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Abstract. Water planning decisions are only as good as
our ability to explain historical trends and make reasonable
predictions of future water availability. But predicting wa-
ter availability can be a challenge in rapidly growing re-
gions, where human modifications of land and waterscapes
are changing the hydrologic system. Yet, many regions of
the world lack the long-term hydrologic monitoring records
needed to understand past changes and predict future trends.

We investigated this “predictions under change” problem
in the data-scarce Thippagondanahalli (TG Halli) catchment
of the Arkavathy sub-basin in southern India. Inflows into
TG Halli reservoir have declined sharply since the 1970s.
The causes of the drying are poorly understood, resulting in
misdirected or counter-productive management responses.

Five plausible hypotheses that could explain the decline
were tested using data from field surveys and secondary
sources: (1) changes in rainfall amount, seasonality and in-
tensity; (2) increases in temperature; (3) groundwater ex-
traction; (4) expansion of eucalyptus plantations; and (5)
fragmentation of the river channel. Our results suggest that
groundwater pumping, expansion of eucalyptus plantations
and, to a lesser extent, channel fragmentation are much more
likely to have caused the decline in surface flows in the TG
Halli catchment than changing climate.

The multiple-hypothesis approach presents a systematic
way to quantify the relative contributions of proximate an-
thropogenic and climate drivers to hydrological change. The
approach not only makes a meaningful contribution to the
policy debate but also helps prioritize and design future re-
search. The approach is a first step to conducting use-inspired
socio-hydrologic research in a watershed.

1 Introduction

Freshwater has been identified as one of the gravest chal-
lenges of the twenty-first century (Wagener et al., 2010;
Vorosmarty et al., 2010; Srinivasan et al., 2012a). Human
demands for water have increased while annual freshwa-
ter available globally has remained more or less constant
through history. To make sound policy choices, water man-
agers need to know how water availability is changing. They
must reconcile the ability to meet the needs of their popula-
tions and economies with the potential impacts on the well-
being of downstream users, ecosystems and/or future gener-
ations. But predicting water availability is particularly chal-
lenging in rapidly growing regions, which are undergoing
population growth, agricultural intensification and industri-
alization. Human modifications of land and waterscapes are
changing the dynamics of the water cycle at unprecedented
rates. Many of these regions also lack the long-term hydro-
logic monitoring records needed to make such analyses pos-
sible. As a result, water managers lack the scientific basis to
articulate trade-offs. This often leads to policies that address
only part of the problem at best or, at worst, have negative or
paradoxical outcomes (Sivapalan et al., 2014).

1.1 Challenges in rapidly growing, data-scarce regions

Making hydrological predictions is a non-trivial problem in
any context, but it is confounded by three issues encountered
in rapidly changing, data-scarce regions: (i) hon-stationarity
arising from anthropogenic drivers, (ii) the sparse availability
of historical data, and (iii) lack of original, place-based sci-
entific research leading to oversimplified assumptions. The
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prediction challenges arise both from the nature of the sys-
tem (point i) and researcher constraints (points ii and iii), but
the net result is that water managers are forced to rely on con-
ceptual models that poorly represent the underlying system.

Multiple drivers of change: traditional water resources
management is based on the assumption of stationarity — the
idea that natural systems fluctuate within an unchanging en-
velope of variability (Milly et al., 2008). However, the impact
of humans on the water cycle, either directly through modi-
fication of landscapes and waterscapes, or indirectly via cli-
mate change, has been identified as a defining challenge for
hydrology (Thompson et al., 2013). The potential impacts of
climate change on the hydrologic cycle have received enor-
mous attention from researchers and decision makers in re-
cent years (Stocker and Raible, 2005; Huntington, 2006).
The role of other direct human interventions like groundwa-
ter extraction, small dams and urbanization is also coming
under increased scrutiny (Arrigoni et al., 2010; Wang and
Hejazi, 2011; Cai and Zeng, 2013; Zeng and Cai, 2014; Hu
et al., 2015).

Data sparseness: the task of determining cause and ef-
fect relationships with respect to hydrologic behaviour is
complicated in regions with sparse or recent hydrologic
records (Maeda and Torres, 2012; Systematics, 2010). De-
spite long-standing global calls to improve data sharing
and transparency (Arzberger et al., 2004; Sivapalan et al.,
2003; Bonell et al., 2006; Reichman et al., 2011; Dunne
and Leopold, 1978), data scarcity remains an impediment
to research in many parts of the world. Data scarcity has
motivated concerted research efforts such as the predictions
in ungauged basins (PUB) effort of IAHS (Wagener et al.,
2004; Sivapalan, 2003; Sivapalan et al., 2003). However,
these efforts are generally not suitable for predictions in non-
stationary, human-impacted basins (Srinivasan et al., 2012b;
Sivapalan et al., 2012). In such cases, lack of data confounds
both conceptual understanding and building of quantitative
models that explain how the water system works.

Over-simplifying assumptions: investments in the water
sector must be made even in the absence of long-term
records. In the absence of reliable data, modellers are then
often forced to make many simplifying assumptions. The
choices seem too often to be dictated by what can be mod-
elled rather than what matters, leading to so-called “modeller
myopia” (Buytaert, 2015). For instance, Gosain et al. (2006)
predict water availability in space and time in several Indian
river basins under climate change, but they do not incorpo-
rate man-made structures like dams or diversions into their
basic model or trend analyses. Mujumdar and Ghosh (2008)
modelled flows in the Mahanadi of eastern India; their model
assumed that recent declines in streamflow reflect a “climate
signal”, without considering the possible influence of more
proximate factors like groundwater pumping. Similarly, nu-
merous water resources modelling projects in India decouple
the effects of groundwater depletion from surface water re-
sponses, even where groundwater overexploitation is known
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to be a problem (Kelkar et al., 2008; Gosain et al., 2011; Garg
et al., 2013).

1.2 Use-inspired science in data-scarce regions

The mismatch between the needs of water managers and
what off-the-shelf models can generate is not a sufficient rea-
son for inaction or ad hoc decision making in regions with
rapidly increasing water demand. There is an urgent need
to formulate new approaches to frame and conduct hydro-
logic investigations in human-dominated, data-scarce situa-
tions. The conventional response would be to initiate pri-
mary data collection and to build new site-specific models
from scratch. However, hydrologic data collection is expen-
sive and takes many years. In contrast, information is often
needed quickly and projects are limited by time and resource
constraints.

How should hydrologists proceed in these circumstances?
First, as Thompson et al. (2013) suggest, hydrologists should
adopt a “use-inspired science” approach by pursuing scien-
tific understanding while also addressing policy and manage-
ment goals. This requires identifying the most pressing soci-
etal problems and working backwards from them. Second, as
Buytaert et al. (2014) suggest, knowledge may be dispersed
amongst multiple parties. While researchers and managers
may hold some expert knowledge, citizens who have lived
through change in the basin may also have useful insights.
Third, it should be possible to use this knowledge to identify
working hypotheses (Chamberlin, 1965) that might explain
the hydrological phenomenon of interest, and then use the
sparse data to accept or reject at least some of them. This ap-
proach would then guide the choice of future data collection
and sophisticated modelling efforts, targeting the most crit-
ical knowledge gaps. We use the above approach to narrow
down possible causal mechanisms of hydrologic change in
the Arkavathy watershed in southern India. Five possible hy-
potheses that link anthropogenic and climatic changes to the
water scarcity in the watershed are outlined and investigated.

2 The problem: drying of TG Halli reservoir
2.1 Description of study area

The Arkavathy River is located in the state of Karnataka in
southern India (Fig. 1). The river’s catchment overlaps with
the western portion of the rapidly growing metropolis of Ben-
galuru (Bangalore). The region is seasonally monsoonal, re-
ceiving approximately 830 mm of precipitation annually. The
main stem of the Arkavathy River has its headwaters in the
Nandi Hills north of Bengaluru and is joined by its first major
tributary, the Kumudvathy River at Thippagondanahalli (TG
Halli) village, where a reservoir was constructed in 1935 to
supply water to Bengaluru. This reservoir has a catchment
area of approximately 1447 km?.

www.hydrol-earth-syst-sci.net/19/1905/2015/



V. Srinivasan et al.: Why is the Arkavathy River drying?

1907

TG Halli Catchment

A IMD station
<8> Rain gauge station
— River
[C]7G Halli catchment
[l Reservoir / Tank
| |BBMP boundary
{" " Taluk boundary

;'";(\udavathy

QGAD.@}

0 25 5 10 |
Lol
Kilometers -

DEVANAHALLY

Figure 1. The TG Halli catchment with major features. BBMP is the Greater Bangalore Municipal Corporation Boundary (data source:
Survey of India toposheets at 1 : 50 000 scale; ASTER DEM imagery, maps prepared at the ATREE Ecolnformatics Lab).

The TG Halli reservoir catchment also contains an older
water supply reservoir at Hesaraghatta, as well as an esti-
mated 617 small surface storage structures called “tanks”.
Tanks are traditional in-stream water harvesting systems that
were commonly built in southern India and Sri Lanka over
the last 6 centuries to store monsoon runoff for post-monsoon
irrigation (Vaidyanathan, 2001; Shah, 2003). The cumulative
storage of all these tanks (297 of which are more than 50 ha
in size) and Hesaraghatta reservoir is estimated to be 143 mil-
lion cubic metres, i.e. about 1.5 times the storage capacity of
TG Halli reservoir (ISRO and IN-RIMT, 2000).

Most of the TG Halli catchment is underlain by gneis-
sic and granitic aquifers. Highly weathered soils extend to
about 20 m below grade level (b.g.l.), and form a shallow
aquifer in which seasonal perched water tables can develop.
Between about 20 and 60 m b.g.l. lies a fractured rock zone
with considerable jointing and cracking, acting as a deeper
aquifer. Groundwater yields decline beyond 60 mb.g.l., al-
though fractures continue to be encountered down to 300 m.

2.2 The problem

From 1937 up to the 1980s, the TG Halli reservoir was a
major source of water for Bengaluru. However, inflow to the
reservoir has steadily declined since the early 1980s (Fig. 2a),
and today it supplies only 0-25 % of its design capacity. Av-
erage inflows into the TG Halli reservoir have decreased from
385 millions of litres (ML) per day (140 000 ML year—1) pre-
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1975 to about 65 ML day~1 post-2000 (24 000 ML year—1),
a decline of 320 ML day~1. The cascading irrigation tanks
dotting the catchment are also mostly dry, indicating that the
loss of surface runoff has occurred throughout the catchment
(Lele et al., 2013).

The drying of flows into the TG Halli reservoir and tanks
in the catchment has clear implications for the 800 000 peo-
ple that live in the catchment, both in terms of current water
availability and because the declining flows may be an indi-
cator of the overall unsustainability of water use in the basin
jeopardizing future populations and economic growth.

2.3 The debate about causes and solutions

Given the urgency of the problem, several uncoordinated and
often contradictory actions have been undertaken. One rea-
son for this is that the causes of the inflow reductions to the
TG Halli reservoir remain unclear. In order to formulate hy-
potheses that could be investigated systematically, we con-
sulted a range of sources to understand the positions and
perceptions of different groups: one-on-one meetings with
government officials, written policy documents and reports,
a comprehensive literature review (Lele et al., 2013) and an
expert consultation meeting held at ATREE (Bangalore) in
November 2012. Additionally, at the launch of the research
project in early 2013, a meeting was convened by the chief
secretary of the state which included the research team and
the heads of all government agencies engaged in water is-
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Figure 2. Changes in hydrology and hydrometeorology of the Arka-
vathy Basin, 1970-2010. (a) Annual inflows into the TG Halli reser-
voir. The 1938-1975, 1975-2000 and 2000-2010 median and mean
annual inflows illustrate the decline in inflow that has occurred in re-
cent decades. (b) Areally averaged annual rainfall over the seventh
taluk (local government areas) comprising the TG Halli catchment.
Potential evapotranspiration as estimated from the Hargreaves equa-
tion for the TG Halli catchment. (d) Two estimates of baseflow con-
tribution to the TG Halli inflows: the number of months/year when
100 % of flow was derived from baseflow (bars) and the baseflow
index computed from daily inflow data (dots).

sues. The research team also made several reconnaissance
visits, attended over a dozen stakeholder meetings hosted by
other groups and held more than 60 “water literacy meetings”
in the TG Halli catchment villages in 2014 and 2015, which
were collectively attended by over 500 farmers. Finally, the
research team conducted over two dozen focus group dis-
cussions in 2013 and 2014, targeting specific stakeholder
groups.

This initial review identified several policy positions that
reflect different perceptions on the drying of the river:

— The Bangalore Water Supply and Sewerage Board
(BWSSB), which owns and operates the TG Halli
reservoir, commissioned a study (ISRO and IN-RIMT,
2000). This study identified several possible causes for
the decline of inflows into the TG Halli — declines
in rainfall, groundwater pumping and obstructions in
streams. However, the study did not quantify the rela-
tive magnitudes of these factors and did not recommend
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actions to directly address them. BWSSB has taken no
specific actions of its own to address the problem.

— The Cauvery Neeravari Nigam Ltd. (CNNL) was made
responsible by the state government for “rejuvenat-
ing” the Arkavathy River. CNNL commissioned its own
study (CNNL, 2010), which concluded that the primary
reason for reduced inflow into TG Halli is obstructions
in the channels. Accordingly, the agency response has
been to bulldoze the obstructions and desilt the chan-
nels.

— Meanwhile, local rural development programmes have
focused on constructing check dams to recharge the
shallow aquifer and ostensibly restore baseflow in the
stream.

— A number of urban based citizen’s groups have
emerged with the objective of rejuvenating the river
or saving Bangalore’s water bodies (see http://www.
artofliving.org/kumudvathi-river-rejuvenation-project
and https://www.facebook.com/arkavathi.rejuvenation).
These groups are focused on removal of eucalyptus
trees, desilting lake beds and diverting treated wastew-
ater into lakes to recharge the shallow aquifer.

— The state Water Resources Development Organization
(WRDO) has argued that climate change, via declining
rainfall and rising temperatures, is responsible for the
drying of the river. This perception was also held by
most farmers we interacted with during the water liter-
acy meetings, many of whom favour inter-basin imports
from west-flowing rivers.

2.4 The multiple-hypothesis approach

By examining the different explanations of the causes of
streamflow decline and plausible runoff generation mecha-
nisms, we identified and investigated all plausible hypothe-
ses that could explain the observed changes in the Arkavathy
Basin:

— Hypothesis 1: changes in rainfall: changes in rainfall as
the primary driver of streamflow could induce changes
in surface runoff generation. The climate change lit-
erature for this part of Karnataka mentions a possi-
ble shift in the monsoon, such that the south-west
monsoon June-July-August-September (JJAS) season
rainfall would probably decline, and post-monsoon
October-November-December (OND) rainfall could in-
crease. A change in the seasonality of precipitation
could result in a change in rainfall partitioning to runoff,
because a greater fraction is partitioned to evaporation
and transpiration. Additionally, if both seasonal and an-
nual rainfall patterns are unchanged, a reduction in the
mean storm intensity or depth could result in a failure
to trigger infiltration-excess or saturation-excess runoff.

www.hydrol-earth-syst-sci.net/19/1905/2015/
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Figure 3. Water use in the TG Halli catchment. (a, b) Sources of irrigation water used over time in two taluks (local government areas),
indicating the reduction in surface and shallow well use and their replacement by deep borehole over time. Data Source: Department of
Economics and Statistics, Karnataka. (c) Depths at which water was encountered at time of drilling. Data from well census conducted by
ATREE field hydrology team in summer of 2014 covering 482 boreholes in a 26 sq km area in TG Halli catchment.

The previous study commissioned by BWSSB found
that rainfall in excess of 20 mmday~—1 is needed to gen-
erate significant inflows into TG Halli reservoir (ISRO
and IN-RIMT, 2000).

Hypothesis 2: increasing potential evapotranspiration
due to climate change: increases in potential evapo-
transpiration could result in an increase in actual evap-
otranspiration, reducing recharge and therefore base-
flow. Of the major drivers of potential evapotranspira-
tion (temperature, humidity, solar radiation and wind
speed), it is known that temperature has been increas-
ing in southern India over the past century, with most
stations reporting temperature increases on the order of
1°C/100 years (Aroraetal., 2005; Hingane et al., 1985).
On the other hand, solar radiation trends in the region
have been negative, in association with the formation of
atmospheric brown clouds (Ramanathan et al., 2005),
and wind speed trends in India also appear to also be
declining (McVicar et al., 2012). Empirical evidence
from evaporation gauges throughout India also suggests
that pan evaporation has declined over the twentieth
century (Chattopadhyay and Hulme, 1997). Nonethe-
less, temperature-driven increases in evaporative de-
mand could have altered rainfall-runoff partitioning in
the catchment and contributed to the reduced stream-
flow.

Hypothesis 3: declining baseflow due to groundwa-
ter overexploitation: previous studies in well-monitored
basins have shown that groundwater depletion can re-
duce baseflow contributions to streamflow, reducing
overall flows (Cai and Zeng, 2013; Zeng and Cai, 2014).
Our hypothesis is that reduction in groundwater storage
induced by pumping lowers the seasonal water table,
resulting in the water table intersecting the river chan-
nel less frequently and for shorter periods of time, ulti-
mately reducing the baseflow contribution to the Arka-
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vathy. The decline in the Arkavathy River flow has oc-
curred concurrently with an expansion of groundwater
extraction in the basin and across Karnataka. Although
groundwater monitoring in the region is minimal, irriga-
tion data clearly show a shift from surface to groundwa-
ter and open wells to deep boreholes (Fig. 3a, b) (DES,
1970-2012).

Hypothesis 4: increasing actual evapotranspiration due
to expansion of plantations: numerous studies indicate
that where a catchment area is converted from rain-fed
agriculture to deep-rooted perennial vegetation, it can
result in decreases in flow (Brown et al., 2005). Euca-
lyptus cultivation was actively promoted among farm-
ers by the state government under its farm forestry pro-
gramme in the 1980s (Shiva et al., 1981). Field surveys
within the TG Halli catchment indicate a significant in-
crease in eucalyptus plantation area in the past 40 years.
Several studies have documented that eucalyptus plan-
tations create unsaturated conditions over a deep root
zone and can thus reduce subsurface contributions to
streamflow (Calder et al., 1993; Farley et al., 2005).

Hypothesis 5: million puddle theory: the final hypoth-
esis is that the construction of (largely illegal) struc-
tures in the channel — along with construction of check
dams and unculverted roads — has resulted in the chan-
nels in the upper catchment becoming disconnected. In
other words, a once-connected, flowing river has been
replaced by a “million puddles”. A portion of the water
in these puddles evaporates or is transpired by riparian
vegetation and becomes unavailable.
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Table 1. Details of various data sets used.
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Parameter

Type of data

Source of data

Precipitation

Daily rainfall from four rain gauges
(1934-2010)

Indian Meteorological Department

Temperature

Monthly max., min. and mean
temperature from two weather stations
(1901-2010)

Indian Meteorological Department

Surface flow

Daily inflows (1975-2010) and
Monthly inflows (1937-2010) into TG
Halli reservoir

Bangalore Water Supply and Sewerage
Board

Area under eucalyptus plantations in
1973-1979

Topographical sheet

Survey of India

Area under eucalyptus in 2001

Land use map

Karnataka State Remote Sensing
Applications Centre

Groundwater levels

Well census of 472 wells in two
milli-watersheds covering 26 km?

ATREE hydrology team field survey

Groundwater extraction

Irrigated area (1970-2012)

KA State Annual Season Crop Report

Irrigated area (1981, 1991, 2001)

Census of India, Village Amenities
Dataset

Channel obstructions

Number of check dams and uncul-

Primary Survey by Zoomin Tech.

verted
roads

Number of check dams in two

ATREE hydrology team field survey

milli-watersheds covering 26 km?

3 Methods
3.1 Data sources and quality assurance

To test these hypotheses, we collected available secondary
data within and around the Arkavathy Basin. Data were
quality-checked and triangulated against other sources and
supplemented with field surveys when needed (Table 1).

Monthly inflow data for the TG Halli reservoir were ob-
tained from Bangalore Water Supply and Sewerage Board
(BWSSB) for the period 1937 to 2010. Additionally, daily
records of inflows from 1970 onwards were obtained from
the local BWSSB offices and digitized. The daily and
monthly data were cross-validated and any errors were cor-
rected.

3.2 Analysis techniques

The goal of the analysis was two-fold: (i) to determine
whether the perceived changes in hydrological drivers have
occurred and (ii) whether the magnitude of changes in the
drivers could explain the magnitude of the change in flow
in the Arkavathy Basin (i.e. consistent with the observed
320 ML day ! reductions in flow).

Hydrol. Earth Syst. Sci., 19, 1905-1917, 2015

Hypothesis 1: declining rainfall

Data from four long-term rainfall gauges located in De-
vanahalli, Doddaballapura, Magadi and Nelamangala towns
within the TG Halli catchment were available for analysis
(see Fig. 1 for gauge locations). These gauges provide daily
rainfall data over 75 years (1934-2010). Although 18 addi-
tional rainfall gauges, operated by various government agen-
cies, exist within the catchment, these gauges do not provide
continuous data over a sufficient time period to allow trend
analysis. As a quality control procedure, we performed dou-
ble mass plots, compared the total number of rainy days be-
tween the gauges, and excluded years where the total number
of rainy days represented a low outlier (indicating a likeli-
hood of missing data). Outlier years were determined to be
those where the number of recorded rain days was less than
fo5—1.5(f75 — f25), Where f75 represents the 75th percentile
and f»s the 25th percentile of the total number of rain days.

Annual rainfall was computed over the water year (June
to May). Seasonal rainfall totals were computed in terms
of pre-monsoon (January-February-March-April-May: JF-
MAM), monsoon (June-July-August-September: JJIAS) and
post-monsoon (October-November-December: OND) rain-
fall totals. To identify changes in rainfall depths at daily

www.hydrol-earth-syst-sci.net/19/1905/2015/
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timescales, the number of days per year in which rainfall
volumes exceeded 10, 25 and 50 mm were determined for
the 1934-2009 period. Trend detection was undertaken for
each of the above data sets in two ways. First, we deter-
mined whether a trend was present over the full time se-
ries. As the data generally did not conform to the assump-
tions for least-squares regression, we evaluated the trends
using a non-parametric Mann—Kendall test. Second, we eval-
uated whether a change in the mean values of the meteo-
rological parameters had occurred from the pre-1970 and
post-1970 period, taking 1970 as a point after which the
Arkavathy River flows obviously declined. Where the data
were normally distributed we made these comparisons with
t tests; otherwise non-parametric Mann-Whitney—Wilcoxon
tests were used.

Hypothesis 2: increasing potential evaporation due to
climate change

In the absence of detailed meteorological data in the Arka-
vathy Basin, we estimated changes in the mean daily poten-
tial evaporation rate as a function of temperature (PET) us-
ing the modified 1985 Hargreaves evapotranspiration equa-
tion (Hargreaves and Samani, 1985):

PET = 0.0023 x R, x (TC +17.8) x TR%®, (1)

where R, is the extraterrestrial solar radiation (mm day 1),
and TC is the average daily temperature (°C) calculated as
(Twmax + Twin) /2. TR is the temperature range (TR = Tiiax —
Twmin, Twvax 1S the maximum daily temperature and Twin
is the minimum daily temperature). All results were aver-
aged to the annual timescale. The resulting PET time se-
ries was analysed to determine the presence of trends or step
changes in the mean PET. Temperature data from 1901 to
2001 were obtained for one station each in Bangalore Urban
and Bangalore Rural districts from the Indian Meteorologi-
cal Department. The data were checked to ensure that there
were no missing data and that temperatures were within ex-
pected ranges. Extraterrestrial solar radiation was computed
based on the weather station latitudes (Maurer, 2014) using
the method of Spencer (1971), with an accuracy of 0.01%
(Duffie and Beckman, 2013).

The modified Hargreaves equation relies on the diurnal
temperature range to provide a surrogate for solar radiation
and is widely used to estimate potential evaporation when
only limited ground data (temperature) are available. The re-
sulting PET estimates are typically within 10 % or better of
those derived from lysimeter or Penman—Monteith methods,
when results are averaged over 5-day or greater time periods
(Hargreaves and Allen, 2003). Limitations of the method lie
in the fact that the relationship between diurnal temperature
range and other drivers of potential evaporation (e.g. net radi-
ation and vapour pressure deficit) may not be stationary over
long time periods. In southern India, such non-stationarity
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is likely to be associated with so-called “solar dimming”
due to increased upper atmospheric pollution (Chattopad-
hyay and Hulme, 1997). We anticipate that errors due to non-
stationarity are likely to lead to an over-estimation of poten-
tial evaporation via the Hargreaves equation.

Hypothesis 3: declining baseflow due to groundwater
overexploitation

Long-term groundwater level data (> 10 years) existed for
only two shallow wells within a 5km buffer of the TG
Halli catchment. These reported stable water levels of 10—
30 mb.g.l. However, in the course of extensive field visits, no
water was seen in any other open well in the region. We con-
cluded that the two monitoring wells are not representative
of surrounding conditions. There are also no deep borehole
piezometers with long-term water level data in the catchment
area. To infer potential changes in groundwater levels, we
conducted a comprehensive census of boreholes in a 26 km?
area in the TG Halli catchment in the summer of 2014. Data
for a total of 472 boreholes were recorded. For each bore-
hole, the owner was interviewed to obtain details of the year
of construction, use, status, depths of yielding fractures and
year of failure (if applicable). Together, these data provide
an understanding of how groundwater levels have changed
in the last 4 decades.

We undertook two different analyses to explore whether
changes in groundwater were compatible with the observed
changes in surface flow. In one analysis we used a baseflow
recession technique to benchmark the changes in mobile sub-
surface water storage that would be needed to account for
the decline in annual flows and then estimated how these
changes might manifest as a decline in groundwater levels. If
this change in storage greatly exceeds observed well declines
in the catchment, then the hypothesis that lower groundwater
levels have led to streamflow reductions could be rejected.
In a second analysis, we performed a baseflow separation on
the daily runoff data from 1970 onwards to determine how
the trends in total streamflow were reflected by changes in
quick-flow and baseflow.

Recession analysis: we follow Brutsaert and Nieber (1977)
in positing a nonlinear relationship between storage (S,
[ML]) and discharge (Q, [ML day—1]) of the form

S=aQ". 2

A mass balance during periods of flow recession (i.e. when
rainfall P is negligible) would be given by

ds

—=—-ET-0, 3
5 0 ®3)
where recharge to groundwater and inter-basin transfers are
assumed negligible and ET represents evapotranspiration. If
Egs. (2) and (3) are coupled and differentiated, then the fol-
lowing expression is obtained relating flow to its rate of
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change:

d

ab0" 122 _ _Er_o. (4)
dr

Under the assumptions that ET is slow in comparison to flow,

so that ET — 0, Egs. (3) and (4) simplify to

do 1 5.,
— = . 5
dr ab 0 ®)
Taking the logarithms of the absolute values of this expres-
sion, one obtains

a0y . (1
log (E) _ log (E) +2—b)10g(Q). ©)

That is, a plot of the logarithms of the rate of change of the
discharge against the logarithms of the actual discharge at
any point in time contains sufficient information (in the form
of an intercept and slope) to estimate the parameters of the
original storage—discharge expression. To do this, the lower
envelope of the expression must be fitted in order to minimize
the effects of neglecting evaporation and to focus the analysis
on the groundwater response (Brutsaert and Nieber, 1977).
No significant changes in the recession behaviour over time
were identified from this analysis.

This methodology was applied to the monthly flow data
from the Arkavathy at TG Halli, focusing on the seasonal
recessions from 1937 to 1970 (i.e. prior to the discernible
reductions in river flow). There are two major limitations to
using monthly data for this analysis. First, the estimation of
the rate of change of the flow is coarse. Second, the contribu-
tion of rainfall to runoff events is unlikely to be negligible,
even during the seasonal recession. However, because the
daily flow data were only available for the post-1970 period,
the monthly analysis provides the only opportunity to eval-
uate the storage—discharge relationship when the river was
flowing “normally”. As outlined in the results, the calibrated
model had an exponent b = 1.43, very close to the theoret-
ical value of 1.5, offering some reassurance that the results
are reasonable. Using the parameterized storage—discharge
equation, we estimated the mobile storage averaged over the
catchment area, needed to produce the mean of the peak
monthly flows for all years prior to 1970. The resulting stor-
age volume can be normalized by the mobile porosity of the
aquifer sediments to generate an estimate of the drop in the
surface water table depth required to explain the “missing”
flow volume after 1970.

Baseflow trends: using the daily data from 1970 to 2010,
we undertook a baseflow separation using a digital fil-
ter (Nathan and McMahon, 1990) and computed the an-
nual baseflow and the baseflow index for each water year.
Again, we analysed trends in these indices using the meth-
ods described previously. Additionally, we analysed baseflow
trends in both the monthly data from 1937 to 2008 and in
the daily data available for 1970 onward. For the monthly
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data, we defined a “baseflow month” as a month in which
there was streamflow. This definition implies that 100 % of
the flow in these months is from baseflow, a much higher
standard than the baseflow index which indicates the propor-
tion of baseflow that occurred through time.

Hypothesis 4: increasing actual evapotranspiration due
to expansion of plantations

We calculated the change in eucalyptus plantation area from
1973 to 2001 by comparing the mapped land uses in both
years. We used two sources: a land use map provided by
Karnataka State Remote Sensing Application Centre (KSR-
SAC) and Survey of India topographic sheets. The KSRSAC
land use map was derived from Indian Remote Sensing (IRS)
LISS-3 merged with PAN satellite imagery with an effec-
tive 6 m resolution. The map reported the area under euca-
lyptus plantations in 2001. For other years, no such maps
were readily available. So we digitized 1:50000 scale to-
pographic maps prepared by the Survey of India during the
1970s (1973 to 1979), which show eucalyptus plantations on
public lands.

We made three assumptions about water use by eucalyptus
plantations (which are typically unirrigated). First, the plan-
tations could not themselves have led to groundwater min-
ing (as has been claimed in other parts of Karnataka (Calder
et al., 1993)), because shallow groundwater in the region
had largely disappeared by time eucalyptus plantations were
promoted under the social forestry programme in the early
1980s. Second, we assumed that eucalyptus transpires at a
rate of 830 mmyr~1 (the annual average rainfall). In effect
the trees were perfectly efficient in utilization of rainwater,
given that potential evaporation of 1650 mmyr—! greatly ex-
ceeds annual rainfall and that many plantations implement
practices to limit surface runoff. Third, we assumed the plan-
tations displaced rain-fed coarse cereal crops such as maize
or millet, which have a seasonal ET of about 290 mmyr—1
for a single crop and 540 mmyr—1 for a double crop (Allen
etal., 1998).

Hypothesis 5: million puddle theory

Data on the number of channel obstructions in the TG Halli
catchment were available in a report commissioned by Cau-
very Neeravari Nigam Limited (CNNL) (CNNL, 2010). A
total of 344 obstructive structures were recorded including
roads, bridges and unculverted roads, of which 277 were
small check dams (Table 2). The density of check dams esti-
mated from the report is 0.2 km—2 of watershed.

To validate the CNNL data, we conducted a comprehen-
sive survey of all stream obstructions in two milli-watersheds
covering a 26 km? area within in TG Halli catchment. Over
40 check dams were found in the 26 km? area, indicating
a check-dam density of 1.35km~2. Even after discounting
20 % that were leaky or silted, it appears that the CNNL data
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Table 2. Number and type of stream encroachments in each section
TG Halli catchment source: Zoomin Tech Report to CNNL, 2011.

Type Hesaraghatta ~ Kumudvathy  Arkavathy
Check dam 70 65 142
Bridge 4 23 31
Road 0 2 7

are an underestimate of the number of check dams. We there-
fore assumed the higher density of 1.35 km~2 for our analy-
sis.

The volumes of typical obstructions were estimated based
on stream profiles made using a dumpy-level instrument on
seven check dams. Interpolation of the stream profiles al-
lowed us to estimate the maximum storage volumes as rang-
ing between 100 and 1500 m3 with an average of 325 m3. We
multiplied this storage by the basin area and density of ob-
structing structures to obtain a peak storage volume for the
whole basin.

We then plotted the cumulative density function of the
daily inflow events into the TG Halli for 15 years from 1976
to 1990 (the period before check dams and unculverted roads
were constructed for which we had daily inflow records). We
took all flow events less than or equal to the peak storage vol-
ume and assumed that the entire flow would be impounded.
For events that generated inflows greater than the peak stor-
age, the volume impounded was capped by the peak stor-
age the catchment; anything higher would have overflowed.
The volumes impounded were summed to estimate the total
loss downstream. This calculation is likely to overestimate
the fraction of daily runoff that is impounded behind check
dams and unculverted roads, since the structures are unlikely
to be empty at the beginning of every rain event.

4 Results
Results are presented separately for each of the hypotheses.
Hypothesis 1: declining rainfall

Annual rainfall trends: Fig. 2b shows the area-averaged
monthly and annual rainfall over the basin for the years
1934-2010. With an average of 830 mmyr—! and standard
deviation of 210 mmyr—1, the monthly rainfall time series
does not show any trend, and no statistically significant
trend emerges in the annual rainfall. Similarly, no significant
changes are visible in the pre- and post-1970 in mean annual
and monthly rainfall totals. The data do exhibit high decadal
variability in rainfall, and it is clear that the 1970-1980 pe-
riod was exceptionally wet. However, there is no evidence
that total rainfall volumes have changed in the region.
Seasonal rainfall trends: with the exception of Devana-
halli, we did not identify any statistically significant shifts
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in the timing of the rainfall over the last 80 years. The ob-
served trend in Devanahalli was for an increase in JJAS rain-
fall, contrary to the predictions of climate models. Moreover,
more rain in JJAS cannot explain the decline in flow produc-
tion at other times of the year.

Change in rainfall intensity: no statistically significant
trends in daily rainfall volumes exceeding threshold values
of 10, 25 or 50 mm could be identified at the 95th percentile
level at any of the four gauges. Although we cannot exclude
the possibility of changes in sub-daily rainfall intensities,
analysis of rainfall data in the TG Halli catchment area shows
no meaningful historical trends in precipitation volumes, tim-
ing or storm characteristics. We find no evidence that rainfall-
driven changes could be responsible for the change in flow in
the TG Halli catchment.

Hypothesis 2: increasing ET due to increase in
temperature

The rise in temperature of about 0.6 to 1°C/100 years was
within the range predicted by other studies (Kothawale and
Rupa Kumar, 2005; Arora et al., 2005). The estimated PET
from the Hargreaves equation averaged to the annual scale is
shown in Fig. 2c. As indicated in the figure, there is no statis-
tically significant trend in PET within the basin. We conclude
that there is no evidence to support the hypothesis that in-
creasing temperature is increasing potential evaporation and
leading to a decline in streamflow.

Hypothesis 3: declining baseflow due to groundwater
overexploitation

From the recession analysis, the fitted storage discharge rela-
tionship for the pre-1970 period was

§ =5950%%7, 7

where S and Q are given in units of ML per month, consis-
tent with the monthly time step. The slope of the lower en-
velope was 1.43, very close to the 1.5 slope predicted by the
nonlinear Dupuit-Boussinesq theory and found by Brutsaert
and Nieber (1977) in their original analysis. We estimated S
for the mean of the peak monthly flows from the years prior
to 1970 (65000 ML) using Eq. (7) and normalized this total
stored volume by the catchment area. This leads to a predic-
tion that, on average, mobile storage would need to decline
by 0.24 m across the catchment to reduce the peak monthly
flow rates to zero. We can then use porosity estimates of 20 %
for the unconfined sediments and 1 % for the fractured rock
to estimate the order of magnitude of the groundwater de-
clines that could effectively remove 0.24 m of mobile wa-
ter from being in connection with the surface channels. This
works out to a decline of approximately 1.25m in the surfi-
cial aquifer, or a decline of approximately 25m in the frac-
tured rock aquifer (Fig. 3).
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Figure 4. Change in eucalyptus area in Arkavathy Basin between
1973 and 2001.

As can be seen from Fig. 2d, baseflow started declining
after the early 1980s, but after 1992 there was not a single
month when there was baseflow into the reservoir. The base-
flow index, which was computed from daily data and indi-
cates the share of baseflow in the total annual inflow, also
declined consistently from 1970 to 2010. The loss of below-
ground storage observed in the Arkavathy Basin is of the cor-
rect order of magnitude to explain the contemporary absence
of surface flow and the hypothesis that loss of groundwater
storage in the surface aquifer should be retained for further
investigation.

Hypothesis 4: increasing actual evapotranspiration due
to expansion of plantations

The area under eucalyptus plantations in 1973, as indicated
by Survey of India toposheets, was only 11km?, all of it
within the boundaries of state reserve forests. By 2001, the
area under eucalyptus plantations had increased to 104 km?
(Fig. 4).

Conversion of 93km? of rain-fed crops to eucalyptus
plantations would thus translate into a loss of runoff of
75-135 ML day~! by the year 2001. This figure is signif-
icant compared to the observed runoff decline of about
320MLday~!, suggesting that expansion of eucalyptus
could be a significant contributor.

Hypothesis 5: million puddle theory

Based on the assumptions about check dam and encroach-
ment water storage, the total loss in runoff at the basin scale
attributable to channel encroachment is on the order of 18-
54 ML day—1. While there are substantial uncertainties asso-
ciated with this number (for example, other sources of sur-
face water storage such as within-farm impoundments or im-
poundments in housing plots are ignored leading to an un-
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derestimate of the total volume, while the assumption that all
storages empty prior to each rainfall event undoubtedly rep-
resents an overestimate), the order of magnitudes unequiv-
ocally indicate that, while the million puddle theory could
have contributed to a fraction of the loss in runoff, it cannot
account for the entire loss of inflow into the TG Halli.

5 Discussion

Our analysis indicates that rainfall changes or temperature
increases cannot account for any significant fraction of the
decline in inflows into TG Halli reservoir. The causes found
to be plausible are groundwater extraction, expansion of eu-
calyptus plantations and to some extent increased obstruc-
tions in the stream course. Importantly, many policy ap-
proaches currently under consideration do not reflect the ma-
jor underlying causes of the drying of the Arkavathy River,
and in some cases (check dam construction) they are clearly
counter-productive. In the future, climate change could play
a critical role in exacerbating water stress, but climate stres-
sors will only add to existing local stresses.

Although the hypotheses have been framed as indepen-
dent, the mechanisms undoubtedly interact with each other,
so their inter-relations should be considered in formulating
a conceptual model of the catchment and in attributing the
effects of each mechanism in terms of the change in river
flow. For example, check dams not only impound flow, but
also locally elevate recharge. Check dams may thus facilitate
high levels of groundwater extraction locally. Spatial hetero-
geneity in water table levels and eucalyptus root zone access
to saturated conditions may vary throughout the catchment,
meaning that the assumption that eucalyptus plantations do
not contribute to groundwater mining and reduced baseflow
should be relaxed in future studies.

The analysis presented here is preliminary. Further work is
needed to understand the hydrological processes in the catch-
ment, including the contemporary and historical flow gener-
ation pathways and their changes. There are, however, sug-
gestive clues of timing that suggest a potential working hy-
pothesis for the flow generation mechanisms. Expansion of
electricity and installation of wells began to increase in the
late 1960s — although this period also coincided with a pe-
riod of relatively high rainfall and streamflow in the 1970s.
Flow declines began to emerge in the early 1980s, with base-
flow indices and numbers of “baseflow months” plummeting
in the early 1990s, approximately at the same time that open
wells went dry and deeper boreholes become more prevalent
(Fig. 3a, b). During this period, the baseflow index declined,
suggesting that less and less of the streamflow entering the
TG Halli reservoir was associated with groundwater inputs.
These trends are highly reminiscent of those projected by
models of the Republican River basin (Zeng and Cai, 2014)
as a function of increasing groundwater extraction-reduced
baseflow and an increasingly erratic quick-flow response.

www.hydrol-earth-syst-sci.net/19/1905/2015/



V. Srinivasan et al.: Why is the Arkavathy River drying?

Inflows continued to decline after 1992, suggesting that
additional mechanisms beyond the decline in baseflow must
be considered. Possible additional mechanisms include the
conversion of the Arkavathy River into a “losing” river,
which provides a source of recharge to the local aquifers, the
continued expansion of eucalyptus plantations and increasing
implementation of management techniques that prevent sur-
face runoff from leaving farm fields and increasing obstruc-
tion of the stream channels. Based on these observations, fur-
ther research targeting runoff generation mechanisms, estab-
lishing the pathways for surface—groundwater connections,
evaluating the effect of land use on water balance and esti-
mating groundwater extraction rates has now been initiated
in the catchment (see www.atree.org/accuwa).

Finally, from a policy perspective, the fuzzy perception of
the causes of streamflow decline and the lack of coordina-
tion between agencies have resulted in contradictory policies.
The range of policy responses observed reflect both different
stakeholder interests and different explanations of the hydro-
logic causes of the declining river flow. For instance, even
as CNNL is removing encroachments and blockages under
the programme to rejuvenate the Arkavathy River, new check
dams continue to be authorized under the Mahatma Gandhi
Rural Employment Guarantee Scheme (MNREGA). Inter-
estingly, the case study illustrates that the reluctance to ac-
knowledge human feedback is not limited to hydrologists.
Even farmers living in the catchment often do not fully ac-
knowledge their role in altering the hydrology. The actors
involved have not made any substantive effort to scientifi-
cally validate and reconcile these views, resulting in signifi-
cant wasted investment.

6 Conclusions

The TG Halli catchment case study shows that humans can
play a significant role in altering the hydrology of water-
sheds (Wang and Cai, 2009; Grafton et al., 2013) in a variety
of ways. Indeed, the results presented in this paper suggest
that proximate drivers like groundwater pumping and land
use change, rather than just climate change, are the most
likely causes of the drying of the Arkavathy River. The ar-
ticle strengthens the case for use-inspired sociohydrology as
a science of water and society that explicitly includes human
feedback on hydrologic processes (Sivapalan et al., 2012). In
particular, the paper makes three contributions to this nascent
field. First, the study highlights the importance of accounting
for multiple anthropogenic drivers of change. There has been
a tendency within the hydrology community to understate the
role of humans in altering hydrology beyond large structures
like dams or, more recently, climate change. The dominant
conceptualization remains that of the hydrologic system as
being separate from society. This case study shows why at-
tention to direct and dispersed human modifications of this
system is needed. Second, the study offers guidance on how
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human feedback ought to be addressed in a region where data
are scarce and unreliable. By adopting a multiple-hypothesis
approach, we illustrate how even limited data sources can be
marshalled to eliminate some of them and identify critical
knowledge gaps. This approach can inform primary data col-
lection efforts and lead to the development of better models
of the catchment.

Third, the hypotheses themselves are derived not just from
the academic literature but also from perceptions of all stake-
holders in the debate. This ensures the legitimacy and useful-
ness of the research.
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