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Abstract The net ecosystem productivity (NEP) repre-
sents net carbon exchange between the terrestrial ecosystem
and the atmosphere that plays a crucial role on the control of
the atmospheric CO, in different time scales. The present
study examined the spatial and temporal variability of NEP
over India during 1981-2006 in relation to the climatic
variables using the Carnegie—Ames—Stanford Approach
(CASA) terrestrial ecosystem model and regional databases
on the land surface-vegetation characteristics and the cli-
matic parameters. At national scale the NEP exhibits semi-
annual cycle with primary positive values up to
80 TgC month™' during August-December, secondary
positive values up to 15 TgC month™' during January—
March and negative values up to —70 TgC month™" during
April-July. The estimated long-term NEP budget for the
country is 10 TgC year™'. It had undergone substantial
inter-annual change in response to the climate variability. In
the early 1980s, the Indian terrestrial biosphere remained a
source and later became a sink of carbon during four pentad
periods. The NEP budgets are positive for all the extreme
years with severe flood and drought conditions except 1982.
The normal years have either positive or negative NEP
budgets. The precipitation-induced reduction of the net
primary production (NPP) dominates the NEP variability in
dry years, whereas in good monsoon years the precipitation-
induced enhancement of the soil respiration (Rh) dominates
the NEP variability.
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Introduction

Terrestrial ecosystem plays a crucial role in regulating
variability of the atmospheric CO; in different time scales.
Studies revealed that global terrestrial biosphere acted as a
net C sink over past two and half decades. The annual
uptake capacity of the global ecosystem was highly vari-
able ranging from 0.3 to 5.0 PgC year ' and these values
were very significant as compared to the emission of about
7 PgC year™ ' from fossil fuel burning (Prentice et al. 2001;
Schimel et al. 2001; Sabine et al. 2004). Understanding of
the global terrestrial C cycle has been improved over the
past few decades owing to the rapid establishment of at-
mospheric CO, measurement networks and vegetation in-
ventories; the development in remote sensing based
monitoring of land surface properties; and the improve-
ment on the ecosystem modeling procedure. Large diver-
sity of biome types and their functioning across the world
causes uncertainties in C source and sink properties of
terrestrial ecosystems at regional and continental scales.
For regions such as USA, Europe and China carbon bud-
gets and associated causes of variability in C sources and
sinks are more or less understood (Potter et al. 2003; Tian
et al. 2003; Piao et al. 2009). Regional scale C budget for
India is not yet accurately assessed or understood despite
the country has occupied large land mass (3.28 mil-
lion kmz) with sizeable forest cover (21 %) and agricul-
tural land (55 %).

India’s terrestrial biosphere may have distinct pattern of
C sink/source over space and time owing to the monsoonal
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climate, the diverse land cover distribution, the rainfed-
irrigated agricultural practices and the seasonality of
vegetation phenology. The climate over India has under-
gone significant change during the past two decades with
the clear warming trend under the background of global
warming (Dash and Hunt 2007). The land use change
during the past few decades is very significant. The rate of
afforestation in India is 2 Mha per annum and stands as the
highest among the tropical countries (Ravindranath and
Hall 1994). Recent report of the Forest Survey of India
2009 suggests that the forest cover of India has increased
by 5 % in the present decade (http://www.moef.nic.in/
downloads/public-information). Earlier studies on carbon
cycle for India were mainly based on the forest inventory
data sets and they were focused to assess biomass (Har-
ipriya 2000), growing stocks (Chhabra et al. 2002), primary
productivity (Hingane 1991), carbon sequestration in forest
(Lal and Singh 2000) and net C flux from land use changes
(Ravindranath et al. 1997; Haripriya 2003). The net C flux
over the Indian forest as estimated by different studies
ranges from an emission of 0.4 Tg year™ ' to a sink value of
5.0 Tg year ' (Ravindranath et al. 1997). Recently Kaul
et al. (2009) reported that the Indian forest has sequestered
1.09 TgC year " in 1990s.

Accurate and long-term monitoring of carbon exchanges
and its inter-annual variability over India is essential for
better understanding of the regional carbon budget and its
link with the global carbon cycle. Development and im-
provement in the global terrestrial ecosystem models
(Potter et al. 1999; McGuire et al. 2001) in last two dec-
ades have opened a scope for gearing up carbon cycle re-
search at global and regional scales. These models are
perhaps the best tools for estimating variability in carbon
cycle processes at different scales ranging from local to the
regional and global scales, because they allow integration
of data from a variety of sources and sensitivity analysis to
prescribe important biome-specific parameters. The Car-
negie—Ames—Stanford Approach (CASA; Potter et al.
2003) is one such model popularly used for the analysis of
carbon cycling parameters at local to regional to conti-
nental scales. Nayak et al. (2010, 2013) have implemented
this model over the Indian subcontinent to study seasonal
and inter-annual variability of the net primary productivity
(NPP) over India. The NPP only accounts vegetation
component of CO, exchange between the ecosystem and
the atmosphere. On the other hand, the heterotrophic res-
piration (Rh) is an important component of the net CO,
exchange which was not investigated in the earlier studies.
Difference between NPP and Rh is termed as the net
ecosystem productivity (NEP) which describes the net
exchange of atmospheric CO, by the undisturbed ecosys-
tem. The CASA model has a mechanism that can link
seasonal pattern of NPP to soil heterotrophic respiration
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(Rh). Therefore, the aim of the present research is to
simulate long-term pattern of net ecosystem productivity
(NEP) over different vegetation covers in India and study
its spatial and temporal variability.

Materials and methods

The CASA is a terrestrial biosphere model based on the
light-use efficiency (LUE) that simulates net primary pro-
ductivity (NPP) by estimating optimal metabolic rates of
carbon fixation under the limiting effect of temperature and
water stress scales (Potter et al. 2003). The model has
mechanism that can link seasonal patterns of the NPP to the
soil heterotrophic respiration (Rh). First order decay
equations simulate exchanges of decomposing plant resi-
due (metabolic and structural fraction) at the soil surface.
The model also simulates surface soil organic matter
(SOM) fraction that presumably vary in age and chemical
composition. Turnover of active (microbial biomass and
labile substrates), slow (chemically protected), and passive
(physically protected) fraction of the SOM are represented
in the model. The model is used in this study to simulate
long-term (1981-2006) monthly carbon cycling parameters
(NPP, Rh, NEP, etc.) over India at 8 km spatial resolution.
The model is driven by spatially explicit data of the climate
parameter, normalized differential vegetation index
(NDVI) and stationary maps of soil and vegetation at-
tributes. The monthly NDVI data at 8-km spatial resolution
are obtained from archives of Global Inventory Modeling
and Mapping Studies (GIMMS) (Tucker et al. 2005). The
high-resolution (0.5°) long-term monthly climate databases
of Climate Research Unit (CRU), University of East Anglia
(UEA) (http://www.cru.uea.ac.uk/cru/data/hrg) form the
source of input climatic parameters: air-temperature (7;,),
precipitation (ppt), cloud fraction/solar radiation. The land
use and land cover (LULC) map for India is obtained from
the digitally classified land cover map of Southeast Asia at
1 km spatial resolution (Agrawal et al. 2003). The soil
attributes map is taken from the UNESCO world soil map
(Reynolds et al. 1999). These data are projected into the
model grid at GIS (Geographic Information System) en-
vironment using appropriate transformation function (fur-
ther details are given in Nayak et al. 2013). Analysis of
inter-annual variability of simulated monthly NEP is car-
ried out for the agricultural year (June—-May) instead of a
calendar year to highlights the effect of the southwest (SW)
monsoon on vegetation activity and enables comparison of
carbon fluxes against those from ground based on crop
statistics (Pandya et al. 2004). Thus the monthly time series
of NEP is converted to annual NEP by adding monthly data
for the agricultural years. Annual mean and standard de-
viation are estimated to describe variability of NEP across
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different land cover types of the country. Long-term linear
growth rates of NEP and associated parameters were esti-
mated by fitting linear trend line with respect to time
(years) using the least square procedure.

Results and discussion
Spatial patterns of annual NEP

Spatial patterns of the annual NEP climatology over India
and associated coefficient of variation (CV) during the
26-year study period are presented in Fig. 1. Statistics on
long-term mean of the simulated NEP and associated NPP
and Rh over the major land cover types in India are pre-
sented in Tables 1 and 2, respectively. The region with
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Fig. 1 Spatial distribution of mean annual NEP and associated
coefficient of variability over India during 1981-2006

positive NEP represents a C sink regime and the region
with negative NEP represents a C source regime. It is ob-
served that high (small) productivity (NPP) areas are the
locations of high (small) Rh; however, their relative mag-
nitudes determine whether the region being a source or a
sink of C (Table 2). As shown in the figure, the NEP cli-
matology exhibits large spatial variability across the
country. Positive NEP with small variance (CV <5 %) are
present over most parts of the agricultural lands (lower
Indo-Gangetic plains; the coastal states in the eastern and
southern peninsular plateau) and the mixed shrub and
grassland over deserted tracts of northwestern and interior
peninsular India. Deserts/dry cropland tracts of western as
well as interior peninsular India had high and positive NEP
values in spite of low levels of NPP in these areas
(Table 2). These high values are mainly due to relatively
smaller value of Rh, which can be attributed to the limited
moisture available for decomposition of soil organic matter
(SOM) by heterotrophs. Small negative NEP values with
large variance (>5 %) are observed over the forest region
in the southeastern parts of the northeast states and the
Western Ghats and the southwestern coastal plains. At the
national scale, the Indian terrestrial ecosystem acts as a net
sink of the atmospheric CO, with a mean annual uptake of
9.85 TgC (equivalently 2.57 gC m 2year™'). Out of the
total annual NEP, the cropland contributed 9.1 TgC, the
mixed shrub and grassland contributed 1.32 TgC and the
forestland contributed —0.54 TgC (Table 1). The negative
NEP budget over the forest cover is a result of the effect of
the climatic stress on the NEP during early 1980s. This
uptake strength is significantly larger (19.2 TgC year ')
during the later 15-year period (1991-2006) owing to the
enhanced contributions from the agricultural lands
(Table 1). The Indian ecosystems contribute almost 2.5 %
(20 TgC) of the global annual NEP budget (730 TgC)
corresponding to 1981-1998 period as reported by Cao
et al. (2005).

Seasonality of NEP

Temporal evolution of the monthly NEP over India during
the climatological year (1981-2006) undergoes a semi-
annual cycle with primary positive values (up to
80 TgC month™") during August-December and sec-
ondary positive values (up to 15 TgC month™") during
January—March (Fig. 2a). These two periods represent the
net sink of the atmospheric CO, by the Indian terrestrial
ecosystem. Negative values (up to —70 TgC month™"),
representing C sources are observed during April-July. It
can be noted that during the dry periods, January to May
and September—December, NEP mostly parallels the vari-
ability of NPP. On the other hand, enhanced negative es-
timates of NEP observed during the wet summer period
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Table 1 Statistics of annual NEP climatology and long-term linear growth rate of total NEP over major land cover types in India

Land use/land cover (% land  Statistics during 1981-2006

During 1991-2006

coverage of the country) Moan NEP zad
ean and ¢

Total NEP and ¢ Trend

Mean NEP and o Total NEP and ¢ Trend

(gC m~? year™ ") (TgC year™ ) (TgC (gC m~? year™ ") (TgC year™ ") (TgC year™?)
yearfz)
Mixed dry land and irrigated 4.5 (17.6) 5.44 (15.4) 0.72 7.1(18) 3.8 (74) 0.08
crop land (37)
Irrigated cropland and pasture 6.8 (16.5) 3.65 (7.1) 0.13 7.8 (19) 9.3 (15.5) 0.76
(16.5)
Broadleaf deciduous forest —0.12 (34.6) —0.41 (8.5) 0.23 1.8 (37) 1.0 (9.6) 0.68
(14.5)
Mixed shrub and grass land 3.77 (18.2) 1.32 (4.9) 0.15 8.0 (20) 2.82 (4.9) 0.29
(11)
Broadleaf evergreen tree (5) —1.15 (60.8) —-0.13 2.9) —0.06 —3.78 (62) —0.6 (3.2) —0.1
Grassland (4) —0.06 (9.3) —0.01 (0.6) 0.02 1.2 9) 0.15 (0.39) —0.01
All LU/LC (100) 3.01 (25.2) 9.85 (36.9) 1.79 5 (26) 16.4 (38) 1.45
Table 2 Statistics of annual NPP and Rh during 1981-2006 for major land cover types in India
Land use/land cover Statistics of NPP Statistics of Rh
Mean NPP Total NPP Trend Mean Rh Total Rh Trend
and (o) and (o) (TgC yearfz) and (o) and (o) (TgC
(gC m~? year_l) (TgC year_') (gC m~2 year_l) (TgC year_l) year_z)
Mixed dry land and irrigated crop land 411 (267) 497 (25) 2.35 406 (268) 492 (15) 1.44
Irrigated cropland and pasture 538 (290) 290 (12) 0.76 531 (289) 286 (9) 0.60
Broadleaf deciduous forest 586 (337) 274 (11) 0.60 586 (338) 271 (7) 0.24
Mixed shrub and grass land 371 (263) 132 (7) 0.74 366 (265) 131 (5) 0.42
Broadleaf evergreen tree 817 (555) 135 (3) —0.08 818 (556) 136 (2) —0.01
Grassland 80 (158) 10 (1) 0.05 79 (158) 10 (0.5) 0.02
All LULC 463 (339) 1415 (55) 4.5 459 (340) 1406 (34) 2.76

(June—August) against the increasing trend of NPP, which
could be due to soil-moisture-induced enhancement of Rh.
Variation of NEP for the cropland (irrigated cropland and
pasture plus mixed dry irrigated cropland) exhibits the
similar semi-annual cycle that dominates the seasonality of
the national NEP budget (Fig. 2b). NEP over the forest and
the shrub—grass lands exhibit annual cycles with positive
values during August-December and negative values dur-
ing March-July (Fig. 2b). Indian forest, primarily
dominated by the broadleaf deciduous trees, usually shades
leave during the dry seasons (March—June). Consequently,
NPP decreases and Rh increases, leading to negative NEP
during the dry seasons. The amplitudes associated with the
annual cycle of NEP for the Forest and for the shrub—grass
land are almost one-third and two-thirds of the amplitude
of the semi-annual cycle as observed for the agricultural
lands. This dominance of the cropland NEP on the national
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NEP budget is because of the larger area (55 %) occupied
by the cropland followed by 21 % by the forest and 11 %
by the shrub-grass land.

Inter-annual variability of NEP

Inter-annual variability of NEP holds prime importance in
the analysis of sink capacity of the atmospheric CO, by the
terrestrial ecosystems. Bar plot of NEP budgets for the
agricultural years is presented in Fig. 3 and the cumulative
NEP budgets for the major land-cover types are presented
in Fig. 4. As shown, NEP budgets remain positive during
the 26-year study period except the years 1982, 1984, 1991,
1999, and 2003 when the NEP budgets are negative. The
Indian ecosystems all together sequestered around 300 TgC
during the 26-year study period where the cropland con-
tributed 225 TgC followed by the shrub—grassland with 25
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TgC. The forest remained the source with small negative
NEP budget (Fig. 4). These estimates of NEP budget
for India is associated with 1.8 TgC year™' long-term
linear growth rate, which is largely contributed by the
cropland ecosystem (0.85 TgC year™') followed by the
shrub—grassland ~ (0.36 TgC year™') and the forest
(0.18 TgC year™'). The Indian terrestrial NEP budgets
varied coherently with the global terrestrial NEP estimates
and contributed substantially to the global budgets. Potter
et al. (2003) reported that the global NEP budget varied
between highest negative value (—900 TgC year ') in
1982 and highest positive value (2100 TgC year ') in
1998. Indian ecosystems also exhibited characteristic
negative (—32 TgC in 1982) and positive budget (35 TgC

Agricultural Years

in 1998) in the respective years. These estimates, respec-
tively, are 3 and 1.5 % of the global NEP budgets.

In order to analyze the inter-annual variability of the
NEP in greater detail, estimates of the NEP budgets to-
gether with NPP and Rh budgets for the country and for the
regions dominated by the cropland and the forest corre-
sponding to the agricultural years (June of the given year to
May of the next year) are shown in Fig. 5. At the national
scale, the NEP exhibits large inter-annual variability to-
gether with the NPP and the Rh budgets. The national NEP
budgets remained mostly negative during the early 5 years
period (1981-1985) owing to the large decline of NPP with
relatively less reduction in Rh in 1982 and in 1984. Most
parts of India had negative NEP during this pentad except
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Fig. 4 Cumulative annual NEP 300. 4
budgets for India and for the
major land-cover types in the
country during 1981-2006
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eastern parts of the Indo-Gangetic plains, dry-land tracts
(mostly shrub-grassland) in the western India and some
areas on the northeast states, the Western Ghats and eastern
and southern coastal peninsular India (Fig. 6). The Indian
ecosystem released, cumulatively 120 TgC CO, (at the rate
of 24 TgC year™ ) to the atmosphere with a contribution of
60 TgC release from the shrub-grassland followed by
25 TgC from the cropland and 20 TgC from the forestland.
This result is in agreement with a continental-scale study
by Tian et al. (2003) where it has been reported that the
south Asian region (comprised 75 % land covered by In-
dia) released 21 TgC year ' in early 1980s.

The national NEP budget increased continuously from
neutral value in 1985 to 61 TgC year™' in 1990 (Fig. 5).
Both NPP and Rh have undergone slow decline during
1986-1987 and rapid enhancement during 1988-1990 with
NPP remaining larger than Rh resulting in net positive NEP
budgets in this period. Spatial map of mean annual NEP
during this pentad suggests that the major parts of India
turned into C sink regions except very dry-land tracts (mostly
shrub—grassland) in the western India (Fig. 5). The Indian
ecosystems absorbed 130 TgC (at a rate of 26 TgC year™ ')
during this 5-year period, which is associated with 85 TgC
uptakes by the forestland followed by 20 TgC by the shrub-
grassland and 15 TgC by the cropland (Fig. 4). Very intense
negative NEP budget (—70 TgC) is observed in 1991 which
is associated with —40 TgC over the cropland and —17 TgC
over the forest. Since then national NEP budgets remained
mostly positive for the remaining 14-year period except the
years 1999 and 2003. The large negative budget in 1999 is
associated with enhanced estimate of Rh and small decline of
NPP budgets while the negative NEP in 2003 is associated
with the increased estimates in both the budgets of NPP and
Rh. During the pentad years: 1991-1995, net C sink by the
Indian ecosystem is about 20 TgC (4 TgC year '), which is
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1995
Year

6 times less than the previous pentad. In this period, major
parts of the central and the eastern peninsular India
(dominated by forest) turned into C source area with negative
NEP (Fig. 6). Large decline of NPP and relatively small
decrease of Rh budgets during 1991 and 1994 over the forest
region could cause large negative estimates of the NEP
budgets in respective years that led substantial reduction of
the C sink capacity of India during this pentad. During
1996-2000, most parts of the Indian ecosystem remained as
C sink regions except forest-dominated region on the central
India and the northeast sates (Fig. 6). In this period, cumu-
lative C uptake by the Indian ecosystems enhanced to
115 TgC (at the rate of 23 TgC year™ ') which was associ-
ated with 75 TgC uptakes by the cropland 18 TgC by the
shrub-grassland and 5 TgC by the forest. During 2001-2005,
the C uptake by the Indian ecosystem is about 85 TgC
(equivalently 17 TgC year™'), which is associated with
50 TgC from the cropland, 30 TgC from the shrub—grass-
land and 5 TgC by the forest. Much of the reduction on C
uptake over the cropland, in particular over the Indo-
Gangetic plains, led to significant reduction of C uptake (by
25 TgC) by the Indian ecosystem during this pentad-period.
It is worth noting that there is large decline of NPP budgets
which occurred over the forest-dominated region together
with enhance Rh during 2002-2003, which led to large
negative NEP budget in 2003 (Fig. 4).

Climate variability and anthropogenic activities such as
land cover change and improved methods in agricultural
practices (irrigation and fertilization inputs) have strong
influence on inter-annual variability of the NEP and its
associated parameters NPP and Rh. As the land cover is
assumed to be stationary in this modeling study, we cannot
quantify the change of NEP due to the land cover change
although India had a good afforestation program after
1990. However, the continuous increasing value of
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cropland NEP (that has dominating role on the Indian total
NEP) after 1990 in the model result is primarily due to
enhanced vegetation activity (NPP) resulted partly from
climatic effect and partly from improved agricultural
practices. The role of climatic on the control of NEP
variability over the Indian ecosystem is described in the
following section.

Inter-annual variability of NEP in relation to climate

NEP is the difference between NPP and Rh. Thus, the rela-
tionship between NEP and climate is dependent on the NPP-
climate and the Rh—climate relationships. Terrestrial ecosys-
tem models such as the CASA, estimates NPP based on light-
use efficiency under the limiting effect of temperature and
water stress scalars (Potter et al. 2003). Moisture limitation
can suppress microbial activity and reduce sensitivity of Rh to
temperature. Thus most of the ecosystem models, including

I LI [
1981 1983 1985 1987 1989 1991 1993 1995 1997 1999

T T
2001 2003 2005

CASA, simulate Rh using the temperature response function
(Q10) along with soil moisture as a stress scalar. Nayak et al.
(2013) have shown that the annual NPP variance across the
country strongly related with the variance of precipitation and
weakly with the variances of air-temperature and solar ra-
diation. The region of large (small) variance of precipitation
has the large (small) variance of NPP. We also found the
similar relationship between the Rh and the precipitation:
region of large variance of precipitation is also the region of
large Rh variance (figures are not provided).

Further investigation is carried out to evaluate the re-
lationship between the ecosystem responses (NEP, NPP,
and Rh) and the climatic parameters (precipitation and air-
temperature) for three major land-cover types: cropland,
forest and grassland through correlation coefficients. Cor-
relation analysis reveals that the negative NEP response of
various ecosystems to precipitation is evident from strong
and positive association of precipitation with Rh as
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compared to that of the NPP (Table 3). Variability of air-
temperature has insignificant coherence with the NPP and
moderate to weak coherence with the Rh; however, it has
moderate coherence with the NEP. It is difficult to con-
clude temperature control on NPP, Rh and NEP while it is
very clear that precipitation has dominant control on
ecosystem exchanges. Previous study on global simulations
using SIB2 model also indicates a predominant influence of
precipitation on NPP and Rh (Schaefer et al. 2002). This
unique response of NPP and Rh to precipitation is
manifested by predominance of arid and semi-arid land
mass (68 %) in India, which is subject to moisture
limitation during major part of year. As the vegetation
growth in tropical environment is mainly controlled by wet
and dry regimes, NPP primarily controls NEP with a
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Pearson’s correlation coefficient, r, ranging from 0.65 to
0.75. However, when moisture availability goes beyond the
optimum threshold in good monsoon years, Rh dominates
the NEP variability. In subtropical environment, Jung et al.
(2011) also observed strong linkage of inter-annual vari-
ability of photosynthesis/respiration with inter-annual var-
iations in precipitation.

Although both NPP and Rh exhibit large coherences
with precipitation, the national NEP budgets during dif-
ferent years are highly variable between large positive and
negative values and having no specific relation with pre-
cipitation budgets in the country. This could be due to other
indirect and anthropogenic effects such as drought, flood
and irrigation management, which may have significant
control on the ecosystem responses. Large-scale flood can
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Table 3 Pearson correlation coefficients (r) between ecosystem carbon exchange components (NEP, NPP and Rh) and environmental variables

(PPT and T;,) for major land cover types

Land cover class NEP and PPT NEP and T, NPP and PPT NPP and T, Rh and PPT Rh and Ty,
Cropland —0.33 —-0.31 0.33 —0.17 0.88 0.19
Forest —0.54 —-0.53 0.24 —0.09% 0.92 0.52
Grassland —0.22 —-0.24 0.37 0.02* 0.86 0.35
Whole country —0.32 —-0.33 0.35 —0.07* 0.90 0.32

PPT precipitation, T,;, near surface air temperature
* Non-significant correlation (P < 0.01, N = 312)

damage the cropland ecosystem, resulting in reduction of
NPP and enhancement of Rh leading to the negative NEP
budgets. In subsequent period, after the flood, fertility of
the land could be enhanced that may lead to enhancement
of the NPP. On the other hand, drought condition leads to
significant reduction on both NPP and Rh. Efficient irri-
gation systems improve the productivity of cropland at the
severe climatic/drought condition. The flood years in India,
with all India Summer Monsoon Rainfall (ISMR) in excess
of one standard deviation above the mean or anomaly ex-
ceeding 10 %, occurred in 1983, 1988 and 1994, and
drought years, with ISMR less than one standard deviation
below the mean or anomaly below —10 %, are 1982, 1985,
1986, 1987, 2002 and 2004. It is interesting to note that
positive NEP budgets are estimated for all the flood years
and for most of the drought years except the year 1982.
NEP budgets could be positive or negative for the normal
years. Negative NEP budgets for the country are observed
in 1982, 1984, 1991, 1999, and 2003. These negative and
positive NEP values are not only caused by decline or
increase in NPP associated with reduction in precipitation,
but also due to moisture-induced triggering of soil respi-
ration (Rh) and reduction of NPP owing to reduction in
solar radiation by more cloudy/rainy days during good
monsoon years. For example, El Nino events in 1987, 1997
and 2002 may have caused decline in rainfall below the
normal, but did not affect the NEP much. El Nino events in
1987 and 2002 caused about 20 % decline in rainfall but
induced increase in solar radiation for photosynthetic ac-
tivity. The intensity of solar radiation during June—
September month of 2002 was above 18 MJ m~2 day .
The slightly positive levels of NEP during 1987 and 2002
might be attributed to the strong decline of Rh (Rh < NPP)
over the natural vegetations (forest, grassland) and over the
cropland owing to predominate control of moisture
limitation on microbial soil respiration. On the other hand,
NEP is negative in good monsoon year 2003 due to re-
duction of NPP caused by low level of solar radiation
during cloudy conditions and positive effect of precipita-
tion on heterotrophic respiration. Over India and tropics,
cloud cover holds strong negative relationship with solar

radiation received at the earth surface (Biggs et al. 2007).
The India Meteorological Department (IMD) observations
of sunshine hours during June-September months over
India in 2002 and 2003 were found be in the range of
3.5-5.0 and 5.0-7.0 h, respectively. As a result, the in-
tensity of radiation observed in 2003 was also low
(15-17 MJ m~2 day ™ "). The low and high cloud cover in
2002 and 2003 over India was also noticed in terms of
small and large values of MODIS-derived cloud optical
thickness, respectively (Patra et al. 2005). However, sea-
sonal precipitation during June—September of the year
2003 was 15 % above the long-term average and hence it
has caused non-limiting moisture conditions for the mi-
crobial decomposition of substrate. Similar response of
NEP to climatic variables is also observed over the East
Asia and China terrestrial ecosystem during 2002 and 2003
(Saigusa et al. 2010). Large-scale negative anomaly of
precipitation caused by EL Nino effects on 1982 and 1984
appeared to be a main cause for the Indian biosphere to act
as a carbon source in early 1980s.

Conclusions

Annual climatology of the simulated NEP exhibits large
spatial variation across the country. The regions dominated
by the agriculture, and the shrub and grassland by land
cover types are the regions of positive NEP with less inter-
annual variation and hence the regions are constant sink of
the atmospheric CO,. On the other hand, small negative
NEP values with large variance are present over the
forestlands. On an average, India is the region of net sink of
the atmospheric CO, with a total annual uptake of
9.85 TgC year '. This annual uptake comprised 85 %
contribution from the agricultural lands, 10 % from the
mixed shrub and grassland, and less than 1 % contribution
from the forestlands. The country is primarily a sink of
atmospheric CO, during peak periods of both the growing
seasons (August—-November and February—March) and is a
source during the remaining periods of a year. It exhibits
large inter-annual changes. In early 1980s (1981-1985),
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major parts of the Indian ecosystem behave as a major
source of the atmospheric CO, owing to a significant re-
duction of precipitation influenced by EL Nino events.
After 1986, India remained the sink of atmospheric CO,
during most of the years, except during the years 1991,
1994, 1999, and 2003. Inter-annual variability of the
cropland NEP budgets has dominant control on the national
NEP budgets inter-annual variability. The Indian ecosys-
tems as a whole behave as a sink of the atmospheric CO,
during major flood or major draught years, except 1982. It
may act either source or sink during the normal years.
Estimated long-term linear growth rate of NEP over the
country is 1.8 TgC year > (8.5 %) which is small but
significant. This increasing rate is primarily due to en-
hancement of productivity over the agricultural lands and
the mixed shrub and grassland of the country.

Acknowledgements

This research work is carried out as part of National Car-
bon Project, ISRO-Geosphere and Biosphere Program. We
thank Global Inventory Modeling and Mapping Studies
(GIMMS), NOAA for providing bi-monthly NDVI data
and Climate Research Unit of East Anglia, UK, for pro-
viding the various climate data used in this study. The
authors acknowledge the support and encouragement pro-
vided at their respective organizations.

References

Agrawal S, Joshi PK, Shukla Y, Roy PS (2003) SPOT VEGETA-
TION multi temporal data for classifying vegetation in south
central Asia. Curr Sci 84(11):1440-1448

Biggs TW, Christopher AS, Rajagopalan B, Turral HN (2007) Trends
in solar radiation due to clouds and aerosols, southern India,
1952-1997. Int J Climatol 27:1505-1518

Cao MK, Prince SD, Tao B, Small J, Li KR (2005) Regional pattern and
interannual variation in global terrestrial carbon uptake in response
to change in climate and atmosphere CO,. Tellus 57B:210-217

Chhabra A, Palria S, Dadhwal VK (2002) Spatial distribution of
phytomass carbon pool in Indian forests. Glob Change Biol
8(12):1230-1239

Dash SK, Hunt JCR (2007) Variability of climate change in India.
Curr Sci 93(6):782-788

Haripriya GS (2000) Estimates of biomass in Indian forests. Biomass
Bioenerg 19:245-258

Haripriya GS (2003) Carbon budget of the Indian forest ecosystem.
Clim Change 56:291-319

Hingane LS (1991) Some aspect of carbon dioxide exchange between
atmosphere and Indian plant biota. Clim Change 18:425-435

Jung M et al (2011) Global patterns of land-atmosphere fluxes of
carbon dioxide, latent heat, and sensible heat derived from eddy
covariance, satellite, and meteorological observations. ] Geophys
Res 116:G00J07. doi:10.1029/2010JG001566

@ Springer

Kaul M, Dadhwal VK, Mohren GMJ (2009) Land use change and net
C flux in Indian forests. For Ecol Manage 258:100-108

Lal M, Singh R (2000) Carbon sequestration potential of Indian
forests. J Environ Monit Assess 60:315-327

McGuire AD, Sitch S, Clein JS, Dargaville R et al (2001) Carbon
balance of the terrestrial biosphere in the twentieth century:
analyses of CO,, climate and land-use effects with four process-
based ecosystem models. J Global Biogeochem Cycle
15:183-206

Nayak RK, Patel NR, Dadhwal VK (2010) Estimation and analysis of
terrestrial net primary productivity over India by remote-sensing-
driven terrestrial biosphere model. J Environ Monit Assess
170(1-4):195-213

Nayak RK, Patel NR, Dadhwal VK (2013) Inter-annual variability
and climate control of terrestrial of net primary productivity over
India. Int J Climatol 33(1):132-142

Pandya MR, Singh RP, Dadhwal VK (2004) A signal of increased
vegetation activity of India from 1981 to 2001 observed using
satellite-derived fraction of absorbed photosynthetically active
radiation. Curr Sci 87(8):1122-1126

Patra PK, Behera SK, Herman JR, Maksyutoy S, Akimoto H,
Yamagata T (2005) The Indian summer monsoon rainfall:
interplay of coupled dynamics, radiation and cloud micro-
physics. Atmos Chem Phys 5:2181-2188

Piao S, Fang J, Ciais P, Peylin P, Huang Y, Sitch S, Wang T (2009)
The carbon balance of terrestrial ecosystems in China. Nature
458:1009-1013

Potter CS, Klooster SA, Brooks V (1999) Interannual variability in
terrestrial net primary production: exploration of trends and
controls on regional to global scales. Ecosystems 2:36—48

Potter CS, Klooster SA, Myneni RB, Genovese V, Tan PN, Kumar V
(2003) Continental scale comparisons of terrestrial carbon sinks
estimated from satellite data and ecosystem modeling
1982-1998. Glob Planet Change 39:201-213

Prentice IC, Farquhar GD, Fasham MJR, Goulden ML, Heimann M,
Jaramillo VJ, Kheshgi HS, Quéré CLe, Scholes RJ, Wallace
DWR (2001) The carbon cycle and atmospheric carbon dioxide,
in climate change 2001: the scientific basis. In: Houghton JT,
DingY, Griggs DJ, Noguer M, van der Linden PJ, Dai X,
Maskell K, Johnson CA (eds) Contribution of Working Group I
to the third assessment report of the intergovernmental panel on
climate change. Cambridge University Press, Cambridge,
pp 183-237

Ravindranath NH, Hall DO (1994) Indian forest conservation and
tropical deforestation. Ambio 23:521-523

Ravindranath NH, Somashekhar BS, Gadgil M (1997) Carbon flows
in Indian forests. Clim Change 35:297-320

Reynolds CA, Jackson TJ, Rawls WIJ (1999) Estimated available
water content from the FAO soil map of the world, global soil
profile databases, pedotransfer functions. NOAA National Geo-
physical Data Center, Boulder

Sabine CL, Heiman M, Artaxo P, Bakker DCE, Chen C-TA, Field
CB, Gruber N, LeQuéré C, Prinn RG, Richey JE, Romero-
Lankao P, Sathaye JA, Valentini R (2004) Current status of past
trends of the global carbon cycle. In: Field CB, Raupach MR
(eds) The Global carbon cycle, integrating humans, climate and
the natural world. Island Press, Washington, DC, pp 1744

Saigusa N, Ichii K, Murakami H, Hirata R, Asanuma J, Den H et al
(2010) Impact of meteorological anomalies in the 2003 summer
on gross primary productivity in East Asia. Biogeosciences
7:641-655

Schaefer K, Denning AS, Neil Suits, Kaduk J, Baker I, Los S,
Prihodko L (2002) Effect of climate on interannual variability of
terrestrial CO2 fluxes. Glob Biogeochem Cycle 16(4):1102.
doi:10.1029/2002GB001928


http://dx.doi.org/10.1029/2010JG001566
http://dx.doi.org/10.1029/2002GB001928

Environ Earth Sci (2015) 74:1743-1753

1753

Schimel D et al (2001) Recent patterns and mechanisms of carbon
exchanges by terrestrial ecosystems. Nature 414:169-172

Tian H, Melillo JM, Kicklighter DW et al (2003) Regional carbon
dynamics in monsoon Asia and its implications for the global
carbon cycle. Glob Planet Change 37:201-217

Tucker CJ, Pinzon J, Brown M et al (2005) Extended AVHRR 8-km
NDVI data set comparable with MODIS and SPOT vegetation

NDVI data. Int J] Remote Sens 26:4485-4498

@ Springer



	Spatio-temporal variability of net ecosystem productivity over India and its relationship to climatic variables
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Spatial patterns of annual NEP
	Seasonality of NEP
	Inter-annual variability of NEP
	Inter-annual variability of NEP in relation to climate

	Conclusions
	Acknowledgements
	References




