provide insight into thetgntial and actual volume of rainwater that
can be harvested, along with 2) determining whethese structures recharge nearby wells.

STUDY AREA
Figure 1. Location of Study Area

The site of this study is situated
in the eastern portion of the Wakal Riv . . .
Basin, located in Udaipur district| Wakal River BﬂSII’I, India
southern Rajasthan. Located in ti
Aravalli Hills at approximately 550 m
elevation, the Wakal River Basin is th
head waters of the greater Sabarm
river basin Fig. 1) (ICID, 2005). The
basin is predominately mountainous ai
rural, with a 2001 population of 310,00
people. Agriculture and hired labor ai
the primary sources of livelihood in th
region (ICID, 2005).

The climate of the basin i
classified as sub-humid, with an avera | |42 s
annual rainfall of 650 mm (GOR, 200z
and 2006 annual rainfall of 985 mr
(Singh, unpublished data, 200¢
occurring  exclusively  within  the
monsoon season (June-September). - T;
average annual evapotranspiration in t| w \,/\‘t
region varies from 1500-2000 mr
(ICID, 2005). As a result of a genera
inability to harness much of the potential watepgy, rainwater harvesting activities have
been widely promoted in the study area.

This study takes place at three study sites locatedhe villages of Amliya,
Godawara, and Jharapipla. It focused on the twst m@mmon types of RWH structures in
the basin: theanicut—a small to medium-scale masonry dam—andrthé—a medium to
large-scale earthen embankment d&ig.(2). Oneanicutis present at the Amliya site, two
anicutsat Godawara site, andhadi andanicutcombination at the Jharapipla site. A number
of wells are located in the near vicinity of the RWétructures, and are thought to be
recharged by these structures.
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Figure 2 Rainwater Harvesting Structures: Kgdi, (b) Anicut
METHODOLOGY

Field Methods:This rainwater harvesting study was carried ounmfiday-July 2006. Water
samples were collected over the study period fr@nwvélls, five RWH structures, and three
rainfall collection stations. Among the parametiasted were the stable isotope of oxygen
( **0) and chloride (C). Oxygen isotopes and chloride are two of the tnomsnmonly
applied environmental tracers used to study intenas between surface water and
groundwater (Hofer et al, 1997; Genereux, 2004 h§alet al., 2005; Price and Swart, 2006).
Although these tracers are both conservative imreadnd acquire their tracer signatures
through evaporation processes, they operate bgrdiff mechanisms. Because of this, their
dual use is complementary and more informativefeRe Kendall and Caldwell (1998) and
Genereux (2004) for additional background on thisie. Water samples were collected for
these tracers once a week for a maximum of 10 wedk® filtered water samples were
collected in sterile, sample-washed, 125 ml HDPEtld® and required no special
preservation.

Groundwater level monitoring was carried out bi-ligein each well at the three
sites. The groundwater level in each open well massured using a depth-to-water meter.
The depth to groundwater was then subtracted fioenelevation recorded with a global
positioning system (GPS) to quantify the water@ablmeters above mean sea level (amsl).

Laboratory Methods:The composition of **0 was measured at the University of Miami
using a mass spectrometer. All data were calibragng Vienna Standard Mean Ocean
Water (VSMOW) and are reported in the conventiamathtion of parts per thousand (%o).

Laboratory analysis for chloride was measured atidi International University using an

ion chromatograph.

GIS Methods: Geographic information system (GIS) tools in ArcGA&Map 9.2 (ESRI,
2006) were utilized to explore central surface a@mndundwater dynamics of the RWH
structures. GPS points of the studied RWH strestiand the sampled wells were recorded
in the field and brought into GIS. Watershed asialyvas performed using the terrain and
watershed processing tools in the ArcHydro extens{®aidment, 2002), while the
groundwater aspect of the study sites was develtyedsing the spatial analyst tools of
ArcMap. Spatial interpolations were performed gdime commonly utilized Kriging method
(Gundogdu and Guney, 2007).



RESULTS AND DISCUSSION

Surface Water Dynamics
Figure 3. Contributing catchments of RWH structure
The delineated contributing
catchments of the studied RWH
structures are displayed Higure 3
The resulting catchment area for
each of the studied RWH structures
is displayed inTable 1 The
catchment size of the smaller
anicutsrange from 0.36 kfto 1.79
km% whereas the contributing
catchment of the largeradiis 5.70
km?.
In order to determine
whether the RWH structures will
fil up In a given year, it is
necessary to determine the amount
of water flowing into the RWH
structures. Not all of the
precipitation that falls in the contributing catobm area will ultimately reach the RWH
structure. A significant portion of it will be lo$d evapotranspiration and infiltration as it
travels through the watershed to the dam. Thergtbesactual amount of runoff entering the
RWH structures will be a fraction of the originainfall volume.
In order to determine the proportion of 2006 rdinfaat results in runoff, the
following water mass balance was applied to theardmiting catchments:

RO=P- ET- | 1)

where RO = surface water runoff into the rainwdtarvesting structure, P = precipitation
(rainfall), ET = evapotranspiration, and | = infdtion. Potential evapotranspiration (ET) was
calculated using a modified Penman-Monteith equaieAO, 1998). This common method
for calculating potential ET utilized 2006 meteagkal data from the region (Singh,
unpublished data, 2006). Since 95% of the 200@athioccurred within the monsoon period
of late June-September, the ET was also calculaed this time period. The resulting ET
accounts for approximately 33% of the 2006 rainfall

In order to determine the infiltration componerit2006 rainfall, natural recharge
estimates have been collected from existing liteeat A number of studies have calculated
natural recharge rates in similar hard rock tegahindia (Athavale et al, 1980; Athavale et
al, 1992; Rangarajan and Athavale, 2000; Sukhijal,e2005; Andrade et al, 2005). These
studies have utilized different methods and hawddgid similar results ranging from 4.1 —
14.5% of rainfall. Upon averaging these estimagesatural recharge rate of 10% of annual
rainfall is assumed for the hard rock terrain ie 8tudy area. Although natural recharge
represents only the portion of the infiltrated falhthat reaches the water table, the potential
ET estimate accounts for the remaining infiltratemter in the unsaturated zone that is either
evaporated or taken up by plants. Therefore, sanf@ater runoff accounts for the remaining
57% of the 2006 rainfall.

The amount of runoff entering the structure repmesehe potential volume of
rainwater that can be harvested. However, theahetmount of harvested rainfall depends



largely on the storage capacity of the RWH strueturThe storage capacities for the
respective RWH structures are givenTiable 1 These storage volumes are derived from a

combination of detailed mapping of the reservoird field estimates (UF/IFAS, 2001).

Table 1. 2006 rainfall volume, catchment area, antlial harvested rainfall as a fraction of

rainfall harvesting potential

. Rainfall
. . . Ra'”f"’?” Storage Fraction -
Rainwater Harvesting . Catchment Rainfall Harvesting !
Site 2 3 - 3 Capacity 57% runoff
Structure Area (km®) | volume (m~) | Potential (m %) (m?) (% runoff
- 57% runoff 0
volume)
Godawara Anicut -
upstream (GD.ANI) Godawara 1.79 1,764,618 1,005,832 5,645 1
Godawara Anicut -
downstream (GD.ANI(2)) Godawara 0.59 580,737 331,020 1,038 0
Jharapipla Nadi - .
upstream (JP.Dam) Jharapipla 5.70 5,633,258 3,210,957 440,000 14
Luniyara Anicut - .
downstream (LY.ANI) Jharapipla 0.36 355,974 202,905 1,780 1
Amliya Anicut - (AC.ANI) Amliya 1.46 1,451,096 827,125 5,313 1

Taking the storage capacity of the RWH structuré dividing it by the volume of
runoff passing through the RWH structure will yietlde portion of potential harvested
rainfall that is actually harvested. This exerasafirms whether the given RWH structure is
expected to fill up in a given year. In the ca$@06, Table 1lreveals that the amount of
harvested rainwater ranged from <1-14% of the &adlififarvesting potential. This suggests
that there was more than enough water in the quoreing catchments to make the
rainwater harvesting efforts worthwhile. Thesediimgs are confirmed by 2006 field
observations that note that all of the RWH strueswstudied did fill and overflow.

The results presented here give evidence thatttiikest RWH structures will fill up
in years with rainfall amounts similar to 2006 lkve However, 2006 rainfall levels were
significantly higher than the annual average of &uf. In order to extend these findings
beyond the study year, the same exercise was dautie under varying rainfall scenarios
recorded in the study area over the last 42 yeardiB, unpublished data, 2005). This
exercise assumes that potential ET and the ratatafal recharge do not vary between years,
and considers the same monsoon time period thautleed for 2006. Under this scenario,
it was found that 451 mm of rainfall is requiredfitball of the RWH structures in this study.
This minimum rainfall requirement was recorded @%6of the monsoon seasons within the
past four decades. This outcome for the yearsr gaothe 2006 is considered to be a
preliminary conclusion. Evapotranspiration andltrstion data for each year are required to
confirm these results.

Groundwater Dynamics

Groundwater flow direction

The interpolated water table surface for each mtederived from the average
groundwater levels measured over the study perld. (4. Groundwater levels at
Jharapipla range from 505 m amsl in the most uastravell to 465 m amsl in the most
downstream well. Similarly, the groundwater leval<sodawara ranges from 567 m amsl at
the upper portion of the site to 552 m amsl in tdwmvnstream portion. Additionally,
Amilya’s highest average groundwater level occurs48 m amsl in the uppermost well and
drops to 538 m amsl in the lowermost well.



Figure 4. Average water table and geology
The consistent trend seen in the
water table at each site is a significant
decrease in hydraulic head in the
downstream direction. The general
direction of groundwater flow is
assumed to be perpendicular to the water
table contours. In addition to this
primary flow direction, localized
groundwater movement is controlled by
= ) the fractures present hard rock aquifers at
the study sites. Since these hard rock
aquifers have no primary porosity
N (Chauhan et al.,, 1996), the flow of
groundwater is restricted to a network of
interconnected fractures (joints and
cleavages) in the hard roclkFig. 4).
Nevertheless, since groundwater flows
from high pressure to low pressure
L — (Freeze and Cherry, 1979), the
f predominant direction of groundwater
flow in the unconfined aquifers present
in the study area is from a high water
level to low water level, represented by
the arrows in Figure 4 This is
significant to rainwater harvesting efforts
in that it provides evidence of the general
= flow path that water will likely travel if
recharged from RWH structures. Since
= the RWH structures are consistently
located upstream of numerous wells, any
artificially recharged water is expected to
flow toward the downstream wells,
providing additional water at these access points.

Artificial recharge

In order to confirm the direction of groundwateni, the **0 and Cl tracers were
used to track the contribution and then movemenswface water to the groundwater.
Although tracer data were collected at each sia drom thenadi at the Jharapipla study
site are presented as a case study. Tf@ values of rainfall collected at Jharapipla vary
from -6.97%o t0 -2.29%owith a weighted mean of -5.08%. (Standard ErroE(5= 1.44%o).
The 'O values of surface water impounded behindnii at the Jharapipla study site vary
from -3.59%o to -3.26%o, With a mean of -3.42%. (S=.16%.). Variability in %0 present
in Jharapipla’s groundwater ranges from -5.64%:2t63%o, with a mean of -4.28%. (S.E. =
0.34%o).

The chloride values of rainfall collected at Jhavepvary from 1.06 mg/l to 2.72
mg/Il, with a mean of 1.89 mg/I (S.E. = 0.83 mg/Mhe CI values of surface water in the nadi
vary from 13.83 mg/l to 16.89 mg/l, with a meanl1&f61 mg/l (S.E. = 0.92 mg/l). The Cl
present in Jharapipla’s groundwater ranges frorb8 g/l to 205.16 mg/l, with a mean of
93.10 mg/l (S.E. =12.94 mgl/l).



Figure Sprovides a representation of the spatial distidouof the tracer data overlaid
on the water table. The solid bars represent Wieeage Cllevels during the study period,
where the CI concentrations are proportional to the size of ther, with higher
concentrations represented with larger bars. QueWg the solid circles represent the
relative *®0 composition of the sampled water. Larger cirdesespond to more positive

80 values, which is typical of an evaporated surfaeeer body. Smaller circles represent
more negative *®0 isotopic composition, which is typical of rairifaind indicates natural
recharge as its source.

Figure 5. Groundwater
tracer spatial trends:
Jharapipla’s nadi

- Inspection of the
189 and Cl
concentration data

"————

indicate the presence of
harvested rainwater in
nearby wells Fig. 5).
The CI concentration of
JP.UW1 (76.47 mg/l) is
considered to represent
background Cllevels in
the groundwater of the
region, since the
groundwater in this well is considered to be ura#d by thenadi, due to its location up-
stream of thenadi. In contrast, the Clconcentration in th@adi (15.61 mg/l) is very low.
Proceeding further in the downstream directionpitie levels steadily increase from 44.84
mg/l, 68.38 mg/l, to 92.51mg/l in JP.DW2, JP.DW3daJP.DW5 respectively. This
increasing Cltrend indicates that low Cdurface water is being recharged and is mixing wit
higher background Clevels. This phenomenon is represented by thd aalow inFigure
5. The direction of this arrow is very similar toetexpected direction of groundwater flow
(Fig 4a).

This same trend occurs in the oxygen isotope daia wvery negative background
water in JP.UW1 (-5.36%o), substantially more pesitivater in thenadi (-3.42%o0), and a
steady decrease from -3.89%. (JP.DW?2), -4.20%0 (JFBPYS background levels of -5.30%o
(JP.DWS5) as the distance downstream fromrtaéi increases. Since the water in JP.DW5
closely resembles the groundwater upstream oh#ukin regards to both tracers, it can be
assumed that the location of JP.DW5, approxima@ély m downstream of theadi, is the
downstream spatial limit of influence that artifity recharged water from theadi has on
the nearby groundwater field.

An exception to this trend occurs at JP.DW4, wiiiel an average Gioncentration
(183.32 mg/l) higher than background levels, andsatopic composition (-2.65%o) that is
more positive than the surface water of tlagli. This is surprising and indicative of a very
evaporated surface water source. Sincengmd is the only reasonable source of surface
water in the area, it is hypothesized that oldeoyeamevaporatedadi water is recharging
JP.DW4 along a much longer and slower flow pathicivins represented iRigure 5by the
dashed arrow. Older water is assumed since ab@rage rainfall during 2006 and the year
prior would likely prohibit the conditions necesgato produce this tracer signature.
Therefore, it is hypothesized that the water sathpieJP.DW4 reflectmadi water that was



recharged during earlier drought conditions, wim&li water found in the other wells was
recharged within the more recent wet years. Thothesis is feasible in the fractured hard
rock aquifer present at the study site.

CONCLUSION

Within this study, geographic information system$§and groundwater tracer tools
were utilized to investigate the surface water amdundwater dynamics of rainwater
harvesting. Results of this study provide evidethes all of the rainwater harvesting (RWH)
structures studied will fill in years with rainfaflimilar to the study year. Furthermore,
preliminary results reveal that 451 mm of rainfiglithe minimum requirement of rainfall
needed to fill each reservoir. This rainfall reg@ment was met in 60% of the monsoons
within the past 42 years. Furthermore, groundw#eel data consistently imply that
artificial recharged water will likely flow towardownstream wells. The use of the stable
isotope of oxygen (20) and chloride (C) as geochemical tracers of water provides direct
evidence of harvested rainwater in nearby wellgyigiing confirmation that RWH structures
recharge local groundwater.

Although this study yields valuable results, furtlresearch is recommended to
confirm and extend these findings. The use ofetrmcshows great potential for future
groundwater studies related to rainwater harvestidgwever, it is recommended to extend
the length of the study, to utilize additional #ex to quantify rates of recharge and age of
groundwater, and to apply these tools to diffesstdgs. Moreover, there is a need for more
detailed watershed, hydrogeologic, and meteorotdglata. Additional data would greatly
increase the potential for scientific investigatiaf rainwater harvesting in the region.
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