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In the last decades, globally several small experimental watersheds were set up to study the climate and agricultural
influences on water and biogeochemical cycles. Recémilgoncept and importance of Critical Zone Observatory (CZO)

was made and this resulted in developing such observatories in several countries including a global network of CZOs. The
CZ0Os combine characterization, long term monitoring and modeling to allow understanding of the processes governing
water and biogeochemical cycles in a small experimental watershed or network of watersheds. The Kabini CZO too was
formed from similar twin experimental watersheds (forested and cultivated) developed during the last decade in the Kabini
river basin in the south western part of Indissummary of the salient studies performed on water and biogeochemical
cycles under the influence of climate and agriculture during the last ten years in the Kabini CZO are reported here.

Keywords: Critical Zone Observatory, CZO, Small Experimental Watershed, Hydmlogy, Biogeochemisty.

Introduction different continental ecosystems at seasonal,
yearly, decennial, and multi-decennial

The Earth Critical Zone is defined as “the thin layer timescales?

between the top of the canopy and the bottom of

groundwater aquifer in which complex interactions The strategies adopted to answer these
involving rock, soil waterair and living oganisms ~ questions are often integrated approaches on
regulate the natural habitat and determine availability€xperimental catchments, where hydrological and
of life sustaining resources” (NRC report, 2001). biogeochemical studies can be coupkdquiring
Critical Zone Observatories (CZOs) have been simultaneously time series of climate, hydrology and
implemented by the Earth Science community in the geochemical data over decades on river systems (both

past 25 years in several countries (Banvedral. small experimental watersheds and larger basins)
2013) with an aim to answer crucial environmental representative of the diversity of ecosystems is pivotal
questions such as: for the understanding of these processes, building

integrated modeling and for proposing predictive
scenarios. Even though currently many CZOs
(www.czen.og) are operating globallyery few were

set up in the tropics despite the huge importance of
—  How climate variability controls the processes these regions in terms of population dendiagt-
involved in water-soil-life interactions? changing land use, biodiversity hotspots, biomass stock
What is the control of biosphere on the Oncontinents (humid forests), size of river systems,

hydrological and biogeochemical Cycles in the etc. In addition, rainfall in the tl‘OpiCS is mOStIy

* Author for Corespondence: E-mail: sekhauddu@gmail.com

—  What is the impact of land-use changes on the
hydrological and biogeochemical fluxes exported
from watersheds?
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governed by monsoon systems, which are fluctuatingMule Hole EWS
periodically but are also thought to be particularly o
sensitive to climate chang¥imal Singh (2015)  Characterization

presents the need for such CZO studies from Indiatpq initial phase was dedicated to the physical

perspective. characterization of the environment and
implementation of borewells, weinstruments and
initiation of the hydro-geochemical monitoring. The
The Kabini basin (7000 kfnFig. 1) spans over a main soil types, Ferralsol avértisol, were identified
unique climate and morpho-pedologic gradient definedthrough pedological survey and then precisely mapped
by three zones (humid, semi-arid, transition). The sub-using electromagnetic (EM31) survey (Barbieto
humid zone being particularly sensitive to monsoon al 2007). Soil transformations through ferrolysis in
variability at all timescales, it is particularly interesting Vertisol and erosion processes were also studied
for studying the relative influence of climate variability (Barbieroet al2007; 2010).

and agriculture on the water and biogeochemical
cycles in Southern India. The Kabini CZO aims to
provide the unique decennial time series of climatic,
hydrological and geochemical variables in the Kabini _ )
basin and in some of its nested sub-watersheets. =/ (15m sgprohte_ + 2m soil) (Brawn al 2_009)'
ExperimentalWatersheds (EWS), Mule Hole _Th(_e comparison with the_I(_)ng term erosmn_rates
(forested: 4.3 ki) located in the sub-humid zone and indicates that about one million years are required to
Berambadi (cultivated; 84 kinlocated in the semi- pro‘?“ﬂce such a regolith covgln the Seco”‘?' phase
arid zone, are monitored since 2003 and 2008,addltlonal themes were studied as shown in Fig. 2.

respectively

The Kabini Critical Zone Observatory

Also, combining the 2D electrical resistivity
surveys in the watershed with weathering indices
provided an estimation of the mean regolith thickness,

Hydrological Budgets

The specific objectives of the Kabini CZO are 1, qyo|agical monitoring of Mule Hole watershed
(a) determining the fluxes of watef inoganic and  jncj ded an automatic weather station and gauging
organic matter present |n_§olut|on (m_ajor anions "?mdstation at the outlet set up in July 2003 and 13
cations, carbon and silica) and in SuUspensionpie;ometers drilled in 2003 and 2004. Hydrological,
(particulate organic carbon); (b) proposing budgets yo o chemical and meteorological time series are
of chemical weathering and physical erosion; and (C) 5 ajlaple in open access at http://bvet.obs-mip.fr

evaluating the impact of agriculture on the above - mpining this hydrological monitoring with electrical
parameters. Its strengths are (i) multiscale ?pproaor}esistivity tomography and magnetic resonance
of nested watersheds, from small experimental 5o, ding allowed to demonstrate that groundwater
watersheds to river basin, and (i) multidisciplinary pepayiour in the valley was driven by local recharge
approach, currently involving hydrologyeochemistty |6\ the steam (Legchenkoal. 2006; Descloitres

soil science, agronomgemote sensing and ecology ¢ 51 2008). Furthergeophysical methods were also
Both the instrumented watersheds of Kabini CZO | caq to infer soil moisture (Parate al. 2011). A

comprise of the same type of soils and geology excep ater halance based on 2003-2006 records, using

they vary in terms of land use. Mule Hole EWS is 101 taple fluctuations and Chloride Mass Balance

located inside the pristine Bandipur National Park and(CMB) methods, allowed to highlight the importance
its small size is ideally suited for characterizing soil ¢ his indirect’local recharge (30 + 15 mmb)y
and subsurface in addition to determining the Watercompared to the direct one (45 + 9_mn4r)yand

and eIe_mentaI fluxes un(jer undisturbed Cond't'on_s'proposed that the total evapotranspiration could
The adjacent Berambadi EWS on the contrary 'Srepresent as much as 86 + 9% of the rainfall
cultivated and strongly influenced by human effects (Maréchakt al.2009). Using a dynamic hydrological
and is a more suitable scale to study the impact of,, ;e (COMFOR, Ruizet al.2010) and time series
agriculture on water and biogeochemical cycles up to 2009 helped to indicate that groundwater
(nutrients), and to combine land use practices/changese geryoir varies according to long term cycles (about

with remote sensed data. 13-15 years) induced by rainfall pattern and water
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Berambadi EWS
cultivated (2008-)

Mule Hole EWS forested (2003-)

Fig. 1: The Kabini CZO with a pair of monitored EWS of Mule Hole (forested; rainfall: 1100 mm/yr) and Berambadi (84 knf;
rainfall 500-900 mm/yr)
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Fig. 2 : Chronology of themes of study in the Mule Hole EWS



836 M Sekhar et al.

uptake by deep tree roots in the regolith (Fig. 3). Foralong with solute mass balance at soil-plant scale
a long time series (1976-2013), the model computedindicated that ~90% of the fluxes of Ca, Mg, K, Si,
water balance revealed that while stream dischargeAlkalinity exported by the stream have transited
and groundwater flow account each for about 10%through the vegetation. The solute mass balance at
of the rainfall, with lage variations from year to year soil-plant scale also revealed recycling of nutrients
Long term evapotranspiration was found to be 78% within the watershed, which represents 10 to 20 times
of the rainfall. The slight difference with the estimation the fluxes exported by the stream (Riatal.2014a

by CMB method based on the period 2003-2006 was& b). Vegetation also controls indirectiirough the
explained by the large increase in water storage inwater budget, the decennial export of elements that
the deep regolith during the monitoring period (12%, are not taking part in the plant cycle, like Na (Riotte
about 145 mm}). For an average rainfall of 1096 et al. 2014b). Forest fires enhance the short term
mm (1976-2013) the evapotranspiration was 853mmmobility and the export of the nutrients (e.g. K) located
(78%), stream discharge was 100mm (9%), in leachable ash components compared to the
groundwater discharge 88mm (8%) and storageseasonal litter decay (Audst al, 2014).All these
change was 54 mm (5%). Furthstudies on the studies indicate that modelling the response of water
uncertainty in the groundwater discharge leaving theand biogeochemical cycles to climate change would
watershed were attempted combining stochasticfirst require understanding the controls and feedbacks
models of groundwater flow with the geophysical of vegetation on these cycles. This is particularly

investigations (Chaudhuet al2013). important in the sub-humid zone of this rainfall gradient,
_ which experienced several episodes of semi-arid
Chemical Budget conditions since the Last Galcial MaximunidgMétte

The chemical composition was characterized for freshet al. 2010b).
rocks, regolith, soils and vegetation and monitored ongj| Ecology
the long term for water (rainfall, throughfall, soil pore
water seepage, stream, groundwatéhis allowed

to determine the weathering fluxes in the catchment
(Siva Soumyeet al, 2009) and by combining an
hydrological model with a water-rock interaction model
(WITCH) the possible role of secondary phases
(smectites) in the silicate weatheringdqMtteet al.
2010a). Moreoveit revealed that groundwater is the
main pathway for element export (Maréckalal,
2011). Decomposition of flood hydrographs from
hydrochemical data (End-Member MixiAgalysis)

In Mule Hole, soil bioturbation is mainly carried out
by fungus-growing termites that are producing soil
sheeting (i.e soil aggregates covering the litter
consumed by termites, Jouquedtal (2015a) and
cathedral or lenticular above-ground mounds (Jouquet
et al, 2015b). If soil sheetings are difficult to observe,
termite mounds are clearly conspicuous features of
the watershed. They are characterized by specific
soil physical and chemical properties and they can be
considered patches or highlands of fertility in the
watershed (Jouquet al, 2015c). Soil aggregates
from termite mounds are less resistant to the rain than
the surrounding soil aggregates, suggesting a lower

N VALDATION protection of soil organic matter and a significant
Upslope piezometer contribution of these constructions to erosion (Jouquet
et al, 2015c; 2016). Howevehow do termite
mounds contribute to soil renewal and/or erosion at
the watershed scale remain unknown.answer to

830
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Water table level (amsl, m)

N ; this question, a monitoring of the ‘demography’ of
R il This. P9 JNJ\ Wy about 650 termite mounds (i.e. evolution in size,
816 WA Y | iJ\' ' ' degradation by predators, new mounds) was initiated
s -" \)-. 2014. Undoubtedly this unigue dataset will help to
812 ‘ understand how soil biodiversity responds to the

Jan-80 Jan-84 Jan-88 Jan-92 Jan-96 Jan-00 Jan-04 Jan-08 Jan-12

fluctuation of the rainfall pattern, the dynamic of
Fig. 3: Observed (dots) and simulated (lines) water table  termite mounds, and how they influence soil erosion/
levels of two piezometers in Mule Hole for 1976-2013 renewal and nutrient cycling.
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Berambadi EWS and rocky/weathered soils, as identified by the
_ _ _ geophysical studies (Barbieepal., 2007). The area
Berambadi experimental watershed (~80%Ki8 5 mainly agricultural land with three main cropping

located in Chamarajanagar district of Karnataka in seasons, known asharif (monsoon, June to

India (Tomer et al., 2015).This predominantly September)Rabi (October to December) and
agricultural watershed is close to the forested g,mmer (January to May) crops. The part of the
Mulehole experimental watershed. The role of this , qtershed also has some forest covered areas

watershed in Kabini CZO was to characterize and gandipur National park) towards the state barder
capture human processes especially on the hyOIrOI093|§/Iajor crops in the watershed are turmeric, maize,
and energy budgets and hence a relatively largeryarigold, sunflowersoghum, banana and vegetables.

catchment size was selected. Howewire 10 the e gtudy area lies in a semi-arid climate zone having
larger size novel monitoring approaches based on,, approximate mean annual rainfall of 800 mm.

remote sensing were used to retrieve soll moisture,Based on the revised Koppen-Geiger climate
evapotranspiration and soil hydraulic properties. ¢|assification, the study area is classifiedAdlg
Moreover instead of dedicated piezometers for (Tropical wet and dry or savanna climata)few
groundwater levels, a large number of groundwatergjient studies performed in the Berambadi

wells drilled by the people (mainly farmers) for oy erimental watershed are reported below
agricultural purposes were used as sensors for

groundwater level observations (Fig. 4). The sameGroundwater Modeling and Budget
approach was also used for water quality studies

mainly the nitrates in groundwater with high spatial 1"€ groundwater levels are monitored in the wells
density of data in the watershed. (~200 numbers) of the farmers at a monthly

frequency since May 2010 in the Berambadi
Granitic gneiss is the main geology of the watershed. Care is taken to obtain the groundwater
Berambadi watershed and is similar to the fracturedlevels unaffected by pumping using the knowledge of
hard rock system forming most of the Peninsular the electricity provided to these wells, which is often
India. The soil types in the watershed are black, red3-4 hours/day Fig. 5 presents the trends of
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Fig. 5: Measured groundwater level patterns aggregated in

various villages of Berambadi.Also presented is the

model fit of groundwater levels for a typical well in
Honnegowdanahalli village

Fig. 6: Annual rainfall (mean annual rainfall for the 5 year
period is 915mm) and groundwater recharge factors
modeled for case illustrated in Figure 5

groundwater levels aggregated from wells in various of 7 days) investigations were performed by
villages of the watershed. comparing the soil moisture product derived from this

Using a groundwater model (AMBHAS-GW) satellite with theta probe soil moisture data collected

developed and tested (de Breiral 2012; Subasht with 90 od spatial coverage over the period of thr(_ae_
al., 2016) was used to simulate the grOL;n dwater leveld €SN Berambadi experimental watershed of Kabini
T , . CZO. The “radar-only” algorithm that was developed
and Fig. 5(b) presents the model fit to one typical .
observation well data. Fig. 6 presents the annual(ParaQEt al, 2015) to apcount for vegetaﬂo_n and
rainfall for 2010-1 to 2014-15 and the mean annual roughness @cts, respectivejyas used oAquarius/

. : SAC-D L-band backscatter observations for
recharge factors (which also includes the return flow ~" .~ . . . . )
from groundwater use). The mean annual rechar eestlmatlng the soil moisture. Fig. 7 shows the time
acrosg the Vears was ﬁéo mm. The mean annualg series of calibratedquarius soil moisture product
groundwatgr discharge estiméte Wwas500 mm and its comparison with SMOS soil moisture product
while the annual mean pumping averaged over the(Paraget al In review.

village estimated was 265 mm. Passive microwave sensors (e.g SMOS,
SMAP) are capable of providing surface soil moisture
globally under all weather conditions. Howehese
have a relatively coarser spatial resolution and cannot
Satellite based active and passive L-band observation§'eet the requirements of higher resolution applicable
acquired byAquarius are available from September for small watersheds. On the other hand, active
2011 to June 2015. Usinquarius data (which was Microwave sensors (e.g RADAR$R, RISAT-1)
available at 80 km resolution and temporal resolution €@n provide higher resolution (e.g ~10-100 meters)

Retrieval of Soil Moisturefrom Microwave Remote
Sensing
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Fig. 8: Surface soil moisture retrieved in Berambadi
watershed using RADASA-2. A comparison of soil
moisture estimated with ground measurements is
also shown
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radar-only (calibrated), SMOS and theta probe ground observations at Berambadi

soil moisture with a relatively coarse temporal
resolution of 2-4 weeks. Retrieval of soil moisture
from active microwave is often relatively complicated
since the satellite measured backscattering coefficient
is sensitive to the surface roughness and vegetation
canopy structure. In the literature, several physically
based, empirical and semi-empirical models have been
developed to retrieve soil moisture from active
microwave sensoré methodology was developed
(Tomeret al, 2015) to retrieve surface soil moisture
from active microwave sensors using an approach,
which required a set of several backscatter images
over time and a soil map (typically available in India
from National Bureau of Land Use & Land Cover
Planning) with the soil parameters of wilting point and
field capacity This approach requiring no parameter
calibration was validated to retrieve surface soil
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Fig. 9: Comparison of satellite estimated evapotranspiration
with ground measurements in Berambadi watershed
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moisture using field data collected during 30 campaigns 30 -
(concurrently with RADARSA-2 overpass) in 50 | Field Capacity Layer-1 e
monitored field plots over a span of four years (2009- g
2013) in Berambadi watershed. The mean RMSE was
found to be around 0.04-0.06%m? and it was
assessed that improved performance and reduced bie
would be feasible with a high resolution soil map.
Figure 8 presents the surface soil moisture retrieved:
at the spatial resolution of 1 hectare for the four
different times during 2012 (a drought year) in
Berambadi watershed along with a scatter plot
comparing the retrieved and ground measured soil
moisture in these dates. Observed Values

Estimated Values

Evapotranspiration Estimation Using Remote
Sensing Based Models .

Field Capacity Layer-2
Latent Heat Flux (LHF) or evapotranspiration isa , = -
critical component of the hydrologic and energy cycles 3 20 8 ¥
but repeated and consistent estimation of LHF from £ - ¢ ¢
ground measurements at regional and other Iarge@ 15 2
scales is difficult due to its spatial and temporal '
variability. Remote Sensing is the only viable option :
to map LHF of relatively laye areas periodicallin a 5
globally consistent and economically feasible manner
Remote sensing based models that are available fo
the estimation of LHF can either be complex fully
physically based land surface schemes or simple
empirical models, which are shown to work with
reasonable accuracy for data scarce conditions (Jian
and Islam, 1999). Remote sensing provides only a
snapshot of the LHF at the instant of image acquisition
whereas it is the temporal average (daily/weekly etc.),
which is of real interest to various users. This
conversion is often carried out in various models using
evaporative fraction. Studies were performed to
compare different simple empirical models to estimate
LHF using remote sensed data (Eswehal, 2013,
2016).To compare the evapotranspiration estimated
from remote sensing, a micrometeorological tower of
10 m height developed by the Spaaplications
Centre of the Indian Space Research Organisatior
was installed in the Berambadi watershed. Fig. 9
presents evapotranspiration estimated using remote

sensing and that from the ground measurements fofig- 11: Estimated field capacity of the two soil horizons in
the 2012-13. The intra-year trends are captured ' PSR waeTed v STISS oo et
resonably with the simple empirical models develped. validation are aplsopshown P

Using this approach, a evapotranspiration product

(2002-2013) is developed with a spatial resolution of Kabini river basinTypical spatial patterns of mean
1 Kn and a temporal resolution of 1 week for the evapotranspiration per day for the extended Kharif

Estima

-~

QO

4+——— Sand Separate, %
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C 8= the method in Berambadi by combining with leaf area
- [LL.\ * 1999-2008 index retrieved using active microwave remote sensed

o 7 " s gl data from RADARSA-2 (Sreelaslet al.in review).

2 e -+-1975-1985 ) . : .

E 40 ie i Fig. 11 presents the field capacity estimated for the

o "’-“"-,,;...:' vt e two layers with uncertainty estimated obtained from

2 20 S e, GLUE in the Berambadi watershed using STICS

S model inversion and LAI retrieved from RADARTA

a o

15-Nov

30-Nov
15-Dec
30-Dec
14-Jan
29-Jan
13-Feb
28-Feb

Fig. 12: Kabini basin with the network of observations wells

presenting groundwater depeleted regions in the
semi-arid part. Also shown ar the trends of base
flow reductions (as measured at the Kabini dam)
over the decades from the humid/transition climatic
region

2.

Kabini Basin

The Kabini river basin in south-western India is unique
for hydrology because of its exceptional climatic
gradient with the mean annual rainfall from west to
east characterizing the unique humid, transition and

semi-arid zones in the basin. Using an extensive

network of groundwater well network (Fig. 12A,B),

the groundwater levels were mapped in the basin. In
season (May-Sep) in Berambadi watershed is shownhe souther-eastern semi-arid region, the groundwater
for 2012 and 2013 in Fig. 10. levels display a pattern that is non-classical
hydrogeologicallythe valley regions having deeper
groundwater levels than the topographically higher
zones. This pattern resultefdom intensive
_ . _ . groundwater pumping in the lages in the valley that
Available water capacity of soil, which is the ¢iared in the early 1990s (Sekletial, 2011). The
difference between the soil water content at field yacjline in the groundwater level caused the

capacity and wilting point is a key parameter for yisconnection between the groundwater and the river
modelling soil water balance and for monitoring soil bed, and the main permanent rivers turned into
water content to adjust irrigation. This parameter is ephemeral streams (Rué al, 2015). Fig. 12C
one of the most important factor influencing the carbon presents the trends of base flow for the humid and
and nitrogen cycling and the rate of photosynthesisy ansition region in the Kabini river over the three
and crop growth. Commonlgt plot scale studies this  yacades and clearly the base flow appears to be
is determined from tedious laboratory experiments, agacted by the climatic and land use changes in the
however for estimating over Iger spatial scales, miq region and in turn effecting the stream system

pedotransfer functions (PTFs) describing the 5 ingicating the impacts translated from the aquifer
relationship between SHPs and textural charactenstlcst0 the stream system.

of the soil (which are easily available from soil maps),

are often used @feeckeret al, 1989). One of the The question that naturally arises is what best
alternative approaches that was attempted in thdand practice should be recommended for this basin
literature for estmating SHPs was through model specifically and the region in general, so as to minimise
inversion and remote sensing (Ines and Mohaogs; environmental degradation in the long run, while
Montzkaet al, 2011). Sreelaslet al (2012, 2013)  ensuring minimal disruption to the water users of the
validated a similar inverse approach hypothesisingregion.An additional question that arises is how
crop as sensor to estimate available water capacityclimate change will compound water availabjland

in the deeper soil horizons of two-layered soils in how its effects can be best segregated from the
Berambadi watershed. STICS crop model was usedanthropogenic impact of the ever-increasing pumping
for estimating SHPs and the uncertainity in the the region has witnessed.

estimates was evaluated for different crop types and

water regimes and also extended the applicability of

Retrieval of Soil Hydraulic Properties (SHPS)
from Remote Sensing
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