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Long term monitoring of rainwater harvesting tanks

Abstract

In semiarid regiors as in India, where agricultureslies on groundwater abstractionincrease of
water resources availability throughanaged aquifer recharge (MAR)rainwater harvesting (RWH)
is often perceived as a major solution. Studmesthese structuresefficiencyexiss but despite the
interest, limited information is availableon the temporal variation otheir replenishment In a
monsoon driven climate, the inteannual variatios are crucialto assess the potential of water
storageand multityear managemenespecially for thesetructures Here,we aim at developing a
methodology to reconstruct water storage of RWH tatdkgurther improve our understandingn
long term efficiency and multiears drought managemento tackle this issue, lorgrm monitoring

of a RWHtank located in Telangana in southern India is achieved by a combination of field
monitoring over 2 yearstanks suface and water levelsand a daily water balance comparetb
LANDSATeasurements of the tank aredhe procedure allow reconstructing the tank filling
dynamic overa 14-years periodat a daily time ste@nd show the extreme variability of the tank
filling level Duringthis period, the yearly maximum tank volume rangfgom 8 650to ~200000m?.

On the 14years period, the tank reachits maximum capacity only once aridr 1/3 of the time
yearlymaximumreplenishmentis below B % of its capacityThe surface wateavailabilityremairs
limited in time since the tank driegp annually exceptfor 2 years. However, water percolation to
the aquifer is slightly enhanced for some yedmsiring this monitoring period, very few extreme
raining eventg6) contribute for more than 50 % of the collected volume. This observation higklight
(1) the dependency of the structure to extreme storm evenf® the limited capacityfor a multr

year's management and (3) the farmexgdnerability to successive droughts

Keywords

Rainwater harvesting; water budget; remote sensing; percolation tank; India ;Managed Aquifer

Recharge; Crystalline rocks
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Introduction

With the development of mechanized irrigation pumps since the green revolution in the ,119d0s
becomesthe country with the highest annual groundwater abstracti@oll et al., 2012 ; Shah
2005) Such groundwater exploitation through 28 million structures Nlukherji & Shah, 2005 ;
Shah, 208) represents 85% of the domestic water and 50% of irrigation water. Due tmthesasing
intensive extraction(Kumar et al., 2005Smith et al., 2016 water scarcity is a major issue in
numerous areas of the country (CGWB, 2089 solutions for a bedr managementt global and

local scale are considered. Comprehensive management of wateunsE=s may promote global
water, food securityand reduce human vulnerability to climate changgonjunctive uses of
groundvater and surface water that use surfaeater for irrigation and water supplguring wet
periods, and groundater during drought, are likely to prove essential (Taylor et all32HBaveri et

al., 2016. To tackle the problem of water scarcity, India invests in numerous progleatis at

federal and local scale. The “Master plan for artificial recharge” (CGWB,2013) recommends building
11 million artificial recharge anginwater harvesting structures at the national level. It is estimated
that about 36 km of water (1% of the rainfall) could be stored annually (CGWB, 2007). Managed
aquifer recharge (MAR) and rainwater harvesting (RWH) are common practices in India with a sound
historical experience. Sakthivadivel (2007) estimates the number of MAR and RWH structures to be
0.5 million of which 0.25 million are located above crystalline aquifers. Renovation of such existing

structuresis also part of the recharge master plans.

MAR solutions are increasing over the world, with successful resoltslwide (Dillon et al., 2018)
includngin India Pashora et al., 2018 ; Stiefel et al., 2009%wever, vater management is complex

with both long term and shosterm issues Batchelor et al., 2003Bitterman et al., 2016; Gleeson et

al., 2012) and impact of large MAR programs remain undlessemiarid regions Despite the
common view and some studies supporting the belief that MAR is a possible solution to the actual

water scarcity problem®n those areavarious authors such as Dillon et al. (2009), Kumar et al.
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(2006), Oblinger et al. (201@lendenning et al.2012) point out the lack of available data for an
accurate assessment and the scarce evidence of a positive impact of such recharge sthattuaes

local scaleand watershed scali semiarid regions A modeling approach at small watershed scale
showed that percolation tanks can on average contribute to significant local aquifer recharge (up to
33% of total recharge), although this managedharge is highly variable spatially (Perrin et al.,
2012). Some authors (Calder et al., 2008; Glendenning et al., 2012; SakthivadiveV/&@00feter et

al., 2016 point out a possible negative impact due to downstream effects of upstream harvesting
and recharge. This thought is shared by other authors who assessed large watershed programs on
both hydrological and socieconomic aspects and show unevenly bendbtpopulations (Batchelor

et al., 2003; Bouma et al., 2011; Kerr et al., 2002; Kumar et 88).Z0hey argue that the limited or
negative impactof the water harvesting structures igartly due to a lack of knowledgen the
structure functioning or umproper dimentoning of the structures due tstronginterannual rainfall

and runoff variability (Kmar et al., 2008)in addition, the existence of these recharge structures may
tend to increase local water abstraction due to a larger local water availability created by new water
distribution Adhikari et al., 2013 ; Batchelor et al., 2003; Machiwahlet 2004. A limited but
growing number of studies on percolati@md storage tankexist (e.g., Boisson et al., 2014; Dashora
et al., 2018; Gale et al., 2006; Massuel et al., 28lehta and Jain, 1997; Nicolas et al., 2019; Sukhija
et al., 1997;Perrinet al., 2009 Van Meter et al., 2014, 20)6However, the efficiency of these
structures is stilla matter of debate due to a mitigated ratio of storage/infiltratioGomparison
between tanks can be difficult andven tanks in cascadén the same areanay show different
efficiency (Van Meter et al., 2018h most of the studiesmpact assessnm is only performed over

one or two year(e.g Boisson et al., 2014; Dashora et al., 2018; Nicolas et al., 2019; Oblinger et al.,
2010;Van Meter et al., 2016vVanthof& Kelly, 2019 Tank filling variability is usually expectduit

not quantified with enough data to draw clear watendgets.In a context of variablenonsoonand

projected climate changeghis monitoring duration may beinsufficient for a proper longterm
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assessmentespecially regarding the tank filling mechanisms st expected to be highly variable

from one year to another.

Asian nonsoon is a highly variable phenomenom large time scale (Prell akditzbach 1987) and on

a yearto-year basisas well aspatially with a contrasted behavior between southern and northern
Indian monsoon\Wang 2001) Temporal and spatial variability in these atmospheric circulations can
result in severe droughts or floodgth historical socioemnomicimpact on populationsGook et al.,
2010; Gupta et al., 2006Pandey et al., 2008 Due to this importance, monsoon prediction models
have a high priority in many Asian countrigish the question: will the Asian monso@trengthen or
weaken in the futurePmpactof climate change on south Indiaainfall remain not fully understood
with in some cases a low impact on rainfalpected for southindia Reuter et al., 2013pr an
increase of rainfall, mostly during the monsoon season, while winter precipitation is reduced, and
suggest a widespread warming especially in the winter and-pastsoon season (Vigaud et al.,
2013) Others even indicate an overall suppression of the South Asian summer monsoon
precipitation (Ashfaq et al., 2009 However, ageneral trend goes toward an increase of the inter-
annual variability due to climate change (Menon et al., 20L8kally it is even considered that
intensive irrigation may also have an impact on regiatfiahate (Douglas et al., 2009n a general
way, monsoon irregularity is expected to increabat impact of climate change on groundwater
resourcesremainspoorly known due to the lack of observations (Taylor et al130Nevertheless
impact of climate on water abstractions is becoming more documeateglobal scaléAsoka et al.,
2017; Gurdak, 201/Russo& Lall, 2017 Zaveri et al., 200)6and local scale (Ferrant et al., 2014)
These include emerging knowledge of the direct and indirect (through groundwater use) effects of
climate forcing,jncluding climate extremes on groundwater resourcAsaka et al., 2017; Taylor et
al.,, D13). The risk is particularly acute in seamid regions where projected increases in the
frequency and intensity of droughtis combined with rising populations anstandards of living

increase. Moreover,the projected expansion of irrigated land, will intensify groundwater demand
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a country where large decrease of ground water levels is alredderved Asoka et al., 2017,

Ferrant et al., 2014Fishman et al2011; Rodell et al., 2009)

Whatever itsevolution, the irregularity of the monsoon is well known and succession of drought
yearsis common in South India with an impact on populations, groundwater levels, and agricultural
practices.As example, Ferrargt al., (2017, 2019have quantified howgroundwater and surface
water abundance impactsce cultivated area extent using high spatial and temporal satellite data in
Telangana state. Impaof monsoon variability oiRWH structure filling is obvious buttnguantified

yet.

The objective of tis study is toquantify the volume variation irwater storage structures (for MAR or
direct uptake)by recreating at a daily time stepthe longterm storage dynamicto assess their
potential for a multiyearmanagement and drought mitigatioWhile, most studies focus on water
budgeting and structure efficiency for improvement of local conditiarthis studywe focus on the
inter-annualvariability of thewater budget whichs usually not considered for dustructures. We

based the analysis on a RWH tdonkated in a crystalline and semiid context RWH anks are
artificially made reservoirs of varied sizes, which are commonly built across a hill to collect and store
water by utilizng natural mounds and depressions. Tanks are an important source of irrigation in

South India because there are no perennial rivers.

We aim at developingraefficientmethodology easily applicabte asses tank capacity evolution on
long term In the following we use a water balance approach to reconstruct thgehrsdynamic of
the tankfilling and storagebased ona tank monitoredover two contrasted yeargAlazard et al.,
2015; Boissonet al.,, 2014) The computation of the water balance overd lyears allows
reconstructing the tank filling dynamis at a daily time step duringhis period. Validity of the
reconstruction is compared teemote sensing estimate§ ANDSATata) of the flooded area and

demonstrate thegoodquality of the results.
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Material and methods

Site presentation

The method istested ona RWHtank in the Maheshwaramvatershed, located 35 km south of
Hyderabad (Telangandndia) which covers an area of 53 k(figure ). Detailed studieof this
watershed for more than a decadAl@zard et al.2015; Boisson et al., 201Dewandel et al.2006;
Marechal et al., 2004; Maréchal et al2006; Perrin et al.2011) provide a solid baseline for

investigating the functioningnd impact of MAR systems.

The region has a semiaridimate with annual monsoon rains (June to October). Maanual
precipitation (P) is about 750 mm, of which the mons@mtounts for more than 90%. The mean
annual temperature isabout 26 € although during summertime (October to May) maximum
temperatures can reach 4%° Tle watershed is overexploitedith more than 700 boreholes used
for agriculture dominated by rice fields. Currently, the water table is—2% m deep and is
disconnected from surface water. Maheshwaramatershed is underlain by weathered Archean
biotite grarite. Itsweathering profile leads to a stratified aquifer with two distitayers (Dewandel

et al.,, 2006; Dewandel et al.,, 2011). The saprdlite-15 m thick layer from the surface] is
characterized by @andyclay composition. Its total porosity is relatively high,tapgl0%, but due to
the clay content the effective porosity is loand ranges from 0.5% t8% (Wyns et al.2004
Dewandel et al., 2032Its hydraulic conductivity is low (1:1én.s? to 3.10°m s — Dewandel et al.
2006) but may contain locally preserved fissures. Below, the fissured layeBO[1@ thick]
constitutes the transmissivpart of the aquifer(hydraulic conductivity between foand 10* m.s?)

with a low effective porosity 2% (Dewandel et al., 2012; Marechal et al., 2004). The monitored
tank is close to Tumulur village and has been used for more tbayedrs for water storage. No
direct tank water extraction for irrigation occurs. The current tank @ystan be considered as a
representative example of MAR in seamid southern India. Dry season piezometric map shows a

dominant groundwater flow NE to SW. An earth bund dams the natural stream outlet and
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consequently runoff water is stored over a maximum area @60 000 n? and a maximum water
depth of 3.8m. Clay soil characterizes the lower northern part of the tanB0000 n¥). Most of the
remaining tank area is covered by silt loam soils underlain by sandy loam at a dept#80fc#®. The
agricultural land use next to the restricted study area is mainly composed of rice, maize and various
vegetables. Within a radius of 500 m from the tank, at least 15 irrigation wells arseinrrigation
duration and times are controlled by the availabilifyelectricity (6 h per day) provided by the state

of Telangana.

Tank water level and water table e volution

Tank monitoring waperformed for two climatically contrasted yeaf20122013) During the driest

one (2012) bathymetric measurements were madeing a Timble DGPS inside the tafkigure ).
Surrounding topography was defined using MNT 50 m around it. Water level measurements were
madeusinga CTD Diver pressure sensor with continuous record (15 min time step) fixed to a scale
(accuracy Xm)implanted in a concrete blockalidity of the measurements was verified by direct
scale reading once a week. Area of the tank was measured regularly by GPS traking usingh\a GARMI
60Cx Daily rainfall was recorded from the rainfall station of the MRO (@&hRevenue Office) of
Maheshwaram and evaporation data from the ICRISAT meteorological statienevaporation is
measured by an evaporation pan and is corrected by a correction coefficient of 0.8 as recommended
by Alazard et al., (2015) for estimates water bodies in semarid environments.Surrounding
boreholes, drilled in 2012 were also monitored for water levels and chenfistogled “MHT’s” in
Figure ). More details on borehole monitoring and tank relationship with the groundwater can be

found inBoisson et al2014) and Alazarcet al. 01%).

Water balance

Computation

The water balance quantifies the tank volume variatiora daily basis (V, [2.TY]) calculated using

the Eq.1
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V= Aak. P+ R . a - Ank. E - Aank.q — U Eq.1

with Arancthe tank flooded area thagévolveswith time [L?] and q the infiltration rate [T}, P is the
precipitations [LTY, R the runoff [ITY, a the “effective” drainage area of runoff’[LE the
evaporation [LTY, and U the uptake by diredtrigation or livestock consumption JTY. It is
hypothesized that g is a constant infiltration rate [l].TThese elements are presented for two water
level conditions Figure 2. Runoff R [TY] is estimated using the Curve Number Method known as
SCSCN method (United States Department of Agriculture (USR@0Q4). The SN method is a
commonly used empirical relationship to estimate runoff based on an estimated initial abstraction,
soil type and land use adapted for seaniel climates. The runofR, [LT?]) is active when P xdnd is

expressed as:

_ (E?2461)

4= E>&l Eq.2
Where

69444

5= e F254 Eq.3

where S is the potential maximum retention after runoff begins li$, the initial abstraction defined

as k= 0.2S. CN is the empirical curve number, depending on the hydrologic soil groups and the
hydrologic conditions. R is then calculated using CN (EBg@®)“a” (Eqg.l)as fitting parameters.
Calculations are run at daily time step. The parameter “a” khba in agreement with the size of

the tank catchment areand CN in agreement with the soil type (value of 79 to 86 in the present

case- United States Department of Agriculture (USDA), 2004
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Validation
The tank volume (V) @btained by computing the bathymetry of the tank measured during the dry
period using DGPS (Differential Global Positioning System) for different water levels through SIG
computation Figure ). The relationship between water levels and area is estimated from field
measurement (GPS tracking (23 measurements) and automatic water level measurements
(continuous measurement over 2 yegrshn empiricalrelationship between water level and both
volume and surface area is thus established. Estimated volumes\iier balance computation
and measurements are compared for parameter adjustment.
Quality of the calibration are assessed by NS&sitcliffe efficiency (NSE; Nash and Sutcliffe, 1970).
The reference case is based on the best fit. Impact of each fitting parameter is estimated by water
balance computation oa large range of valge Sets of parameters with NSE above 0.9 on the period
20122014 are kept and used for the simulaticover the complete period(20002014) Extremes
valuesof the fitting parameters for the different models are presented and discussed along with the

reference case for the complete periaathe results section

Remote sensing data analysis methodology

Remote sensing is a common tool to quantify surface wexéension(e.g.Feyisa et al.,2014; Ji et al.,
2009;Klein et al., 2014PefalLuque et al., 2021; Vanthof & Kelly, 2D2llank area evaluation from

past years is performed usihgANDSAflata. The LANDSA®tellite has a periodicity of 16 daymnd

the images are built with a 3t spatial resolution in the visible bands (i.e. blue, green, red,-near
infrared, and midnfrared). From the May 31 2003he Scan Line Corrector (SLC) in the ETM+
instrument failed and images haw®me with “no data” stips. Therefore,a part of the data isnot

always available. Moreovet, ANDSAT™ata are sensitive to cloud cover hence limiting the data
availabilityin such cases. Images, both Thematic Mapper (TM) & Enhanced Thematic Mapper Plus

(ETM+) were downloaded fno the USGS online databagsti://glovis.usgs.govy with two criteria:

Cloud free (0%) images and gap free (over the studied zone). A tdRélimiages were gathered
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with almost 2 images per year covering the pmonsoon period (March to May) and the pest

monsoon period (November to January).

Flooded areas are computed from the commonly used Modiflednalized Difference Water Index
(MNDWIfrom Xu(2006. The MNDWI is an improvement of the Normalized Difference Water Index
NDWI developed by McFeeters (1996) for the extraction of water bodies. The MNDWI uses the
middle infrared band instead of the near infrared bamtie MNDWI is computed from the aensor
reflectancefollowing the methodology presented in Chamogt al. (2009). The prprocessing has

been made using the raster calculator module of the Spatial Analyst tools of ArcGIS 10

The estimated tank area fisrther compared to the area measured using GPS tracking as explained in

the section (“tank monitorig”).

Results

Tank water levels and volumes

The tank water level and precipitations monitored for two years are presentdegiare3a along

with the maximum tank area in 2012 and 20E&gure3b).

Relation between the surface area of the tank measured by GPS tracking and the tank volume
estimated from the bathymetry ground measurements is defined by an empirical power law

relationship(equation4) as shown in Figuré.

V = 4072 x WE? Eq4

With V= Tank Volume @n
WL= Water Level (m)
The water level and tan&reamonitored for twoyears(Figure3) shows a strong variability of the

tank filling The maximum volumes present in the tank in 2012 and 2013 are respectively 12 000 and

195000m?3for areas of 23 700 and 1320 nt. In 2013 one raining event issponsiblefor almost all
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the tank filling.During this extreme evenfrbm 23 to 26/10/2013) a totafainfall of 274 mmfell in
only four days with aaily maxirmum of 103 mm on25/10/2013 producing important runoffBefore
this event, the flooded area of the tank was smatlean the one observed the 08/08/201ZFigure

3).

Based on the abstraction of 8.8 Miyear at the watershed scalestimated by Maréchal et aR006,

the stored volume in the tank represesf2.1 and 2% of the total abtraction at the watershed scale

(in 2012 and 2013, respectivelyhis high variability highlights the dependence of the tank efficiency
to the extreme meteorological conditions. Hence it shows that long term monitoring is needed for a

proper assessment of thetorage capacitgynamicsof such tankn orderto capture his variability

Water balance calibration

The water balance was first computed for the 202@13 monsoonusing GPS data tracking for
calibration then wasfurther extended on the 200@012 period and compared to the remote
sensing estimatesThe water balance is computed as volumes which are further transformed as

water levels and surface following empiricalationships ¢quation5 andequation6).

WL = 0.0569 x Voluh&*® Eg5

Surface = 17095 x W1E® Eq6

Input data are precipitations and PHEHitting parameters are then the percolation rate [id); the CN
number (S and:being dependant of it) and the runoff surface (E]). Two sets of water balances
were needed to achieve a correct data fitting on the 2@DA4 period, i.e. forboth small and large
tank sizeconditions The selection between the two sets of parameters Wwased on the watered
area.The first set of paramets is used for a tank area below 32 506 which correspondto the
clay area on the norérn partof the tankand another set of parasters was usedor tank an ares
above this valueThe threshold of 2500 m? makes sence since it corresposdo the clay area filled

almost annually. Outside this area the soils are more sandy andatiff@ercolation and runoff
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parameers can beexpected.To limit the number of fitting parameterthe runoff area for the small
tank size (82 500m?), correspouling to low flow periods, was limited to the physical tank area
(150000 n?) which correspond to the direct catchmenitience for the computation only 4 fitting
parameters are used. ifing parameters are th&€ N Numberthe percolation rateand the effective
runoff area for small and large tank conditiofike comparison between the computed water levels
measured and computed from the water balanae givenin Figure5a. As well the tanks surface
mesured by GPS tracking is compared to the surfaimated from the water badince computation
Figure5b. Bestdata fitting for the period 2012014 is obtained using the parameters reported in
table 1with the reference case and the range of parametenswhich the correlation of observed

area and modelled area is above an NSE of 0.9.

The CN number obtained 79 forboth small and large tank areaTlis parameteris within the range

of 79- 86 expected for such soil types. Percolation coefficient wasidéstdical for both periods at
3.7 mm/ days.Hence CN and percolation coefficient are constamntime or space showing no
important changes between the two configurations of the water balafi¢esecoefficientsare also
within the expected rangwith a low infiltration due toclayed mineralgilling of the porosityin small
tank conditionsor in case of largéank conditions a low infiltration due to the limited underground
storage availability Runoff area was fixed at the size of the tank for small arBasing these
periods, runoff is limited to the runoff within the direct catchment while for larger flooded @rea
which correspond to high flow periods, the runoff area is lard@e to the formation of overland
flow and the setting of ephemeral streameaching the tank This is in agreement with field
observations following the major raining event of 2013 during which some runoff was coming from
outside the area though sma#iphemeralstreams. Moreover, when a large area of the tank is
flooded, theother surrounding pounds are also floodealerflowand runoff is hence expected to be

larger than during dryer conditions.
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Three major discrepancies are observable between the measured water levels and the computed
water levels(Figure 5a) The computedvater levels start rising before the observed water levels for
both periods. This difference may lwhie to the clayed nature of the soil and climate. Indeed,
following the dry periodthe soil presentdarge desiccation slots, whicillow temporarily rapid
infiltration. Following this infiltration swelling of the clay seal the slot and the infiltration rate
drastically decrease. This element is not taken in account in the model. However, this phenomenon
representsa limited volume and hence is not significarggarding the global water balance
computation.Secondlythe step by the end of the year 2013 is due to a misfunction of the sensor.
Thirdy, the plateau observean the highestvater levelss explained by the fact that the water level

had reached the top of the embankment and induced overflow, wliolts the maximum water

level. This feature is not represented in the model. Hemader levels are allowed to rise above this

limit and do not Bow a plateau.

Water balance simulation

Since the fitting on the period 2012014 is onsidered acceptablen both tank areasand water
levels the water balancevascomputed for the period 200Q@014. Obtained volumes are providad
Figure6. The computdon underlinesa large varihility in storage capacityver this period with
maximum tank volume ranging frotto 200000 m3. To assess the relevance of this water budget
the volumeswere transformedinto areasand compare with LANDSATeasurements(Figure?)
using the Eq5 & 6 relationship. Correlatiom between the computed surfaces and the LANDSAT
estimates are provided ifrigure 8. The comparison between computed surfaces and LANDSAT
estimates are rather good with a N®EO0.9 for the reference case (black line on figurewi)hout
further parameter adjustmentsMinimum and maximunresults of the computations within the
range of parameters given in table 1 are presented in shaded grey for uncertainty evaluation. Despite
uncertanties on the pararaters the produced water balance shows limited variability except for

three periods (2003; 2006; 2010). The relatively strong variations during theses periods comes from a
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threshold effect relatedo the change of the effective drainage area changing from local runoff to
large runoff. However, the LANDSAT d&@& $00m? in 2003 andwo points at0 n? in 2007) helps
selecting the best solution since only few parameters allow fitting these events. This selection was
not possible using only the 202013 data. Using this LANDSAT information, the range of acceptable
parameters can be reduced t€N: 7879; g: 3.7 mm to 5 MM; sRail tank 140000- 150000 n¥; Aarge

ank. 1200000 to 1500000 nt; Table iLast columh The main tank dynamics seems well captured

by the water balance computation.

Fluctuationsof stored volumeare largefrom one year to the axt. Due to the specific shape of the
tank, temporal variatiors of volumes are larger than the area variations, hence very high
differentiation can be done between rainy and dry yeakdaximum stored volume for each
hydrological year is reported in TableThe estimated maximum volume after monsoon (August to
November) showa very highvariability rangindrom 8 600m? to 200000 m3. Expressed againste
maximumvolume estimatedit represent a variation of the tank filifgom 4.2 to 100 % illustrating

the variability of precipitation amounts from year to year. Duriing six years of large volume stored
(>50000 n¥) the water level rise is occurring each time witlirfew days (8) showing dependence

to extreme eventsof the tank filling in comparison to continuous refidirall along the monsoon

period.

Yearly budgets are dressed in Fig@rand table 2with estimated percolated volume&valuation of

the percentage of evaporatioand infiltration cannot be accuratelgalculatedat a daily time step

with such a model due to the assumption of a constant percolation rate and a rough evaluation of
the PET However, calculated onyaearlybasis when the tank is floodete percentage ofnfiltration

volume rangefrom 43% to59%% with a median of 52%This is in agreement with other stied as

(Mehta and Jain, 1997: 57%; Perrin et al., 2009: 56%; Singh et al., 2004: 63%) and gives confidence on

the geneal results of the water balance.
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This yearly budgetshows tha direct rainfall in the tankemairs limited and is consistently lower
than the evaporation. The main control of the tanks filling is the run@ffer the studiedberiod, 6
extreme raining events>60000 n¥) contribute to most of the tank filling. The last documented event

in the time series (2013) caus&dgefloodsin the nearbyHyderabad city.

Runoff days and dry days are presented figl@eOn averagel8.5days of runoff per year occurs
with a maximum of29 daysin 2010 and a minimum af0 daysin 2011 (2014 was not taken in
account asthe year was not completan the datase}. However, the runoff intensity can vary
significantly. Number of dayser yearwhere the tank is dry can also vary significaflgm O to 173
days) Despite some important water collection on the period 2014 period,only 2 years saw the
tank filled continuoushduring the whole yeafonly 2 day dry in2006. On 7years over the time
series(50% of the time)the tankwasdry for more than 3 monthsKigure1l0 and table 2. This

highlighsthe limitation of the use of the tanfor a multi-year management.

Discussion

Long-term management of RWH tanks

Thedevelopedmethodology of reconstructing detailed tank filling history from water balance proves
to be reliable thanks to the validation of the results through remote sensing informafiba.
detailed water budgeting at a daily time step a 14 years period is unique and is a newalae
information for the understanding of the RWH tanks hydrolofjyis detailed water budgedllows
discussinghe interest and limits of such tanks on a long peri@spite the fact that stored volumes
vary widely from year to yeagn important result is that the tank becomes fully depletedioy end

of almost each hydrological yeawith, for 7 years over 13, compktdrying other 3 monthsThe
limited replenishment of the Tumulur tank over the periagree with the water occurrence maps of

Pekel et al., (2016) for this tank on the period 12820 fttps://global-surface

water.appspot.com/majp This point is obviously dependenf the tank size. However, this tank size
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is very common in south Indi&his highlights thasuch a tank camardly be used for multiyear
management and counteractsonsecutivedrought yeas. Similar droughts are observed on the

nearby tanisin the watershedFigure 1)

Even if impact of climate change is locally uncertdia population growth in Southern India make

the water demand and the groundwater dependence increasifige long time series produced in

this study, which can qualitatively be transposed to numerous tanks in south, Bithavs that
rainwater harvesting tanks can locally improvater supplysituationon a yearly basis (2 years max)

but not on the long term. It should be kept in mind that this runoff collection may also havecimpa

for downstream usersRWH tanksincrease locally and temporarily water availabiléphancing
irrigation solution for nearby userslowever these tankshould not be perceived asstandalone
solutionand must be completed with water demand managememteduce farmer and population
vulnerability to droughtsThis is especially true in crystalline aquifers where limited underground
storage(Boisson et al., 2015; Chilton and Foster., 1995; Dewandel et al., 2006; Fishman et al., 2011;
Guihéneuf et al., 204) do not allow storage of large volureen long term Comparaison of the tank
dynamics with continuous piezometric water leyeist connected to the tankon the same period
shows that aquifer is as well almogtarly depleted and yearly recharged (Figur¢. 1The regular

drying of the tank and groundwater level depletion for consecutive years, as shown Figylace
farmers in a risky situation forcing them to a perpetual adaptation to climate variabilitprig et

al., 2012; Ferrant et al., 2014; Shah, 2012) with dramatic consequences in case of important droughts
(Maréchal 2010; Merriott, 2016). Under those conditions, the use of this tank may enhance crop

production for some years but cannot counterachsecutive drought years.

Hence, current massive and expensive projects like Kakatiya mission (rejuvenating more @an 45
tanks over the Telangana stat®py have limited impact in thiecal contextWhile renovation of the
tanks and other rainwater haresting structures can improve efficiency for underground storage,

they will not, in most of the casemodify the filling processes and hence the strong dependency of

dAreal) ajqeslidde ayy Ag paulanob ale sajonte YO ‘asn Jo sajnJ 1oy Areiqi] auluQ As|Im UO (SUOIIPUOI-pUB-SWIBY/WO0D A3IM Arelqiiduljuo//:sdny) SUoOpUOD pue swia] ayl 93s [2202/TT/60] Uo Areiqi auluQ As|IM ‘@oueld auelyd0) Aq 6G/ 1T dAU/Z00T 0T/I0p/wod Aam Arelqiiauljuo//:sdny woly papeojumod ‘el ‘S80T660T



Long term monitoring of rainwater harvesting tanks

the system to extremeor consecutivedrought events. The large programs of percolation on
numerous structures and the cost of them at the scale of India make the present study socially and

economically sound.

Methodological improvement

The methods and concepts developed in this paper are relatively simple. However it provides, by the
conjoint use of direct and precise field data with remote sensing over a long period of time, a clear
enhancement of understanding the impact of RWH and M&Rctures. Indeed, although various
studies address this issue through remote sensing and GIS (Arshad et al., 2020; Pekel et al,2016;
Rahman et al., 2012; Sallwey et al., 2018; Senthilkumar et al., 2019; Yeh et al., 2016) a clear lack of
field data exis$ for an accurate assessment, as deplored by numerous authors. To our knowledge, no

studies use both methods for assessment on such-Scade.

The present approach is developed on a single tank, however the methodology can be applicable to
other tanks assoon as bathymetry and meteorological data are available. The recent improvements
on waterbodies detection (PefAauque et al.2021) and tankvolume estimationPascal et al., 2021;
Vanthof & Kelly, 2019jrom remote sensingising Sentinel 1&and TanDEMEX DEM provides larges
opportunitiesto obtain the needed data. However, treatellites measurementsstill lack temporal
resolution for complete assessment of water resources tlean be obtaied using the proposed

water bdance approachSuch coupling ahethodologesgivesgreat opportunitesfor regional scale
estimates of water availability related to these structures. This methodological coupling can provide

effective information to feed models for an integrated water resource management.

As shown byhe sensitivity analysis, the use of such methodolayylong term time seriesnstead
of 2 years monitoringan be efficiento precise the range of calibratiqggarameters. From the 2012
2013 datathe range was rather large and may produce variablelte$or the 20002012 period as

seen on Figure 7 LANDSAT data provide additional calibration points, reducing the range of
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calibration parameters and enhancing the results accuracy. This upgrade allows better reproduction

the tank hydrodynamicThisisa direct improvement for further detailed modelling or prediction.

Results accuracy

With only 4 fitting parameters (CN, Percolation rate, Runoff effectiea for a small and large tank)
the model provide a good fit of the available data over a period4dfears. The simplicity of the
model and its consistency over a -fdars period, give confidence in the model and limit

uncertainties about accuracy of the fitting parameters and their constancy in time.

Since each parameters are not directly measunaaiertainties remain. However, CN and runoff
surface counteract each other’s, meaning that different sets of parameters may lead to the same
data fitting. Since no measurements allow constraint on those elemeiisolute values are not
certain. However, whatever the set of parameters chosen, if the data are well fitted the volume of
runoff remains almost constant. The range of acceptable parameter estimated from the sensitivity
test shows to be limited. Hence, éhconfidence on the runoff calculation, which is the main

objective, seems sufficient to further discuss the differences between years.

The percolation rate and the PET also counteract each other’s. Both being a length in the formulation
used, those vales are constrained by the decay rate of the water level measured during dry period.
However, no independent direct measurements are available. PET is very complex to accurately
measure in semarid climates due to strong spatial and temporal variabilitymerous influencing
factors (e.g: wind, thermal inertia, temperature at the wiater interface...) andliscrepancies
between estimation methods (Alazard et al., 2015b ; Van Meter et al., 2016). Since the data
availability is scarce, the PET estimate is lienéed to the classical evaporation pan measurement
and coefficient. Uncertainty on this parameter is hence reported on the percolation rate (q). The
comparisons between the measured and estimated water levels from the water balance provide
good confidewe on the estimate despite the fact that relative influence is prone to some

uncertainties. The area allowing the shift between one water balance to the other is fixed by the
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tanks size. Its use would have been critical aiming at understanding tankftilictipning. However,
since the main point of interest in this case is the tank relative dynamic, which is compared and fitted
to field data of different types (water level and flooded area from local and satellite measurement)

this parameter formulationnor value, has consequences.

The temporal constancy for the parameters such as surface runoff, percolation coefficient and CN
number can also be questioned. On a 14 year’s duration scale those parameters are unlikely
constant. Runoff area and CN are atédl for example by infrastructures construction, variation of
land use, soil moisture, previous raining events... However the data fitting quality with only two
parameters on this time scale assumed that changes in landuse are relatively minimal. &&is agr
with field observation since the watershed is monitored since 2000 (Maréchal et al., 2004).
However, LANDSAT data on the period 20001 seems leswellreproduced than the later years.

This may come from an unidentified modification in the area ¢érast. Percolation coefficient,
which may vary depending on the soil type, soil moisture, depth of the saturated zone, clogging at
the tanks bed is likely to vary in time and space. However the good 14 years fitting of the flooded

area variation as well as the water levels makes this assumption acceptable.

Hence, despite the uncertainty on individual parameters, if we consider the data fitting (Figure
acceptable, the relative variations of the tank filling can be discussed. The objective of this study
being assessing the lorigrm general variation of such tanks in crystalline aquifers rather than the
definition of an accurate water balance for the Tumulur tank itself the methodology and results are

appropriate.

This approach captures the main trendtbe stored water volume fluctuation. This approximation is

acceptable since the aim was to evaluate the kewn dynamics. Moreover, detailed tank water

volume fluctuation as already been performed previously (Alazard et al., 2015a; Boisson et al., 2014).

Finally, the tank area varies sharply to large extend (from 0 td0847) as well as the tank volume

(0 to 195000 n¥). Hence, differentiation between important and poor storage years becomes
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straightforward.The sensitivity analysis on the 202@13 period shovs that the range of parametear

fitting the data is limited. Remote sensing data allow further redutiiegrange of these parameters.
Estimates of dry days range from 84 to 107 d/y within the selected parameters (85 for the reference
case). Rundfdays range from 17 to 18.5 days per ydaB.5 for the reference casemean
replenishment percentage of the tank from 26 to 28.5 % ¥2®r the reference case); the ratio of
infiltration range from 50 to 59% (50% in the reference case). Those smgésrahow limited
uncertainties on the presented results. Such dynamics is comparable to other tanks in the country or
elsewhere. The strong variations in levels and volumes observed between the years 2012 and 2013
are similar to the variations observed in other studies for the country (e.g Massuel et al.,d2014)
other tanks in the watershed (Figure 1). These comparisons give confidence on the

representativeness of the Tumulur tank to provide general trend.

This methodology also presents the advantage of being cheap, since the LANDSAT data are free, the
GPS treking can nowadays be made through a smartphone and the pressure sensor can be replaced

by a direct reading on a scale.

Conclusions

This study documestthe replenishment and drying dynamic$ a typical south Indian rainwater
harvestingtank over a periodof 14 yearsThe detailed water budgeting at a daily time scale on such
long period is unique and is a new vdila information for the understanding of the RWH tanks
hydrology.This provids information on the longerm temporal dynamis of this type of structure
whichis usually poorly documented in the literaturEhislongterm assessment of a representative
water storage tankor percolation tank showsa strong dependence to extreme raining events and
an extreme variability of its stage capacity due to a strong variability of the monsamoidl major
storm occurrence The tankcan be largely filled during rainy years whilgsitable to store only a
limited water volume during monsoaenwith low rainfallor if no extreme event oces. Tis long-

term monitoring also highliglstthat, whatever the yearly monsoon intensityre tank isdepleted by
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the end of thehydrologicalyearexcept after 2 extreme events over a period of 14 yeard is dry 3
months a year half of thgears Hence, whi¢ the tank can be used to store large volume of waier
rainy yearsit remains avery shortterm option with no or limited multi-years managemenand
hence have limited impact on poor monsoon years. This apparent efficiency should also be
confronted to its impact for downstream users undearglobal assessmentFinally, the very low
infiltration rate estimated thanks to this analysis questions the efficiency oh s scheme for

managed aquifer recharge, a large volume of water being loss by evaporation.

Such analysis can be performed everywhere to assess thetdomgimpact of such tardkand
requess a limited financialinvestment since LANDSATata surface wate are freely availableln
addition, most recent missions Sentinel offers improved spatial resolutiomgtérs rather than 30)
and revisit frequency: 5 to 12 days for respectivelgtical multispectral data Sentin@l-and radar
data Sentinell. True bathymetries from very higiesolutiondigital elevation model are also a way
to generalize this modeling approach at regional s¢Blgscal et al., 2021fomparison with other
similar schemesshow the representativeness of the approach and may hhelfhe assessment of

larger programs of MAR around the country and abroad.
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Figure Caption
Figure 1: Location and study site presentation.

Figure 2: Water balance components. The figure represent two water levels conditions: (1)
continuous line is low water level; (2) dashed line is the high water level. The water level has a strong
influence on the water balance computation due to its dependence to Atank. Continuous and

dashed lines on each component highlight the impact of the change of Atank.

Figure 3 : Masurements: (a) Evolution of water levels in the tank versus rainfall; b) maximum water
extent in tank are after the 2012 monsoon and 08/08/2012, dark red and 2013 monsoon
(30/10/2013, light red).

Figure 4 : Water levels (based on direct measurementsusestimated volume (based on
bathymetry and tank area computation) relationship

Figure 5 : [A] Comparison of measured water level and simulated from water balance computation;
[B] Comparison of measured and simulated surface from water balance computaijomeasured
and simulated surface

Figure 6 : Volume stored in the tank from the computed water balance. Colored dots are the
estimates from GIS computation

Figure 7 : Tank area evolution estimated through computed water balance, remote sensing data and
GPS tracking. Shaded grey represent the uncertainty related to the parameters of the table 1

Figure 8 : Comparison of tank surface obtained from LANDSAT measurements and from the
computed mass balance

Figure 9 : Yearly evaluation of the different comporseot the water balance
Figure 10 : Number of runoff days and dry days per year estimated from the computation

Figure 11: Lontgerm water level in the IFP9 Borehole in the Maheshwaram watershed, near the
Tumlur RWH tank and estimated percolated volume from the tank. Gray area represent piezometric
sensor misfunction due to flooding

Table Caption

Table 1 : Fitting parameters for the mass balance. Column 1: Parameter selected for the reference
case; Column 2: Range of fitting parameters from the period 2012; Column 3: Range of fitting
parameter allowing the reproduction of the observation on years 2003 2007 (Figure 7)

Table 2 : Yearly cumulative rainfall, maximum tank volume in m3 of the maximum filling during
monsoon (August to November). % is expresagainst the volume observed the 30/10/2013
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Parameter

Reference case

Range from
calibration on the
20122014 period

Range from
calibration on the
20002014 period

using LANDSAT datg

CN (CN Numbet]] 79 77-80 78-79
Q (percolation 3.7 3-5 3.7-5
coefficient [mm])
a (effective runoff 150 000 120000- 180 000 140000-150 000
area for small tank
condition [n¥])
1400 000 1 200000-1 800 000| 1200000- 1500000

a (effective runoff
area for small tank
condition [n¥])




Direct Volume
Year Rainfall | Runoff (m3) Evaporation Infiltration | maximum | Replenishmen{ Runoff days Dry Days
(m3) (m3) (m3) (m3) (%) (days) (days)
2000 8633 15053 14240 15246 10876 5.2 11 46
2001 15101 58233 23165 26918 62988 30.4 15 143
2002 7422 12316 23059 19879 24160 11.6 13 44
2003 30976 92888 38409 46881 77672 37.4 22 123
2004 7427 13227 33405 25873 38209 18.4 14 32
2005 32406 100084 28831 39254 107332 51.7 28 173
2006 13942 15372 54157 39561 63761 30.7 18 2
2007 8634 13821 12426 10019 8643 4.2 22 96
2008 20028 53239 29305 32688 40041 19.3 22 68
2009 27717 99586 41558 44804 89541 43.2 17 61
2010 25405 26921 47481 46950 51725 24.9 29 0
2011 4282 4529 9288 9642 9932 4.8 10 127
2012 11721 16641 13480 14701 13037 6.3 13 134
2013 46878 189846 46812 55380 207497 100 26 132
2014 0 0 58997 40180 133750 64.5 0 0
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