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ABSTRACT

The monsoon based climate system, diverse land use and land cover distribution and cultural practices poses complex issues in
monitoring, assessment and simulation of Indian carbon cycle. Several studies reported lack of spatially and temporally consistent
databases, need for calibration and validation of models, and development of national frame work to maintain consistency and
completeness in efforts and reduction of uncertainty. Considering the need, as part of ISRO Geosphere Biosphere Programme, National
Carbon Project (NCP) initiative was taken up to understand and assess land, atmosphere and oceanic components of carbon cycle with a
significant scope for integration of remote sensing, geospatial and process based models. The results from the initial studies are discussed
in the paper. An increase of the country’s forest carbon stocks from 6244.8 to 6621.6 Mt with an annual increment of 37.7 Mt of the
carbon from 1995 to 2005 is reported. In the national scale, CASA model based average annual NPP is estimated to be 1.5 Pg C Yr! and
is increasing at the rate of 0.005 Pg C Yr during past 25 years from 1981-2006. Analysis of Mid tropospheric CO, levels retrieved from
AIRS data since 2002 till now revealed increasing rate of CO, at 2.14 ppmv yr'"* It was also o found that biosphere uptake over India and
oceanic uptake over the south Indian Ocean could play positive role on the control of seasonal variability of atmospheric carbon dioxide

growth rate The paper presents further details on different sub components, recent results and challenges ahead of the project.

1. INTRODUCTION

Recent studies of Zhao and Running (2011) on changes in global
NPP during 2000-09, decline in the global land evapo transpiration
trend during 1998-2008 due to limited moisture supply (Jung et al,
2010) and development of continuous satellite derived record of
land surface evapo transpiration from 1983-2006 (Zhang et al,
2010) signifies the importance and scope of global, regional and
national EO systems and field measurement networks.
Recognizing the growing need for improved Earth Observations,
Group on Earth Observations (GEO) plans to produce globally
harmonized data sets on global, national and local scales, using
common algorithms, variables and units; as well as, to develop an
integrated model that stitches all carbon observations together
(Ciais et al, 2011).

Indian terrestrial ecosystem acts as spatially and temporally
variant carbon source and sink due to monsoon based climate
system; diverse land use and land cover distribution and cultural
practices. The agriculture covering around 180 M ha and forests
covering 68 M ha contributes largely to terrestrial carbon
dynamics in India (Chhabra et al 2004, Kaul et al 2009).The
diverse cropping patterns, wet land rice ecosystems and
temporally variant dry land agriculture makes Indian agriculture
carbon fluxes assessment and understanding complex. The
diverse forest structure and composition, phenology, fire regimes,
biotic disturbances, extractions and large reservoir of trees outside
forests plays larger role in Carbon sequestration and shaping the
carbon budget (Bhat and Ravindranath,2011). Unlike the regular
forest inventories, soil inventories are rarely repeated on a regular
basis and require chrono sequenced sampling to understand the
impacts of different management regimes and land use changes
on Carbon dynamics.

Approximately 0.8 Pg C yr' is transported to the oceans by the
world’s rivers and India has several perennial rivers and long
coastline. It is important to properly understand air sea CO,

exchanges and quantify the Carbon estimates due to fresh water
and coastal dynamics as it constitutes a redirection of a substantial
portion of the net terrestrial sink (Doney and Hood, 2002). The
diverse natural and anthropogenic sources of CO, and long range
transport of atmospheric gases across varied topographic
gradients as a function of intra and inter annual climatic variations
affects sink potential of different categories of land cover. This
necessitates regular measurements and monitoring of atmospheric
CO, and its transport modelling.

There has been an increasing trend in assimilating EO data
towards understanding of land surface processes, climate
measurements and carbon pools and fluxes (IPCC 1995).
Phenological shifts, vegetation cover and type changes (Ranjith et
al, 2011; Rajiv et al, 2011) fire monitoring and biomass burning
(NRSA, 2006), feedbacks to regional climate and CO,-
fertilization (Bala et al, 2010), estimation of net carbon flux
caused by deforestation and afforestation in India (Kaul et al
2009; Subodh et al., 2011) are a few recent studies reported over
India using EO data.

The studies conducted over India have strongly envisaged a need
for national level initiative for understanding of terrestrial carbon
cycle considering the diversity of terrestrial ecosystems, monsoon
climate and its controls on C fluxes over land and oceans,
commitments to UNFCC international protocols. In addition, an
integrated approach of uniformly designed national field
campaigns, retrieval and calibration of satellite based biophysical
and geophysical variables and integrated modelling approaches
for carbon cycle understanding, monitoring and simulation is
suggested. Against this background, as part of ISRO Geosphere
and Biosphere programme, National Carbon Project (NCP) was
undertaken with the following major goals

» Assessment of Carbon Pools, Fluxes and Net Carbon bal-
ance for terrestrial biomes in India
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» To establish an observational network and create remote
sensing-based spatial databases for modeling and period as-
sessment of net carbon balance in India

» To provide support to Second National Communication
(SNC) activity of Ministry of Environment and Forests, GOl
to UNFCC with respect to carbon balance

The National Carbon Project was implemented as a set of three
inter-related sub-projects and recent results from different sub
projects and challenges ahead of the project are presented in the

paper.
2. VEGETATION CARBON POOLS

The vegetation carbon pools assessment was carried out with the
following two objectives:

» Assessment of terrestrial vegetation biomass in the country
using ground sampling and satellite remote sensing data

» To generate geospatial data of the terrestrial phyto mass
Carbon of India along with estimates of uncertainty.

2.1 Vegetation Carbon Pools — Forests (VCP — F)

As part of (VCP — F), an optimal phytomass density observation,
modeling and mapping approach for national-scale forest carbon
pool assessment was defined. A multi-institutional national
phytomass measurement program consisting of 54 institutions and
74 Principal investigators was carried out. A total of 6500 field
plot data from forests and trees outside forests was collected with
defined sampling protocols. The forest density, vegetation type
map, accessibility (nearness to road), normalized difference
vegetation index and district boundary have been used to select
sites for sampling. 2350 permanent sample plots were identified
for further monitoring as well as for quality assurance. 753
regional species volume equations and general equations were
collated based on FRI and FSI publications. Specific gravity data
of 16,400 species of the Asia has been collected. Specific gravity
of 86 fire wood trees and shrub growing in wasteland/degraded
sites has been added. A geo-referenced relational database of plot
wise forest inventory and biomass density estimates was prepared.

Pilot studies in 16 test-sites in different ecological regions in the
country have been taken to test the methodology for biomass
estimation and spectral modeling using optical and microwave
data in forest ecosystem. End-to-end analyses at eight sites have
been completed. Spectral modelling for biomass estimation using
LISS III, Landsat ETM+, MODIS data and ground based
observations has been completed over Surat, Srinagar (Kashmir),
Panna District, Uttar Kashi (UK), Haryana, southern part of
Karnataka and Arunachal Pradesh (Patil et al, 2011).
Interferometric Water Cloud Model (IWCM) has been
successfully applied for forest biomass retrieval in Dudhwa
National Park.( Pandey et al, 2010).

Recent estimates found that conservation policies have resulted in
increase of the country’s forest carbon stocks from 6244.8 to
6621.6 Mt with an annual increment of 37.7 Mt of the carbon
from 1995 to 2005 (Jagdish et al, 2011). The field based basal
area and stand height collected from 17,500 plots and spatial
information on multi temporal spectral data, terrain, climate,
forest type and crown density was related using random forest

decision tree algorithm to develop spatial explicit basal area
surfaces at 1x1Km grid. The estimated basal area ranged from 70-
260 m*/ Km®.

2.2 Crop NPP (above and below ground) from historical
agricultural statistics data:

Vegetation Photosynthesis Model (VPM) based on original
Monteith’s growth analysis approach is implemented to derive
decadal and annual dry matter productivity over cropland of
India. Solar radiation databases over Indian sub-continent were
generated using monthly MODIS derived cloud cover using
Angstrom & Prescott Model. Spatially explicit fields of time-
varying incident Photosynthetically Active Radiation (PAR) and
fraction of PAR were derived from remote sensing data. Fraction
of absorbed photosynthetically active radiation was computed
based on linear scaling of NDVI and chlorophyll related
Enhanced Vegetation Index (EVI). Spatial distribution of
maximum light use efficiency is derived by adjusting for spatially
varying proportion of crop groups such as C3 and C4 crops.
Environmental stress scalars for adjusting potential productivity
were derived from combination of daily grided climate from IMD
and decadal RS based land surface wetness indices. (Patel et al,
2010 and Wani et al, 2010).

Decadal, seasonal and annual dry matter productivity was
computed over cropland. Crop biomass measurement on fort-
nightly interval for selected sites (1 km) is processed for deriving
relationship between biomass and spectral indices. Crop statistics
conversion to crop NPP was done based on crop specific
constants. In addition to district level crop NPP estimates for
(2002-2006), historical (1950-2005) crop statistics were converted
to above-ground (ANPP) and below-ground biomass. Generation
of spatial databases based on district-level crop NPP and area,
existing cropland fraction and potential cropland distribution is in
progress. Tress Outside Forests (TOF) are estimated using
geospatial sampling procedures involving potential TOF
strata(Surface water bodies, , urban vegetated area, agriculture
area , rail and road) obtained from IRS LISS —III (23m resolution)
satellite data/SOI toposheets and tree number obtained from
optimally sampled CARTOSAT-1 satellite data (2.5m resolution)
and field sampling. The tree numbers are derived at 5x5Km?* grid
through suitable statistical up scaling procedures. The pilot
studies conducted over Northern Telanagana region have reported
estimated number of tress as 1850/25Km’ and in
Haryana(Panchkula and Yamuna Nagar ditricts) estimated
number of tress are 3761/25Km* .The efforts are being made to
make national estimates involving sampling over homogenous
zones identified using topography, hydrology and climate .

2.3 Soil Carbon Pools

Soil Organic Carbon (SOC) is the largest terrestrial carbon pool.
Soil can be a source of (CO,, CH4, and N,O) or sink (CO, and
CH,) of greenhouse gases depending on land use and
management (Lal, 1999).As part of Second national
communication of India, forest soil pool estimates of 3.51 Pg and
3.75 Pg for the 1995 and 2005 respectively were reported by
ICFRE and IIRS using 657 soil samples (Jagdish et al., 2011). In
order to bring out further reliable estimates on soil C pools,soil
sample data for about 1500 locations is collected across India out
of which about 600 are forest soil samples. A geospatial frame
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work is being developed to integrate field data with LULC,
topography and drainage information to assess the soil Carbon
Pools. (Krishan et al., 2009 and Velmurugan et al,, 2009).

2.4 Soil and Vegetation — Atmosphere Fluxes:

The tower based flux measurements are reported to provide
unbiased regional estimates of CO, fluxes (Baldochi et al, 2001).
Initial efforts were made to identify the needs and approach for
developing flux net work over India (Sundareshwar et al, 2007).
As part of National Carbon Project (NCP) initiative of ISRO-GBP
a nationwide network of carbon towers in major forests, croplands
and grasslands for the measurement and modeling of the net
carbon flux using eddy covariance techniques, satellite remote
sensing data and models is planned. Accordingly the Soil and
Vegetation — Atmosphere Carbon Flux study is being conducted
with the following objectives:

3

*

* Analysis of atmospheric CO, patterns to study spatio —
temporal Carbons source-sink relations over India.

» Establishment of flux towers and measurement of eddy
covariance and meteorological parameters to study the
exchanges of carbon dioxide (CO,), water vapor and en-
ergy balance between terrestrial ecosystems and the at-
mosphere.

% Measurement and spatial modeling of soil CO, fluxes

< Integration of observations and component — wise model-

ling for conducting full carbon balance accounting of In-

dia and estimation of net carbon balance.

*

B3

Three towers at forest sites of 15-20 m height at
Barkot,Uttaranchal; Haldwani, Uttaranchal and Bethul ,M.P were
established. Bethul tower is recently initiated to record flux
measurements. A new tower in mangrove forests of Sunderabans
is being established. Site specific studies were also conducted for
measurement and modeling of soil respiration and emission fluxes
using automatic soil C0, exchange system at Haldwani tower site.
One 3 meter tower at Agriculture site (Meerut) with open Path
flux tower has been installed in an agro-ecosystem at Modipuram,
Meerut in the campus of Sardar Patel University of Agriculture
and Technology to measure net CO, exchange between
atmosphere and crop canopy. The biophysical data thus generated
is being analysed to understand diurnal, seasonal and inter annual
variation in carbon and water fluxes and NPP modeling using RS
based models.

The raw data were processed to derive half-hourly fluxes of
carbon, water vapour and sensible heat by using standard micro-
meteorological software installed on CR-3x data-logger. Field
measurements such as leaf area index, soil moisture and
chlorophyll content index were measured at weekly interval. Half-
hourly photosynthetically active radiation above and below wheat
canopy was measured on a weekly basis. Daily GPP and
ecosystem respiration (Re) was computed from half-hourly NEE
after applying gap filling, filtering and nocturnal NEE-
temperature relationship. Day-time ecosystem respiration (Re)
was computed by applying temperature response function to half-
hourly temperature data.

Light-response curves and its parameters were derived at different
growth stages of wheat by fitting rectangular hyperbolic functions
between measured GPP and absorbed photosynthetically active
radiation. Diurnal pattern in Net ecosystem exchange (NEE)

reveals negative NEE during day-time representing CO, uptake
and positive during night as release of CO,. The amplitude of the
diurnal variation in NEE increased with growth of wheat and
reached its peak around the pre-anthesis stage. The mid-day
uptake during this stage was around 1.15 mg CO, m?s" and
night-time release was around 0.15 mg CO, m™s”. Large daily
GPP above 30 g CO, m™>d™! continued until mid of anthesis stage
(15 march) and decline rapidly during maturity stage. (Patel et
al., 2010 and Patel et al, 2011).

The Haldwani flux tower is established over mixed plantation and
natural forests of Uttaranchal state in collaboration with Univ. of
Tuscia, Italy, ICFRE and Forest Department. The flux tower at
Haldwani is equipped with CSAT sonic anemometer, LI-7000
closed path gas analyzer, radiation and soil thermal sensors.
Measurements are logged at 10 Hz interval using industrial
PC Half-hourly CO, flux measurements corresponding to dry
period (18-28 Jan, 2009) and flush stage (April, 2009) were
processed to study the diurnal variation in net ecosystem
exchange and its response to environmental variables. Light-
response curves were derived for quantifying quantum
photosynthetic efficiency. Efficiency worked out to be 0.021
umol CO, umol photon” during flush stage. Respiration-
temperature response was also evaluated to derive Qg
coefficients. In order to quantify CO, fluxes over large region,
initial efforts are made to upscale site-specific data using process
based ecosystem models.

2.5 Scaling of carbon fluxes by Modelling techniques

Carbon dioxide (CO,) is a major greenhouse gas and its rapid
increase in the atmosphere after the pre-industrial time is the
cause of recent time global warming and climate change (IPCC
reports 1995). Much of the current increasing trend of CO, is
attributable to the 6-fold increase in human use of fossil fuel,
deforestation and other anthropogenic activities. Of the total
anthropogenic CO, emission, only 30 - 40% remains in the
atmosphere and the rest is being absorbed by ocean and terrestrial
biosphere (IPCC reports 1995). While anthropogenic release of
CO; is continuously increasing at a rapid rate, sinking strength of
the natural system: terrestrial biosphere and ocean is decreasing
(Berthelot et al., 2005). Thus controlling the growth rate of
atmospheric CO, by reducing the anthropogenic CO, release and
helping natural system for enhancing uptake capacity of
atmospheric CO, is a major challenge.

There have been a few studies on assessing spatial and temporal
patterns of satellite based biophysical parameters and NPP over
India. Estimates of monthly net C fixation and net primary
productivity over India and its eight regions, using SPOT-
VEGETATION 10-day NPP composites, and comparing the
monthly patterns of NPP and NDVI was made (Chhabra and
Dadhwal, 2004).The total net C fixation of India was estimated as
2.18 PgC, which amounts to area-weighted terrestrial NPP of 6.66
tCha™' yr! for the period June 1998-May 1999. An analysis of
monthly fAPAR dataset derived from NOAA-AVHRR data
covering the period from July 1981 to May 2001 over the Indian
land mass was carried out (Pandya et al 2004). Significant
positive trends of decadal increase of about 2.9% and 2% were
observed in pre-peak (June-October; P-I) and post-peak
(November—May; P-II) seasons respectively. The significance of
micrometeorological parameters affecting seasonal NPP values
over Javadhu hills in south India was studied using MODIS 09A 1
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surface reflectance products, micrometeorological and Production
efficiency approaches (Nethaji, 2010). These limited studies
indicate a large gap in data, calibration and validation of
modelling which are being addressed in the NCP project.

Measurement through ground base network over India

For quantitative understanding of regional CO, transport and its
variations with regional environmental boundary condition
different spatial and temporal scales have to be analysed through
field measurements. The distributed dense networks of
observations would be useful to represent the CO, changes due to
geographic and local environmental conditions. NCP is making
continuous efforts towards multiplying ground based net work
across the country by installing sensors for measuring boundary
layer atmospheric CO,, flux towers for measuring the CO, flux
exchanges between selected ecosystems and atmosphere.

Under this program, Vaisala CARBOCAP GMP343 are installed
at six stations and some are under plan. The Vaisala CARBOCAP
GMP343 is an accurate and rugged probe type instrument that can
measure atmospheric CO, with acceptable compromise between
size, response time accuracy and stability. Analysis of data
obtained from Dehradun station for the year 2009 was done
(Neerja et al. 2011) and work is under progress for other stations.
The data at Dehradun exhibit distinct diurnal and semi-annual
cycles. CO, decreases during sunrise to afternoon and increases
during afternoon to sunset. It remains higher during the night
time. The semi-annual cycle has decreasing phase during Feb-
March and July-Sep, and has increasing phase during rest of the
period. This observed variability of atmospheric CO, is mostly
driven by local ecosystem activity.

Analysis of satellite measured atmospheric CO,

Recently several space based observation programs such as
Atmospheric Infra Red Sounder (AIRS), SCanning Imaging
Absorption spectro Meter for Atmospheric CartograpHY
(SCHIAMACHY), Greenhouse gases Observing SATellite
(GOSAT).AIRS can measure CO, at mid troposphere while
SCHIAMACHY and GOSAT can measure columnar atmospheric
CO,. We have analyzed the data obtained from these satellite
observations over India and surrounding oceans and tried to link
with surface fluxes (source and sink). Since AIRS provides
observations since 2002 till now, this data has been extensively
used for analysis (Nayak et al. 2011). An increasing rate mid
tropospheric CO, is 2.14 ppmv yr' is observed, which is almost
the same as that of observed CO, at Maunaloa.

The data exhibited distinct annual cycle with decreasing phase
during June-October and increasing phase during rest of the
period in a year. The annual cycle has larger amplitude over the
land than over the oceans. There also exist inter-annual variations
in the observation. In order to understand the causes of such
variability, we have computed fluxes of CO, exchanges over the
land (India) and over the oceans through integrating different data
bases (remote sensed and observed) in to different models
developed in the recent past for the purpose. The description of
the modelling approach followed is provided in Nayak. et al.
2011. Comparison between the variability of atmospheric CO,
anomaly with the anomaly of surface fluxes over India and
surrounding oceans suggests that biosphere uptake over India and
oceanic uptake over the south Indian Ocean could play positive

role on the control of seasonal variability of atmospheric carbon
dioxide growth rate. On inter-annual scale, flux exchanges over
the tropical north Indian Ocean could play positive role on the
control of atmospheric carbon dioxide growth rate (Nayak et al.
2011).

Modeling NPP, NEP and associated parameters related to
Carbon Cycle over terrestrial India

Net primary productivity (NPP) is defined as the net carbon
uptake by green plants per unit time and space through
photosynthesis and respiration processes. NPP minus the
heterotrophic (soil) respiration is the Net Ecosystem Productivity
(NEP). NPP is the net carbon exchange between vegetation and
atmosphere, while NEP is the net carbon exchange between the
vegetation-soil system and the atmosphere. Thus estimates of both
NPP and NEP in regional and continental scale are very important
for understanding variability of atmospheric CO, in seasonal,
inter-annual and climate scales.

The Carnegie—Ames—Stanford Approach (CASA), a terrestrial
biosphere model, has been used to investigate spatiotemporal
pattern of net primary productivity (NPP) during 2003 over the
Indian subcontinent. Sensitivity analysis suggest that the
difference could be due to inclusion of variable light use
efficiency (LUE) across different land cover types and
environment stress scalars as down regulator of NPP in the
present CASA model study.(Nayak et al, 2011).
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Figure 1. Inter annual Variations in NPP; a) Annual total NPP
(solid line) and mean precipitation (ppt: dotted line) over the
country. The trend line is drawn corresponding to annual total
NPP; b) The same as in (a) but for the crop lands; c) the same as
in (a) but for the forest region over the country.

Recently we have also implemented CASA model to simulate
NPP, NEP, soil respiration etc. over India at 2x2 min spatial
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resolution. The model was forced by time varying spatially
explicit input of satellite greenness index, solar radiation, air
temperature, precipitation plus soil and vegetation cover maps.
Monthly simulations of NPP, NEP and etc. are for the period of
past 25 years 1981-2006 and simulation was now extend up to
2009. Seasonal and inter-annual variability of NPP and NEP and
their control by the climate has been extensively analyzed.
Results suggest that both NPP and NEP have exhibited large
seasonal and inter-annual variability. In the national scale,
average annual NPP is estimated to be 1.5 Pg C Yr' and is
increasing at the rate of 0.005 Pg C Yr? during past 25 years from
1981-2006. This trend is equivalent to 8.5% over the country
during past 25 years (Fig 1).

This increase is primarily due to the enhancement of productivity
over agricultural lands in the country. Variability of precipitation
has stronger role on the control of inter-annual variability of NPP
(Figure 1). Spatial distribution of NPP trend is different in
different places and in different periods. In the recent time (1995
onwards), large decline of NPP over the Indo-Gangetic plane is
observed owing to decline of rain over the regions (Figure 2).
Estimated NEP budget for the country suggest that, on an average
India is the region of net sink of atmospheric CO, with total
annual uptake of 9.5 Tg C yr''. Estimated long term linear growth
rate of NEP over the country was 1.8 Tg C Yr? (8.5%) which is
small but significant. There exists strong inter-annual variability
of NEP over the country. Except early period (1981-1985), most
of the years India is net sink of atmospheric CO, (Figure 3).
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Figure 2 Mean NPP (upper panel) and precipitation (lower panel)
over the Indo-Gangetic plains.
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Figure 3. Annual total NEP over India during 1981-2006.
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2.6 Estimation and modeling of geochemical
weathering, wetland effluxes, sediment
deposition, riverine and coastal C-flows.

Geochemical fluxes, comprising of variety of processes, though
much smaller in magnitude comprise important fraction of
characterizing carbon balance. In this context laboratory facility
equipped with TOC analyser, Ion chromatography required for
hydro- geochemistry was established at IIRS,Dehradun and pilot
studies were conducted over representative watersheds Song,
Asan and Sonali in Northern India to collect fresh seasonal stream
water sampling during Aug 2006-Feb 2009.

The study revealed average CO, consumption ranging from 1.7 to
26.2 (x10000 moles/km?/yr) (Song being the highest and Solani
lowest). This indicated that atmospheric CO, drawdown would be
about 4.4 billion moles/yr for total area of about 2200 sq km of all
three  watersheds. Estimated annual dissolved carbon
(DC=DIC+DOC, inorganic and organic) flux varies from about
2.5 to 51 t/km?/year. Non monsoonal flux was observed to be half
that of monsoonal flux. DC concentration was found to be similar
in all three watersheds. Results of limited sampling showed that
major contribution of total carbon (including dissolved and
particulate) flux and yield come from dissolved fraction.

Using RUSLE and MMF models attempt was made to quantify
potential soil loss and soil organic carbon loss for entire country
with RS based inputs. Annual loss was estimated to be 23.2 and
23.8 t/ha/yr and SOC loss of about 168 and 140 kg/ha/yr. Out of
major river basins, Brahmaputra basin was having highest soil
erosion (~34 t/ha/yr) and SOC loss (~507 kg/ha/yr avg) where
Ganga basin showed 130 kg/ha/yr SOC loss. Collaboration with
Jadhavpur University is taken up to study carbon budget in human
interfered (Jharkhali) and un-disturbed site (Lothian island) of
Mangrove Forests of Sunderbans, West Bengal.

3. CHALLENGES AND GAP AREAS — APPLICATION OF
EO SYSTEMS:

The repeat inventory of around 2500 permanent field plots,
application of LIDAR and CARTOSAT 3D models for
integration of remote sensing based stand height information and
adoption of geospatial techniques and canopy architecture models
in uncertainty assessment and reduction of are a few areas
research towards improved biomass estimates. RS based up
scaling and assessment of NPP over forest and agriculture sites,
coupling with biospheric and atmospheric models for carbon
cycle modeling and simulation, work on requirement of
establishing new towers are the thrust areas in generation and
assimilation of flux tower data. The application of data mining
techniques in geospatial quantification of soil C pools, studies on
soil carbon dynamics in chrono sequence in different landscapes
and characterization soil respiration as a function of land cover,
soil moisture and temperature are the areas to be further addressed
in soil carbon pools assessment and dynamics.

Atmospheric CO, measurements and monitoring would be also
required to get enhanced field measurements of atmospheric
Carbon dioxide from increased field stations, balloon based
sensors, air borne surveys, as well as FTIR so as to strengthen
baseline clean air CO, measurement network. The measurements
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are necessary for retrieval and validation atmospheric CO, from
AIRS, TES, IASI and GOSAT and future satellite missions,
understanding of surface sources and sinks at higher spatial
resolutions, and atmospheric inversions modelling. Coastal
carbon dynamics through an integrated approach of assessing the
cycles of Carbon in surface waters (major rivers, reservoirs, lakes
and estuaries) through systematic measurements of TA, pH, DIC
and PC also requires attention. Budgeting of air- water flux at
seasonal to annual scales for the above aquatic systems need to be
accordingly addressed. The hydro geochemistry component of
Carbon flux using monitoring of river transportation of particulate
and dissolved carbon, in the critical river basins needs attention.
The study should address detailed field measurements consisting
of DC, pCO,, estimation of CO, uptake in silicate, carbonate and
lithological facies and computation average CO, consumption by
chemical weathering. Implementation of atmospheric transport
model (TM5) to simulate CO, in the atmosphere over India and
surrounding oceans is to be planned. Integration of VCP-SOIL-
FLUX data and long-term simulation of terrestrial-biosphere
exchanges using biosphere models, long-term simulation of
ocean CO, flux exchanges (using del pCO,, wind-speed, SST,
SSS etc),Inverse modeling/assimilation of atmospheric CO,
(transport model) data and Constrain transport modelling with
time varying land and oceans based natural and anthropogenic
surface fluxes should contribute to integrated carbon modelling
and simulation.
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