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Abstract

Recently, there has been renewed interest in the performance and functionality of traditional small-scale storage interventions
(check dams, farm bunds and tanks) used across India for the improvement of local water security. The Central Groundwa-
ter Board of India is encouraging the construction of such interventions for the alleviation of water scarcity. It is of critical
importance to understand the hydrological effect of these interventions at basin scales to maximise their effectiveness. The
quantification of small-scale interventions in hydrological modelling is often neglected, especially in large-scale modelling exer-
cises. A bespoke version of the GWAVA model was developed to assess the impact of interventions on the water balance of the
Cauvery Basin and two smaller sub-catchments. Model results demonstrate that farm bunds appear to have a negligible effect
on the estimated average annual streamflow at the outlets of the two sub-catchments and the basin whereas tanks and check
dams have a more significant effect. Interventions generally were found to increase evaporation losses across the catchment.
The model adaption used in this study provides a step-change in the conceptualisation and quantification of the consequences

of small-scale storage interventions in large- or basin-scale hydrological models.
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Abstract: Recently, there has been renewed interest in the performance, functionality, and sus-
tainability of traditional small-scale storage interventions (check dams, farm bunds and tanks) used
across India for the improvement of local water security. The Central Groundwater Board of India
is encouraging the construction of such interventions for the alleviation of water scarcity. It is of
critical importance to understand the hydrological effect of these interventions at basin scales to
maximise their effectiveness. The quantification of small-scale interventions in hydrological mod-
elling is often neglected, especially in large-scale modelling exercises. A bespoke version of the
GWAVA model was developed to assess the impact of interventions on the water balance of the
Cauvery Basin and two smaller sub-catchments. Model results demonstrate that farm bunds ap-
pear to have a negligible effect on the estimated average annual simulated streamflow at the outlets
of the two sub-catchments and the basin whereas tanks and check dams have a more significant
effect. Interventions generally were found to increase evaporation losses across the catchment. The
model adaption used in this study provides a step-change in the conceptualisation and quantifica-
tion of the consequences of small-scale storage interventions in large- or basin-scale hydrological
models.

Keywords: semi-arid hydrology, small-scale storage, checkdams, tanks, farm bunds, Cauvery,
GWAVA

1. Introduction

Water resources management is becoming increasingly challenging [1] with rapid
population growth [2], a changing climate [3] and increasing competition over limited
natural resources [4]. For centuries, local communities and municipalities have altered
the landscape and built informal structures to increase local water security. In semi-arid
regions of the world, people have relied on large-scale infrastructures, such as dams and
water transfer schemes, and small-scale infrastructures, such as check dams, farm bunds
and tanks, to provide and store water for urban and rural use.

In India, the shortfall in renewable water resources to meet the increasing demand
has resulted in aggressive abstraction of the deep groundwater stores and the construc-
tion of small surface-water storage structures [5]. The Government of India and State
governments have actively encouraged the construction of interventions, such as check
dams, farm bunds and tanks, as the primary policy response for alleviating water scar-
city [6]. There are now millions of such structures across India [7] and, recently, there has
been renewed interest in their effectiveness for improving local water security. It is of
critical importance to understand the hydrological effect of these interventions at the
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local- and basin-scale to inform sustainable water resource management.

Interventions are generally constructed, within rural and urban settings, to assist in
the replenishment and maintenance of local groundwater resources [8]. The most prolific
types of interventions in Southern India are check dams, farm bunds and tanks [9]. There
is limited knowledge of the hydrological dynamics and performance of interventions [10]
and little research has been undertaken to quantify the hydrological effects of interven-
tions at a basin-scale [11]. Some studies have modelled the local impact of interventions
on streamflow with different perspectives, including: the impact on the water balance
[10]; as a possible use to treat wastewater [12]; and the impact on river flows in headwa-
ter catchments [13;14]. Additionally, many studies have focussed on the effects of inter-
ventions on sediment transport and local groundwater level [15-23]. The upscaling of
small-scale storage interventions is of high interest because it is becoming increasing
popular for water resource management and planning approaches to focus on the basin
as an entity [24]. A basin-wide approach is important in semi-arid regions and particu-
larly important in closed and closing basins, where water is a scarce commodity and up-
stream interventions directly affects downstream water availability [24].

There are concerns regarding the effects and functionality of interventions in Pen-
insular India. The underlying fissured hard-rock geology of Peninsular India differs from
the alluvial deposits Northern India, where most previous studies have been undertaken.
Fissured hard-rock has a medium to low permeability and contain aquifers with modest
water resources compared to porous, karst and volcanic aquifers. The Cauvery Basin was
chosen to be representative of many other basins in Peninsular India. These basins are
under pressures of urbanisation, population growth and agriculture intensification. The
Cauvery is additionally a contentious river with concern over sharing of water between
Karnataka and Tamil Nadu [25]. With water resources in the Cauvery Basin under severe
stress and the abundance of small-scale interventions, it is important to understand the
effect of interventions on the spatial and temporal hydrological patterns [11]. There are
constraints and uncertainty identified in the current modelling of interventions at the
basin scale:

. The hydrological functioning of each type of intervention is uncertain.

. Proxy values and parameter adjustments have been utilised in an attempt to
quantify the functioning of interventions.

. Data on the location and characteristics of interventions are scarce, and not
well documented when available.

The impacts of such changes and interventions on local hydrological processes, such
as streamflow, groundwater recharge and evapotranspiration, are poorly understood,
and knowledge of how these diverse local changes cumulatively affect water availability
at the broader basin-scale is very limited.

Over recent decades, the hydrological functioning of the Cauvery Basin has been
altered by drivers including urbanisation, land use change, increased groundwater use,
and the proliferation of small-scale surface water storage interventions [26]. The Cauvery
Basin is predominantly situated in the federal states of Karnataka and Tamil Nadu, alt-
hough it crosses into Kerala and Puducherry [27]. The basin is highly water-stressed [28]
and the current water use exceeds the renewable water resources within the basin [29].
All the water resources, associated with a “normal” rainfall year, are currently allocated
by tribunal [25] and surface water flows only reach the Bay of Bengal in years of strong
monsoons [30]. The agricultural activities across the basin require 90% of the total water
resources [31]. However, rapidly developing urban and industrial centres are creating
increased inter-sectorial and inter-state competition for limited renewable resources [32].
The four states have different water policies, traditional water harvesting techniques,
water use prioritisation and value associated with the natural environment. A common
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technique throughout the four states is the use of small-scale storage structures to assist 96
in the alleviation of local water stress in non-monsoon periods [33]. 97

Several hydrological modelling exercises have already been carried out in the Cau- 98
very Basin or sub-catchments thereof. Remote sensing methods [34], an ANN model [34] 99
and the SWAT model [35] have been utilised in various sub-catchments of the Cauvery. 100
At a basin scale, SWAT [36-39], SCS-CN [40;41] and VIC-MHM [42] have been used to 101
simulate streamflow. However, none of these previous studies are understood to have 102
considered the inclusion of small-scale interventions. 103

The Global Water Availability Assessment Tool (GWAVA) is a large-scale gridded 104
water resources model developed by the UK Centre for Ecology & Hydrology. The model 105
is a gridded, semi-distributed, conceptual water resources model [43]. The model incor- 106
porates natural processes (soils, land use, lakes, etc) and anthropogenic influences (crops, 107
domestic and industrial demands, reservoir operations, transfers, etc). GWAVA esti- 108
mates local runoff from each cell using a lumped conceptual probability distribution 109
model (PDM) [44]. The PDM requires a limited set of parameters and the model config- 110
uration has three components namely, the probability- distributed soil moisture storage, 111
the surface storage and the groundwater storage. GWAVA utilises a combination of 112
landuse and soil types. There are four land use options (trees, shrubs, grass and bare soil) 113
and seven soil type classifications (ranging from sand to organic). The soil moisture 114
characteristics for each combination are defined by rooting depths, wilting points, field 115
capacities and saturation capacities. The evaporation is estimated using the FAO-56 116
Hargreaves equation from both the natural vegetation and agricultural crops whilst the 117
effective precipitation is determined using a two-parameter exponential equation as de- 118
scribed by [45]. The soil moisture and direct runoff is calculated separately for each land 119
use type and then summed to obtain a total direct runoff for each grid cell. The total di- 120
rect runoff is then routed through any existing engineering structures within the grid cell 121
using the Muskingum equation and the user defined reservoir outflow or transfer pa- 122
rameters. This is followed by a demand driven routine to account for the anthropogenic 123
stresses on the system. GWAVA accounts for water demands from the domestic (urban 124
and rural), industrial and agricultural sectors. Domestic, industrial and livestock de- 125
mands are user defined and temporally static but spatially dynamic. Irrigation demand is 126
temporally and spatially dynamic and is estimated using a user-defined crop type and 127
planting month [43]. 128

The use of the GWAVA model in the Cauvery Basin provides the opportunity to 129
investigate the effect of interventions on basin scale hydrology by introducing check 130
dams, farm bunds and tanks into the model structure. To investigate the effect of the in- 131
terventions on the hydrology of the Cauvery Basin, a bespoke version of the GWAVA 132
model (GWAVA-GW) was developed. In GWAVA-GW, the groundwater module was 133
modified to better capture groundwater levels. The interventions were conceptualised 134
within the model structure using local knowledge, observed data and adaptations of ex- 135
isting reservoir representations. The effect of interventions on the hydrological regime 136
and water balance of the entire Cauvery Basin were studied, as well as a more in-depth 137

analysis of two relatively small sub-catchments contained within the basin. 138
139

2. Materials and Methods 140

The GWAVA model was used to understand the hydrological functioning and im- 141
pacts of interventions on the water balance of the Cauvery Basin. 142
143

2.1 Site Description 144

The Cauvery River basin is the fourth-largest basin in Peninsular India: it drains an 145
area of 81 155 km? [46]. The Cauvery originates in the Western Ghats at Talakaveri in the 146
Kodagu district of Karnataka and the head waters of the basin form in the Nilgiri and 147
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Anaimalai mountains. The main river channel flows south-easterly through the states of
Karnataka and Tamil Nadu to outflow at the Bay of Bengal [47].

The Cauvery Basin is subjected to a large degree of heterogeneity not only in to-
pography and land use but also in climate and economic development [48]. The land-
scape is semi-arid with the majority of the basin’s water coming from the south-western
monsoon in the summer months. The basin experiences distinct intra-annual seasons
namely, South-Western (SW) monsoon in AM]J, the North-Eastern (NE) monsoon in OND
and post-monsoon conditions from JEM. The upper catchment receives rainfall from both
the SW and NE monsoons, whereas the lower catchment only receives rainfall from the
NE monsoon. The mean annual rainfall varies from 6000 mm in the upper reaches to 300
mm on the eastern boundary [49]. The mean daily temperatures vary between 9°C and
25°C throughout the catchment [26]. The Western Ghats form a rain-shadow along the
western coastline decreasing the precipitation gradient during the SW monsoon [50].

The basin is highly anthropogenically influenced. The land use of the basin com-
prises of 48% agriculture, 22% non-arable land, 19% forest and 9% urban [26]. Natural
forests are under great stress due to increasing demand for the forest products and
competition over land use. Across the basin, approximately 60% of the total population
rely on agriculture [26]. The most common crops grown in the catchment are sugarcane,
finger millet, sorghum, groundnut and paddy (rice). Paddy and sugarcane are found
predominantly in the canal command areas and delta regions and have high dependence
on the Cauvery flow. The urban areas within the basin have expanded by over 35% over
the last decade, and, are expected to continue to increase with the expanse of industry
[51]. Currently, there are over a hundred impounding reservoirs and approximately
twenty major water transfer schemes within the basin (Water Resource Information Sys-
tem- India). There are millions of small-scale interventions throughout the rural and ur-
ban regions of the basin.

Model-simulated streamflow, total evaporation, water table level and baseflow were
investigated at two sub-catchment outlets and the basin outlet (Figure 1) to determine the
effects of the interventions on the availability of simulated streamflow and the catchment
water balance. The two sub-catchments were selected based on similar density of inter-
ventions but differing underlying geology. The baseflow component (groundwater
flowing into the river channel from the aquifer) between the two sub-catchments dif-
fered. (Table 1). One sub-catchment is located in Karnataka and the other in Tamil Nadu
(Figure 1).

Table 1. The mean annual precipitation (MAP), catchment area (Area), the flow characteristics, the
period of no observed streamflow in main channel (Troflow-days of no streamflow) and underlying
geology of two sub-catchments used in this study.

5 Sub- MAP (mm) Area(km? Rainfall period Flow character- Period of no streamflow in
catchment istics main channel (days per
I8Aumber year)

. S1 864 2660 March - January Non- Perennial 30 < Thoflow < 60
S2

3 867 3120 March- January Perennial 0 < Tnoflow < 3
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Figure 1. Inset: the location of the Cauvery Catchment within India; main map shows 190
locations of the 14 calibration gauges (a- m and O, Table 1C) with the calibration per- 191
formance (KGE), the outlets of the two selected sub-catchments (S1 and S2), KRS (K), 192
Bhavangasager (B) and Mettur (M) reservoirs and basin outlet at Musiri (O). 193
194
2.2 Model Development 195

For this study, two major model developments were undertaken. The first the in- 196
clusion of a demand driven groundwater routine and secondly the inclusion of small 197

scale interventions. 198
199
3.1.1. Groundwater Routine 200

An improved new groundwater module with additional groundwater processes 201
were added to GWAVA to necessitate the full coupling of the water abstractions. The 202
improved groundwater representation is a modified rendition of the AMBHASID model 203
[52]. The groundwater store for each grid cell comprises of a layered aquifer. The 204
number of layers and the depth of each layer is flexible, and the values for specific yield 205
for each layer are user-defined according to the local hydrogeology. The store is re- 206
charged from the soil moisture, lakes and reservoirs, leaking water supply infrastructure 207
and artificial recharge structures. The recharge to the aquifer from large water bodies is 208
assumed to be at a constant rate specific to each water body whilst the recharge from 209
water supply infrastructure is determined by the user- defined recharge fraction of the 210
conveyance loss. The percentage conveyance loss from total demand is set by the user 211
and varies between urban and rural water demands to reflect the different infrastruc- 212
tures. The groundwater store is routed as baseflow using a routing coefficient and a us- 213
er-defined level of groundwater storage below which there is no baseflow. The ground- 214
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water store is converted to an aquifer level (meters below ground level) by dividing by 215
the specific yield. Water can be directly abstracted from the groundwater store down to 216
the user-defined maximum depth of the aquifer. One limitation of this representation is 217
the lack of lateral flow between groundwater stores. It was decided that neglecting lateral ~ 218
flow was an acceptable approximation given the scale of the model. 219

2.1.2. Conceptualisation of Interventions 220

The typical characteristics and functioning of each small-scale structure were de- 221
termined to conceptually represent them in the GWAVA model. Due to the abundance of 222
these small structures throughout the basin, the lack of spatially explicit data and the grid 223
resolution of GWAVA, it was deemed impossible to simulate the effect of each single 224
structure. Instead, each type of intervention was aggregated for every 0.125° cell to form 225
a single composite tank, check dam and farm bund within the cell. For this aggregationto 226
be possible, the surface area of each intervention in a cell was required to estimate the 227
total storage capacity for each type of intervention in that cell. The check dams utilised 228
trapezoidal scaling whilst the tanks and farm bunds utilised cuboidal scaling to deter- 229
mine the storage capacity. 230

As a result of the structures, the increased open water surface area increases evap- 231
oration losses within a grid cell. A constant open water evaporation (OWE) factor was 232
applied to all the interventions. The monthly average OWE was estimated from the 233
evaporation-control-in-reservoirs documentation [53]. 234

. Urban and Rural Tanks 235

Tanks are small-medium (<34 ha) decentralised means of harvesting runoff, partic- 236
ularly during the monsoon season [54]. These typically are constructed using a shallow 237
dam across a river channel and are unlined [14]. Tanks provide small-scale storage of 238
rainfall and streamflow, control flood waters and increase recharge to groundwater in 239
the immediate area [55]. Rural tank storage is seasonal [56] and in many semi-arid re- 240
gions, tanks provide the only means to store rainwater and streamflow for irrigation [57]. 241
Urban tanks are fundamental to city drainage systems [14] used for the collection and 242
recycling of wastewater. 243

For their conceptualisation within GWAVA, both urban and rural tanks were as- 244
sumed they have an inflow component comprising of daily rainfall, wastewater and 245
streamflow within the cell, with spill contributing to the outflow (Figure 2a). Further- 246
more, these tanks generally are unlined in order to help groundwater recharge locally. 247
Thus, a leakage rate of 13 mm d! [58} and 6 mm d-! [59] was added for the rural and urban 248
tanks respectively. The recharge from tanks is relatively low as these structures tend to be 249
highly silted and infiltration is limited through the fine particles lining the bottom. The 250
recharge from rural tanks was higher than from urban tanks under the assumption that 251
tanks in rural areas were constructed more recently and, if they are dredged, they are 252
dredged more regularly. In the absence of detailed tank bathymetry data, it was assumed 253
that all tanks are cuboid in shape with a maximum depth of 3 m deep at full capacity, 254
based on work in Eastern India [60]. 255

e  Check Dams 256

Check dams are small water conservation structures (<0.5 ha) built across a stream 257
using concrete, sandbags or logs [18]. These are designed to reduce the velocity of 258
streamflow through the catchment and to retain the floodwaters (monsoonal rainfall in 259
the case of India) [11]. The process of impounding water at a local scale is thought to in- 260
crease the groundwater recharge and soil water potential in the adjoining areas [61]. 261

For the model representation of check dams, it was assumed that daily rainfall, local 262
runoff and streamflow of the cell contribute to the inflow (Figure 2b). The leakage from 263
the bottom of the structure is assumed to be 100 mm d- across all the check dams in the 264
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catchment [62]. The outflows of the check dams comprise of spill. For the purpose of this 265
study and to simplify data collection of thousands of structures, all check dams in the 266
basin are assumed to have the same dimensions and, thus, capacity. The depth is as- 267
sumed to be 1.5 m [58], the top width of the structure equal to 10 m and the channel slope 268
to be 1%. In the absence of data quantifying the number and spatial repartition of check 269
dams in the Cauvery Basin, a surrogate methodology to estimate these alongside with 270
their storage capacity was established. Based on discussions with stakeholders and cited 271
literature [7; 63; 64], it was assumed that an average check dam in the Cauvery Basinisa 272
3D trapezoid with a profile that is 10 m in width at a distance of 70 m upstream of the 273
structure. 274

Thus, the surface area of a check dam was assumed to be fixed at 350 m?for every 275
check dams included in the model. The assumed average surface area was used solely in 276
the determination of the total surface area of check dams within a grid cell: the number of 277
check dams (See Section 2.2.2) within a cell was multiplied by 350 m? to determine the 278
surface area of check dams in each cell. Within the model conceptualisation, the length of 279
the conceptual aggregated check dam was dependent on the surface area. The width and 280
depth remained at 10 m and 1.5 m, but the length was variable. 281

e  Farm Bunds 282

Farm bunding is a traditional in-situ method for soil and water conservation [65]. 283
Bunds are small barriers at the foot slope of agricultural fields, constructed of soil or 284
stone, to increase the time of concentration of precipitation, where it falls, allowing 285
rainwater to percolate into the soil [66]. Bunds are constructed to retard the movement of 286
overland flow and encourage infiltration within the field [67]. 287

Farm bunds are assumed to be filled from daily rainfall and local runoff within the 288
cell. The saturated hydraulic conductivity of the soils [68] in the basin and the high di- 289
urnal temperatures resulted in the water within the farm bunds to infiltrate or evaporate 290
completely within a day. The open water evaporation constant was applied to the surface 291
area of the bunds whilst the infiltration rate differed with regards to soil type. To simu- 292
late groundwater recharge from these structures, a rate relative to the saturated hydraulic = 293
conductivity of the soil [68] of the area is selected. Once the water held in the bund is 294
equal to full capacity, excess water can flow over the structure and into the stream. It was 295
assumed that all bunds are a maximum of 0.3 m deep [69; 70] (Figure 2c). The surface 296
area of the farm bunds area derived in Section 2.2.2. 297

a) b)

Open water evaporation

Surface area = from digitized map

a=sm TANKS

c)

Sorface area o from 1y 035
/ FARM BUNDS I ﬂ

Oversps ]

Recharge

.’
facharge

298

Figure 2. Conceptual diagram of a) tank, b) check dam and c) farm bund adopted in the 299
GWAVA model. 300
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Following the inclusion of the interventions within GWAVA. A sensitivity analysis, in 301
line with that of [62], was performed to assess the effects the number and dimensions of 302
the interventions have on the simulated streamflow. A detailed description of the sce- 303
narios can be found in Table A1 in Appendix A. The scenarios presented, for the purpose 304
of this sensitivity analysis, have been run under natural conditions throughout the 305
catchment to isolate the effects of the dimensions and number of interventions on the 306

streamflow. 307
308
2.2 Model Application 309

For this application of the GWAVA model in the Cauvery Basin, a grid cell 310
resolution of 0.125° was chosen based on data availability for the region. The model 311
version including the improved groundwater module and interventions was uterlised for 312
this study. The model was set up to include the natural vegetation, agricultural areas, 313
urban areas, rural areas, industrial areas, 54 reservoirs, 27 transfers and a significant 314
number of interventions. Five scenarios were considered to analyse the effects of the 315

interventions within the Cauvery Basin: 316
1 All interventions (Tanks, check dams and farm bunds) 317

2 No interventions 318

3 Only tanks 319

4 Only check dams 320

5 Only farm bunds 321

322

3.3 Model Calibration and Validation 323

GWAVA is calibrated against observed streamflow data using the SIMPLEX 324
auto-calibration routine. This routine uses five parameters for calibration: a surface and 325
groundwater routing parameter, a PDM parameter that describes spatial variation in soil ~ 326
moisture capacity, a multiplier to adjust rooting depths and level of groundwater storage 327
below which there is no baseflow. 328

GWAVA was calibrated and validated using observed streamflow gauge data from 329
14 different gauging stations across the basin (Figure 1). The calibration gauges were 330
selected from a set of 28 gauges across the basin based on: completeness of the data, 331
time-period of the data, and size of the subcatchment. The data was deemed sufficient 332
when more than 50% of the data points were identified as ‘observed’ and not ‘calculated” 333
and had at least five consecutive years available from 1980 until 2013. Although, this 334
threshold may appear low, considering a higher proportion of observed to calculated 335
data left an insufficient number of gauges to choose from. Additionally, subcatchments of 336
fewer than four GWAVA grid cells were excluded. The name of each gauging station and 337
the years used for calibration and validation are presented in Table C1 (Appendix C). 338

The automatic calibration was run across the 14 delineated subcatchments- it must 339
be noted that the parameters in the auto- calibration routine only affect the natural 340
components of the system. Due to the observed streamflow being highly influenced by 341
the reservoir outflows, a manual calibration was carried out for gauges downstream of 342
reservoirs, by re-running the autocalibration routine with a range of different reservoir 343

parameters. 344
345
2.4 Data Acquisition 346

Input data were collected from several sources and extracted from global and 347
regional datasets (Table B1 in Appendix B). Data regarding the number and distribution 348
of interventions in the Cauvery Basin are sparse. Extrapolation and estimation methods 349
described in this section were used to provide the necessary surface area data for input 350
into GWAVA. 351

The surface area of the rural and urban tanks were estimated by isolating the ‘tanks’ 352
from the Cauvery Water Bodies dataset (Figure 3). This dataset consists of a shapefile 353
containing all the medium to large waterbodies (rivers, lakes, reservoirs, tanks, wetlands, 354
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etc), in the Cauvery Basin in 2019, derived using remote sensing techniques. The urban 355
tanks were identified as tanks that fell within urban centre boundaries (supplied by the 356
Indian Decadal Census 2011). The tanks outside of these boundaries were assumed to be 357
rural. Check dams and field bunds are too small to be detected by this methodology 358

‘: Cauvery Basin

| Modelling Grid

- Tanks

359

Figure 3. The distribution of tanks [71] within the Cauvery Basin superimposed with the 360
modelling grid of 0.125 degree 361

Data for the farm bunds and check dams (Table 3) were derived from district-wise 362
Structural Investment Report available for Karnataka from 2006 to 2012 (Figure 4 and 363
Figure 5). For each district in Karnataka, the area covered by farm bunds and the number 364
of check dams was calculated from this financial data by dividing the total expenditure 365
for each type of intervention by the expenditure per hectare of bunding and of a check 366
dam. 367

In the absence of data for the state of Tamil Nadu, the data from Karnataka were 368
extrapolated. Plausible relationships between the number of check dams and the area of 369
bunding with soil type, rainfall, slope, population, land type, irrigation type and geology 370
in a district were all investigated. None of these yielded any significance. Meaningful 371
relationships, however, were drawn between the number of check dams and the stream 372
density and the area of bunding and the area of rainfed agriculture. These are described 373
below. 374

Within the districts of Karnataka, a relationship was drawn between the area of farm 375
bunds and the area of rainfed cropland within each district (r2= 0.91, Figure 4). It was 376
assumed that this relationship holds true into the districts of Tamil Nadu because there 377
are no data or evidence to invalidate this assumption. 378

379
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380

The regression (Equation 1) was utilised to estimate the area of farm bunds within 381
each district of Tamil Nadu: 382
A,=3.874.—-212.44 (1) 383

where A is the area covered by bunding (m?) and Ac is the area of rainfed cropland (m?) 384

1600
71200 |
=]
= o
g 800 |
: o ©
Z 400 }
o
o)
0 1 A1 ' e 1 i | L 1
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Figure 4. Graphical correlation between area of farm bunds (hectares) and area of 386
cropland (hectares) in each district in Karnataka. 387

Additionally, a relationship was drawn between the log function of the stream density of 388

each district in Karnataka and the number of check dams (2= 0.93, Figure 5). The stream 389
density is characterised by Equation 2 [72]. 390

Length of streams of all orders

Stream Density (SD) = Z Area of district 2) 391

As with the farm bunds, it is assumed that this relationship holds true into the 392

districts of Tamil Nadu. 393

A regression function (Equation 3) was used to estimate the number of check dams 394
within each district in Tamil Nadu: 395
Log (SD)= 0.0017N_,— 4.33 3) 3%

where SD is the stream density and N is the number of check dams. 397
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Figure 5. Graphical correlation between number of check dams and stream density in
each district in Karnataka

The district-wise data was applied to the modelling grid using a weighing function of the
grid-wise stream density (Figure 6a) and crop area respectively (Figure 6b). Across the
catchment, the surface area of the interventions within each grid cell ranged between 0.02
and 53 km?.
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Figure 6. The distribution of check dams and farm bunds within the Cauvery Catchment
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3. Results 407

3.1 Model Performance 408

The model was automatically calibrated for 14 sub-catchments using daily observed 409
streamflow data downloaded from India Water Resources Information System (India- 410
WRIS, Figure 1). The model performed well in the sub-catchments of the upper reaches 411
but struggled to reliably simulate the flows downstream of the Mettur Dam (Figure 1, 412
Figure 9). Across the basin, the model underestimates the total volume of simulated 413
streamflow. The gridded precipitation data [73] produced by the Indian Meteorological 414
department (IMD) is underestimating the point measured rainfall in the region across the 415
Western Ghats by an excess of 50% (Figure 7). This could be the fundamental explanation 416
for the consistent underestimation of simulated streamflow by GWAVA. 417

Within the model, the reservoir outflow parameters were adjusted within the full 418
range of possible values and combinations to provide the best possible fit to the daily 419
observed outflow data. The temporal signal of the Mettur Dam outflow is noticeable 420
through all the downstream gauges (Urachikottai and Kodumodi) to the catchment 421
outlet (Musiri). Figure 8a illustrates the ability of the model to better capture the temporal 422
trend of the observed streamflow upstream of Mettur. However, the model was unable to 423
capture the intra- and inter-annual reservoir operations from the Mettur Dam, and thus 424
could not fully represent the timing of the observed streamflow at Urachikottai 425
downstream of the dam (Figure 8b). The GWAVA reservoir outflow routine is 426
determined by the user-set parameters as well as the long-term average inflow. The ob- 427
served reservoir outflows appear to be sporadic and have very little correlation to the 428
reservoir inflow and thus the reservoir equation within GWAVA does not represent 429
sporadic outflows well. 430
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Figure 7. The cumulative IMD gauge and gridded rainfall (mm) across Saklesphur and
MH Halli sub catchments (Figure 1) in the headwaters of the Cauvery from 1979 until

2012.
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Figure 8. The model simulated and observed streamflow a) at Bilingudulu gauging sta-
tion (Figure 1- j), upstream of the Mettur Dam and b) Urachikottai gauging station (Fig-
ure 1- k), downstream of the Mettur Dam.

The inclusion of the interventions improves the model performance (presented here as
KGE). During the calibration and validation, the interventions improved the model per-
formance in 9 and 7 sub-catchments respectively, does not affect the calibration or vali-
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dation in 3 and 5 sub-catchments (Table C1 in Appendix C). The lower KGE in the vali- 442
dation period highlight that the better fitting calibration results could have been obtained 443
for the wrong reasons and the model is perhaps not capturing the catchment or reservoir 444
processes correctly. The lack of reliable data pertaining to the Tamil Nadu region and the 445
automatic calibration and conceptual nature of the model could be taking into account 446
processes that are not included in the model structure through the existing model pa- 447
rameterization. Following calibration and validation of the model, streamflow, quick 448
overland flow, sub-surface flow (water flowing to the stream through the soil profile), 449
baseflow (water flowing to the stream from the aquifer), groundwater levels, reservoir 450
storage levels at Mettur Dam and evaporation for five scenarios were simulated. 451

3.2 Sensitivity Analysis of Interventions within GWAVA 452

A sensitivity analysis by altering the density and dimension of the conceptualised inter- 453
ventions within GWAVA. The scenario list of the varying densities and dimension uti- 454
lised in this analysis can be found in Table Al in Appendix A. The results of the con- 455
ceptual tank, check dam and farm bund sensitivity analyses are presented in Figure 1A, 456
1B and 1C respectively in Appendix A. 457

3.2.1 Tanks 458

The Q10 flow is decreased with the increase in the density and the depth of the check 459
dams conceptualised in GWAVA. The Q10 is affected by both the increase in depth and 460
density. The mean decreases when the density of tanks is 25m3/ha whilst the mean sim- 461
ulated streamflow is increased when increasing density of check dams from 75- 200 462
m3/ha. The mean flow is insignificantly affected by the increase in density or depth. The 463
Q90 flow is increased with increasing both the depth and density. As the tanks are deeper 464
than the check dams the evaporative potential from the surface is less and thus the re- 465
charge exceeds the evaporation and is able to contribute to the baseflow. The Q10 flows 466
are reduced due to the structural hinderance within the stream channel. When consid- 467
ering the 25m3/ha density the Q10 is reduced by a greater percentage compared to the 468
increase in Q90 thus resulting in a reduction in the mean flow. 469

3.2.2 Check Dams 470

The Q10 flow is decreased with the increase in the density and the dimensions of the 471
check dams conceptualised in GWAVA. The Q10 is more sensitive to the increase in di- 472
mensions rather than the increase in density. The mean and Q90 simulated streamflow is 473
decrease when the density of tanks is 25m3/ha whilst the mean simulated streamflow is 474
increased when increasing density of check dams from 75- 200 m3/ha. The mean and Q90 475
flow is not highly sensitive to the change in dimensions of the check dams. When the 476
density of conceptualised check dams is less than 25m3/ha the rate of evaporation is 477
greater (small volume of stationary water storage) than the rate of recharge and the 478
compounded water is evaporated before it is able to recharge and contribute to the 479
baseflow. Once the density of interventions has exceeded 25m3/ha the rate of recharge is 480
greater than the rate of evaporation (the volume to surface area ratio is smaller) and thus 481
more water within the check dam is able to recharge and contribute to the baseflow 482
component. 483

3.2.3 Farm Bunds 484

The farm bunds did not have a significant impact on the flows. The changes between the 485
baseline and the four scenarios were less than one percent. Increasing the depth of the 486
farm bunds increased the flows however at the spatially scale of GWAVA this is deemed 487
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insignificant and thus it is concluded that the bunds do not have a significant effect on the
flow.

3.3 Effect of Interventions in the Cauvery

In this section, all observations are drawn from model simulations (i.e. simulated
streamflow, baseflow, evaporation and groundwater level). The effect of interventions on
simulated streamflow across the modelling period (1986-2005) were evaluated using the
mean flow (Q), the flow exceeded 90% of the time (Q90, quantification of low flows) and
the flow exceeded 10% of the time (Q10, representation of high flows). Additionally, the
effects of the interventions on the simulated streamflow and evaporation, in a wet (2005),
normal year (1998) and dry (2002) year at the catchment outlet of S1 and S2 and the basin
outlet, were investigated. These years were chosen by considering the lowest, highest
and mean total annual precipitation across the catchments (Table 2)

Table 2. The total annual precipitation and the reduction in flows days with the inclusion
of interventions for the selected catchments S1, S2 (Figure 1) and the basin outlet (Figure
1) for wet, dry and normal year.

Sub- catch- Total Annual Precipitation (mm) Reduction in flows days with the inclusion of
ment interventions
Normal year Dry year Wet year Normal year Dry year Wet year
(1998) (2002) (2005) (1998) (2002) (2005)
S1 507 382 668 14 25 3
52 1874 656 2085 2 4 3
Basin 1341 685 1413 0 0 0

In the non-perennial catchment (51, Table 1 and Figure 1), the surface flow is the
dominant component of the simulated streamflow (Figure 10). The simulated streamflow
(Q10, Q and Q90) is reduced with the inclusion of interventions. However, it is the high
flows, Q10, that are more significantly reduced (Figure 9). The interventions have a
greater impact on the simulated streamflow in S1 than S2. The simulated streamflow is
reduced to the largest extent in the normal year (~10%, Figure 9a). The stormflow is
intercepted by the intervention and, thus, reduces the simulated streamflow in the wet
season (Q10, Figure 9b). The dry season flows (Q90, Figure 9b) are reduced as any
subsurface lateral flow (from the soil store) entering the stream is impounded by the
intervention. The stormflow component is larger than the subsurface lateral flow and
baseflow components in this catchment and, thus, the simulated streamflow is affected to
a greater extent in the wet season. The non-perennial streams dry out earlier with the
inclusions of interventions (Figure 11 and Table 2). The total evaporation across the
sub-catchment is increased with the inclusion of interventions with the greatest increase
occurring in the wet year (Figure 9a) as water is present in the interventions for a greater
length of time. In this catchment, the water table is increased in the wet season with the
inclusion of interventions (Figure 12). Despite the increase in simulated recharge, the
water table does not reach a level where the water in the groundwater will contribute to
simulated baseflow.

In the perennial catchment (S2, Table 1 and Figure 1), the stormflow is dominant in
the wet season but the subsurface flow and baseflow is dominant in the dry season
(Figure 10). The simulated streamflow (Q10, Q and Q90) is reduced, and the Q90 is more
significantly reduced with the inclusion of all interventions (Figure 9b). The interventions
have a similar effect on simulated streamflow in the dry and wet years (~5%, Figure 9a).
In the wet season, the simulated streamflow is reduced due to the in-situ impoundment
and the low flows are maintained but reduced in the dry season. In the dry season,
simulated streamflow is reduced because the baseflow and any subsurface lateral flow
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(from the soil store) entering the stream are impounded by the intervention. The 531
impounded water is subject to both evaporation and recharge. The total evaporation 532
across the sub-catchment is increased with the inclusion of interventions with the 533
greatest increase occurring in the wet and normal years (Figure 9a) as there is water in the 534
interventions for a greater length of time. In this catchment, the groundwater level is 535
minimally affected by the inclusion of the interventions (Figure 12). The water table is 536
above the level at which the groundwater will flow as baseflow. Baseflow will continue 537
to occur but simulated streamflow will be reduced in the dry season as any simulated 538
streamflow produced by the baseflow above the intervention will be impounded. 539

The response of the S1 and S2 and the outlet exhibit opposite responses. The change 540
in simulated streamflow in 51 and S2 is greater than the change in evaporation whilst the 541
at the basin outlet the change in evaporation is greater than the change in simulated 542
streamflow. At the basin outlet, the simulated streamflow is dominated by the Mettur 543
Dam releases (O, Figure 1). The interventions do not have an effect on the simulated 544
Mettur Dam release flows. The minimal reduction in mean simulated streamflow (~3%) 545
seen at the outlet can be considered as the consequence of the interventions in the 546
tributaries that join the main Cauvery channel downstream of Mettur Dam. However, on 547
analysis of the effect of interventions on the inflow into Mettur Dam, it was found that 548
the interventions reduced the mean simulated streamflow (Q') by ~6% and the simulated = 549
streamflow in the wet season (Q10) was reduced by ~26%. This demonstrates that the 550
large reservoir has the ability to nullify the impact of the interventions, however, their 551
effect can be seen in the reduction of simulated streamflow entering the reservoir. In this 552
unique case, the effect of the interventions on the Mettur Dam inflow is more 553
representative of the effects of interventions at a basin- scale opposed to those shown at 554
the basin outlet and corresponds more correctly with the increase in total evaporation 555
across the basin with the inclusion of interventions of ~10% (Figure 9a). 556

Majority of the flow into the Cauvery Basin is contributed by five humid 557
sub-catchments [74] along the western boundary (Figure D1 in Appendix D), however, 558
most of the interventions are constructed in semi- arid regions. The simulated Q90 flow 559
in these humid catchments is affected more by the interventions than in the semi-arid 560
sub-catchments on the eastern boundary (Figure D1 and Figure D2 in Appendix D). 561
Conversely, there is a greater effect of the interventions on the simulated Q10 flow in the 562
semi-arid sub-catchments (Figure D3 in Appendix D). The effect on the Q10 flows is 563
greater in the semi-arid sub-catchments because the monsoonal streamflow is required to 564
fill these structures before they begin to spill. In the humid catchments the interventions 565
do not have a great effect on the Q10 flow as it is likely to be the presence of water within 566
these structures before the monsoon and the intervention immediately spills. Although 567
the percent change in Q10 flows in the semi-arid sub-catchments is higher, the volume of 568
water impeded in these structures may be greater in the humid sub-catchments. The Q90 569
flow is impacted more severely in the humid catchments as these streams are fed during 570
the dry season through baseflow, whereas in the semi-arid sub- catchments the streams 571
frequently run dry with or without interventions. The implementation of interventions in =~ 572
these sub-catchments, stores water further up in the basin and essentially impedes the 573
downstream flow and restricts water from entering the ocean unused. Although these 574
structures allow available water to be utilised throughout the basin, there are subsequent 575
implications for users and environmental flows downstream. A summary of the total and 576
changes in precipitation, simulated streamflow (with and without interventions), 577
simulated evaporation (with and without interventions) and aquifer levels (with and 578
without interventions) can be found in Table 1D in Appendix D. 579
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Figure 9. a) The percent reduction in total annual simulated streamflow and increase in 581
total annual simulated evaporation (%) with the inclusion of interventions for S1, S2 and 582
the basin outlet in wet (2005), normal (1998) and dry (2002) years. b) The effect of all the 583
interventions (tanks, check dams and bunds), check dams only and tanks only on high 584
flows (Q10), low flows (Q90) and mean flows (Q') flows across S1, S2 and the basin outlet 585
(Table 1, Figure 1). 586
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Figure 10. The mean monthly simulated separation hydrograph for a) S1 and b) S2 (Table 588

1 and Figure 1) from 1986 until 2005 with all interventions included. 589
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Figure 11. Simulated streamflow in sub-catchment S1 (Tablel, Figure 1) with interven- 591
tions and without interventions through the period of September 1998 until December 592

1998 (Normal year). 593
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Figure 12. Monthly mean groundwater level below ground surface for S1 and S2 (Table 1 595

and Figure 1) with and without the inclusion of interventions. There is no change to the 596
aquifer level in S2- this is illustrated by the S2 no interventions line (orange dash) falls 597
directly on 52 all interventions line (orange line). 598
4. Discussion 599

The model calibration was acceptable in the upper reaches of the basin, but the 600
model fit was weaker downstream of the Mettur Dam (Figure 1). The inclusion of 601
interventions improves the model performance. It provides a better account of the 602
surface storage within the basin and better estimation of the time of concentration in the 603
sub-catchments without major reservoirs. The farm bunds were found to have little effect 604
on the simulated streamflow, as the high water demands of the rainfed crops cause the 605
infiltrated water from the bunds to be transpired quickly and there to be little difference 606
in the water is converted to baseflow or groundwater recharge with or without the 607
bunds. Assuming the relationship between the area of bunds and the area of rainfed 608
cropland determined for Karnataka holds into Tamil Nadu, the majority of the bunds 609
were located within the lower regions of the basin where there is a greater area of rainfed 610
cropland. It is difficult to distinguish the exact effects of the farm bunds in these regions 611
as the river system is heavily dominated by the Mettur Dam outflows. Conceptually, the 612
model fills the farm bunds followed by the tanks and then the check dams. In the 613
simulations with all the interventions included, the bunds are filled first thus limiting the 614
water available for filling the tanks and check dams. Although individually the bunds 615
have little effect on the simulated streamflow, when cumulatively simulated, with the 616
tanks and check dams, the reduction in water available to fill tanks and check dams 617
reflects in the lower impact on the simulated streamflow. Individually, the tanks and 618
check dams have a similar effect on the simulated streamflow (Figure 9b). 619

A significant challenge, in large-scale hydrological modelling, is quantifying and 620
managing the uncertainty in climate forcing and evaluation data. Uncertainty can arise 621
from observation gauge density, spatial and temporal interpolation methods and general 622
measurement errors. The Western Ghats region in the NW of the basin is a known area of =~ 623
concern with the IMD precipitation data [73]. Each 0.5-degree grid cell contains 624
numerous terrain and gradient increments and the grid cells fall over the basin 625
boundary. This results in an inaccurate representation of the distribution and total 626
rainfall, as well as the distribution of minimum and maximum temperature, in this 627
region of the basin. This is a significant source of uncertainty as this region acts as the 628
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headwaters for the larger Cauvery Basin. At some gauging points in the basin, there is 629
low confidence in the observed streamflow data. Eye-witness accounts, Srinivasan, et al., 630
(2015) [75] report the drying out of streams in the dry season which is not reflected in the 631
observed data. Additionally, in reality rivers downstream of significant urban areas 632
(Arkavathy downstream of Bangalore and Eluthunimangalam downstream of 633
Coimbatore and Tiruppur) are fed by a perennial stream of sewage. The model does 634
represent return flows from domestic demand, but this may be underestimated 635
compared to the volume of effluent being actually released into these rivers. The analysis 636
of the precipitation and the observed streamflow, used within this study, showed 637
temporal discrepancies. The temporal difference between rainfall events and the 638
hydrograph peak did not show a systematic error or a consistent lag time. 639

The scale of this study (0.125 degree) required the aggregation of the surface area of 640
each type of intervention in each cell. The simplification in the conceptualisation of the 641
interventions is a cause of uncertainty in this study. The aggregation of the interventions 642
into one composite tank, check dam and farm bund within the cell, skews the surface 643
area to capacity ratio. As intervention data were limited to surface area, if one calculates 644
the intervention capacity from the combined surface area, the capacity is greater than 645
calculating the capacity of each individual interventions and aggregating the capacity. 646
This causes the holding capacity of the conceptual interventions in each cell to be greater 647
than in reality. Subsequently, the larger conceptual intervention will not fill or spill as 648
frequently as many smaller interventions and thus the estimation of the effect on 649
simulated streamflow of all the interventions is uncertain. Additionally, the evaporation 650
could be underestimated as a larger waterbody requires increased energy for evaporation 651
and has a larger lag time (due to heat storage) than a smaller one. This may also lead to 652
the individual smaller interventions being subjected to more evaporative losses than 653
these estimated in the model using the larger conceptual intervention. Conversely, the 654
model structure allocates water to the evaporative component first, and thus, the 655
evaporative processes are favoured in times of water stress. This could additionally be 656
one of the fundamental reasons for the systematic underestimation of simulated 657
streamflow across the basin. The aggregation of the cascading tank systems into one large 658
tank, and, numerous check dams into one large check dam results in the true effects of 659
the cascading system not being represented within the model. Numerous tanks and 660
check dams on a river network can cause the streamflow in the river, and the subsurface 661
and baseflow emerging into the stream to be obstructed by the downstream check dams. 662

Due to lack of data, the process of quantifying the distribution of the interventions 663
across the basin relies upon many assumptions and, thus, generates significant 664
uncertainty. The accuracy of the Structural Investment Report is unknown and the 665
assumption of a fixed cost per structure/ hectare across Karnataka is unlikely to be 666
accurate. Similarly, assuming that the systems and behavioural patterns (agricultural 667
practices, usage of infrastructure, etc) in the state of Karnataka and Tamil Nadu are 668
identical is also unlikely. However, due to data scarcity and lack of evidence to validate 669
these assumptions, a pragmatic approach was used to allow the inclusion of small-scale 670
interventions in a large-scale hydrological model. 671

Despite the uncertainty and pilot nature of this study, the trends identified within 672
the Cauvery Basin are in line with the findings from Garg et al. (2012) [13]. Garg et al. 673
(2012) [13] altered a number of parameters within SWAT (surface runoff, water holding 674
capacity, available soil water, groundwater recharge and curve number) to reflect the 675
potential influence of the check dams and farm bunds in the basin and found that the 676
interventions have a slightly greater effect on the simulated streamflow in wetter years. 677
Garg et al. (2012) [13] found that majority of the water balance comprised of the 678
evaporation component and the evaporative losses increased with the inclusion of the 679
interventions. This is in agreement with the GWAVA study presented in this manuscript 680
(Figure 9b). Garg et al. (2012) [13] found that check dams reduced the annual simulated 681
streamflow at the basin outlet of the Kothapally catchment by 9%. This corresponds with 682
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the GWAVA simulation which estimated ~9% reduction in simulated streamflow (Figure 683
9a) in S1 of similar MAP, soil type and land use. In contrast, the groundwater recharge 684
from the individual interventions was significant in the Garg et al. (2012) [13] study. 685
686

There is also agreement between the results of S2 and the work of Xu et al. (2013) 687

[11] in which they concluded that check dams reduce the total runoff in the rainy season 688
(15%, Figure 12). Xu et al. (2013) [11] did not specifically include the characteristics of the 689
interventions but rather attributed the difference between a period of observed and 690
simulated streamflow as the effect of the interventions. The decrease in mean annual 691
streamflow (14%) estimated by Xu et al. (2013) [11] and attributed to the effect of check 692
dams does correlate to the decrease in mean annual streamflow of S2 as a result of check 693
dams (15%, Figure 9). Sub-catchment S2 has a similar MAP and type of vegetation as the 694
catchment studied by Xu et al. (2013) [11]. 695
The decrease in simulated streamflow by GWAVA in S1 and S2 due to tanks was 4% 696

and 5%, respectively. These results differed significantly from those of Van Meter et al. 697
(2015) [10] where the simulated streamflow was found to decrease by 75% from a single 698
cascading tank system in a catchment with an MAP of 850 mm in Tamil Nadu. GWAVA 699
conceptualises the tank systems within a cell into one large hypothetical tank and thus 700
does not capture the cascading characteristics of the tank systems. This, along with a 701
large upscaling effort, could explain the difference in the observed streamflow reduction; 702
alternatively, the tank system investigated by Van Meter et al. (2015) [10] could be 703
atypical. 704
GWAVA may not capture the sensitivity of hydrological fluxes at a local-scale asa 705
well as a catchment-scale model would. However, yielding similar results to published 706
small-scale studies provides a good starting point for further refinement of the 707

conceptualisation within large-scale hydrological models. 708
709
5. Conclusion 710

The bespoke version of GWAVA provided a valuable tool to investigate the effects 711

of interventions at a sub-catchment and basin scale. It was found that the conceptualised 712
interventions play an important part in the allocation and better representation of 713
simulated surface water within the basin. The results of this study corresponded well 714
with existing literature from small-scale studies. However, at the sub-catchment and 715
basin scale, groundwater levels appear less effected than in the cited literature or 716
indigenous knowledge surrounding the use of interventions for water security at a local 717
scale, suggesting further investigation to explore this is required. 718
The effect of the conceptualised interventions within GWAVA are dependent on the 719
hydrogeology of the modelled sub-catchment as well as the simulated groundwater 720
level. The influence is greater on the simulated streamflow in the wet years and on 721
estimated evaporation in the dry years. This study incorporated stakeholder and expert 722
knowledge, as well as, published literature information in the conceptualisation of the 723
interventions within the model. New and creative approaches had to be utilised where 724
data gaps existed to model the effects of interventions at the basin scale. The approach 725
outlined in this study can be applied in different model applications in regions where 726
interventions are prominent, if the source code is available for adaption. Although this 727
study had to rely on a pragmatic approach and as a consequence many assumptions were 728
made, it provides a step forward in the conceptualisation, quantification and implication 729
of small-scale storage interventions at the basin scale. 730
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Appendix A
Table A1: Description of scenarios utilised in the sensitivity
‘ Depth | Width Interlvention ' Depth | Width Interf/ention
Scenario density Scenario density
(m) (m) (m3/ha) (m) (m) (m3/ha)
Tanks
T1 3 n/a 25 17 n/a 125
T2 3 n/a 75 T8 n/a 200
T3 3 n/a 125 T9 10 n/a 25
T4 3 n/a 200 T10 10 n/a 75
T5 5 n/a 25 T11 10 n/a 125
T6 5 n/a 75 T12 10 n/a 200
Check Dams
C1 1 7 25 c7 1.5 10 125
c2 1 7 75 C8 1.5 10 200
C3 1 7 125 C9 2 15 25
C4 1 7 200 C10 2 15 75
(@) 1.5 10 25 C11 2 15 125
C6 1.5 10 75 C12 2 14 200
Farm Bunds
Bl 0.03 n/a 25 B5 0.06 n/a 25
B2 0.03 n/a 75 B6 0.06 n/a 75
B3 0.03 n/a 125 B7 0.06 n/a 125
B4 0.03 n/a 200 B8 0.06 n/a 200
a0
50 |
R | H H 1l L]
;_g y & p * N & %Q"&\\@ qﬁé@\: p \‘\‘b’,’@”’f’&‘(\:&d’ qiﬁ&!lm g’\%@q@&lg@jﬁ
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Figure A1 The change in the Q10. Q90 and mean simulated streamflow from the
baseline with the inclusion of tanks of various density and depths (Table A1)
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Figure A2 The change in the Q10. Q90 and mean simulated streamflow from the 755
baseline with the inclusion of check dams of various density and dimensions (Table A1). 756
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Figure A3 The change in the Q10. Q90 and mean simulated streamflow from the 758
baseline with the inclusion of farm bunds of various density and dimensions (Table A1). 759



Appendix B T
Table 1B: Input data utilised in the GWAVA model setup
Input Data Spatial Resolution Temporal Time Period Source
Resolution
Precipitation 0.25 degree Daily 1951-2017 Indian Meteorological Department [73]
Maximum Temperature 0.25 degree Daily 1951-2016 Indian Meteorological Department [73]
Minimum Temperature 0.25 degree Daily 1951-2016 Indian Meteorological Department [73]
Open Water Evaporation India Monthly 1959-1968 Central Water Commission, Basin Planning & Management Organisation[53]
Streamflow gauged data Cauvery Basin Daily 1971-2014 India-WRIS
Reservoir inflow and outflow Cauvery Basin Monthly 1974-2017 India-WRIS
data
Water transfers Cauvery Basin Ashoka Trust for Research in Ecology and the Environment (ATREE)
Tanks Cauvery Basin 2019 Waterbodies dataset [71]
Check dams Karnataka (District) 2006-2012 Structural Investment Report, Watershed Development Department
Farm bunds Karnataka (District) 2006-2012 Structural Investment Report, Watershed Development Department
Elevation 0.003 degree 2000 NASA Shuttle Radar Mission Global 1 arc second V003 [76]
Soil type 0.008 degree 1971-1981 Harmonized World Soil Database v1.2 [77]
Land Cover Land Use 0.001 degree 2005 Decadal land use and land cover across India 2005 [78]
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Crops

Total Population

Rural Population

Livestock

Cauvery Basin 2000
(Taluk*)
Cauvery Basin 2011
(Village)
Cauvery Basin 2011
(Village)
0.05 degree 2005

National Remote Sensing Centre (NRSC)

Indian Decadal Census

Indian Decadal Census

CGIR Livestock of the World v2 [79]

*Taluk-a subdivision of a district consisting of a group of several villages organized for revenue purposes
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Appendix C 761
Table 1C: Calibration and Validation monthly Kling-Gupta Efficiency (KGE) values 762
when GWAVA was calibrated with and without the inclusions of interventions. The 763
green shading represents a better performance, the grey shading represents the same 764
performance, and the orange shading represents a poorer performance with the inclusion 765

of interventions. 766
Sub- catchment Calibration Validation
KGE without KGE with Period KGE without KGE with Period
interventions interventions interventions interventions
a Saklesphur 0.53 0.66 2006-2010 0.37 0.38 2010-2013
b Thimmanahali 0.71 0.71 2005-2009 0.72 0.68 2010-2013
C KMVadi 0.25 0.24 1991-2000 0.16 0.16 2001-2011
d Kudige 0.48 0.59 1990-2000 0.55 0.59 2012-2014
e Munthankera 0.73 0.82 1990-2000 0.66 0.70 2001-2011
f Tbekuppe 0.41 0.32 1980-1990 -1.28 -1.27 2001-2003
g TKHali 0.52 0.71 1990-2000 0.69 0.67 2001-2008
h T Narasupiar 0.60 0.68 1988-1998 0.25 0.30 1999-2002
i Kollegal 0.56 0.58 2008-2011 0.50 0.54 2012-2013
j Bilingudulu 0.74 0.74 1990-2000 0.61 0.60 2001-2011
k Urachikottai 0.34 0.74 1990-2000 0.49 0.51 2001-2008
1 Kodumodi 0.25 0.62 1990-2000 0.24 0.30 2005-2010
0 Musiri 0.33 0.65 1990-2000 0.43 0.44 2006-2010
m Thengumarahada 0.57 0.50 1990-2000 0.39 0.44 2001-2008
767
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Appendix D

Figure 1D 1) The sub-catchments identified as humid and semi-arid, 2) the per-
centage reduction on Q10 flow and 3) the percentage reduction on Q90 flow across the
Cauvery Basin.

Table 1D The total annual (for 1998, 2002 and 2005) precipitation (P), simulated
streamflow (Q), simulated total evaporation (ET) and average annual aquifer level (Aq)
below ground level with and without interventions. The change (A) with the inclusion of
interventions is presented as a percentage change.

769

770
771
772
773
774
775
776
777
778
779

Year P (mm) Q-int Q- no AQ (%) ET- int ET-no AET (%) Ag- int Ag-no AAq (m)
(mm) int (mm) (mm) int (mm) (m) int (m)
1998 507 118 130 -9.4 624 602 3.4 14.02 14.42 2.7
S1 2002 382 44 48 -8.8 436 421 3.4 12.46 12.86 3.1
2005 668 68 75 -8.6 735 708 3.6 14.52 14.92 2.6
1998 1874 977 1020 -4.2 1527 1485 2.7 12.61 12.61 0
S2 2002 656 669 704 -5 489 477 25 12.64 12.64 0
2005 2085 802 840 -4.5 1301 1262 3 12.32 12.32 0
1998 1341 325 334 -2.6 1030 928 9.9 8.97 9 0.2
Outlet 2002 685 130 134 -2.6 521 469 9.9 8.97 8.99 0.3
2005 1413 432 446 -3.1 1067 962 9.8 8.95 8.96 0.1
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