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Climate impacts agriculture in various complex ways at different levels and scales depending on the local
natural crop growth limitations. Our objective in this study, therefore, is to understand how different is the
atmosphere–biosphere exchange of CO2 under contrasting subtropical and boreal agricultural (an oilseed crop
and a bioenergy crop, respectively) climates. The oilseed crop in subtropical climate continued to uptake CO2

from the atmosphere throughout the year, with maximum uptake occurring in the monsoon season, and
drastically reduced uptake during drought. The boreal ecosystem, on the other hand, was a sustained, small
source of CO2 to the atmosphere during the snow-covered winter season. Higher rates of CO2 uptake were
observed owing to greater day-length in the growing season in the boreal ecosystem. The optimal temperature
for photosynthesis by the subtropical ecosystem was close to the regional normal mean temperature. An
enhanced photosynthetic response to the incident radiation was found for the boreal ecosystem implying the
bioenergy crop to bemore eDcient than the oilseed crop in utilizing the available light. This comparison of the
CO2 exchange patterns will help strategising the carbon management under different climatic conditions.

Keywords. Carbon dioxide exchange; Eddy covariance; India; Subtropical climate; Sesame; Reed
canary grass.

1. Introduction

Rising concentrations of greenhouse gases (GHG)
in the atmosphere are a major driver of the global
warming and climate change (Field et al. 2014).

Increasing anthropogenic activities including hike
in fossil fuel consumption and land use are the key
drivers for the growth of CO2 in the atmosphere.
For proper climate change mitigation measures,
various sinks and sources of atmospheric CO2 and
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other GHGs need to be identiBed and their
sink/source capacity needs to be quantiBed.
Terrestrial ecosystems are the largest sink of atmo-
spheric CO2with an estimated sink strength of 3.1±
0.9 GtC yr�1 (Le Qu�er�e et al. 2016). Over the years,
land use conversion and agriculture have been an
important source of GHGs to the atmosphere,
responsible for about one-third of the global GHG
emissions. However, such estimates are uncertain as
available ground measurements for validation are
sparse considering the diversity of biome types and
climate zones spread across the globe.
The ecosystem–atmosphere carbon exchange is a

complex biogeochemical process that depends on
multiple factors such as the climate, plant func-
tional type, availabilities of nutrients and water in
the soil etc. (Ciais et al. 2013). For an accurate
quantiBcation of the carbon budget of any ecosys-
tem, long-term monitoring of the biosphere–atmo-
sphere exchange of scalars and energy along with
governing ecophysiological variables is required
(Baldocchi et al. 2001). Currently, the two most
widely used techniques for measuring GHG
exchange are the eddy covariance (EC) and closed
chamber (manual or automated) methods. The EC
method measures turbulent GHG Cuxes for char-
acterising Cux dynamics at the landscape level
(Baldocchi et al. 2001). Nowadays, the EC Cuxes of
CO2 and water vapour are routinely measured
across all the continents. A global network of EC
stations called ‘FLUXNET’ links across a range of
regional networks in North, Central and South
America, Europe, Asia, Africa, and Australia
(http://Cuxnet.Cuxdata.org). While this global
network includes more than eight hundred active
and historic Cux measurement sites, spread across
most of the world’s climate space and representa-
tive biomes, the Indian subcontinent is thus far
poorly represented in this network. The data on
energy, mass, and momentum exchange from this
region are urgently required for a better parame-
terization of the Earth System Models (ESMs), for
example, for an improved understanding of the
Indian southwest monsoon characteristics.
The South Asian carbon budget has a lot of

uncertainty due to the scarcity of surface Cux
measurements over the Indian subcontinent (Patra
et al. 2013). Several initiatives have been under-
taken by the Indian Institute of Tropical Meteo-
rology (IITM) (Deb Burman et al. 2017, 2019;
Chatterjee et al. 2018; Sarma et al. 2018;
Gnanamoorthy et al. 2019) and Indian Space
Research Organisation (ISRO) (Watham et al.

2014) in this regard to establish EC towers over
different ecosystems across the country for con-
tinuous monitoring of their long-term exchanges of
scalar and energy with the atmosphere. However
such studies reporting the long-term EC GHG
Cuxes from agricultural ecosystems are still limited
in number and insufBcient to represent the diverse
agricultural landscapes of the country (Patel et al.
2011; Bhattacharyya et al. 2013a, b). Moreover, to
the best of our knowledge, globally no carbon Cux
study has been reported over the sesame crop using
the EC technique. This is an important oilseed crop
cultivated over most of the Indian subcontinent
and African continent (Nath et al. 2001; Boureima
et al. 2012). Globally India ranks in the top in the
agricultural area and yield of sesame production
with a variety of cultivars produced in different
agroecological zones spanning over multiple states
(Bisht et al. 1998; Kumar and Sharma 2011). In
2006–07, the Indian sesame production stood at
0.63 m tonne, 18.8% of the global production cul-
tivated over 1.9 m ha agricultural Beld (http://
agriexchange.apeda.gov.in/Market%20ProBle/
MOA/Product/Sesame.pdf).
Understanding the carbon dynamics and its

relation to the environmental factors in a cropping
system, vital to the food security and national
economy will be helpful to assess its carbon
sequestration potential and to estimate the prob-
able future eAect of climate change on its produc-
tivity. Such data will pave the way for an accurate
representation of the physical and biological pro-
cesses in crop production models (Lal et al.
1998, 1999; Mall and Aggarwal 2002). In this
paper, we intend to understand the net ecosystem
CO2 exchange by this crop grown under the sub-
tropical conditions in India in contrast with the
agricultural CO2 exchange by a cropping system in
the high latitude, boreal climate in Finland.
With forestry and agriculture as the backbone of

the regional economy, the Nordic countries such as
Finland, Denmark, Sweden and Estonia have
focused on the perennial bioenergy crop production
as a means of mitigation and adaption to climate
change and renewable energy options (Shurpali
et al. 2010; Mander et al. 2012; J€arveoja et al. 2013;
Karki et al. 2015). Different species of such crops
have been grown on different types of soil under
different management practices. Subsequently
their carbon cycles have been studied for a precise
assessment of their carbon neutrality to be further
used as fuel (Shurpali et al. 2009). Access to the EC
based long term data from a perennial bioenergy
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crop cultivated in eastern Finland gives us an
opportunity to compare and contrast the CO2

exchange patterns from cropping systems adopted
in diametrically opposite climatic conditions. The
broad objectives of this paper are to compare the
atmospheric CO2 exchange dynamics of two dif-
ferent agro-ecosystems located in two different
climatic regions—northern India and eastern Fin-
land. In this study, we aim to characterise and
quantify the net ecosystem CO2 exchange (NEE)
from an oil seed crop in India and a perennial
bioenergy crop in Finland and investigate the fac-
tors governing their CO2 exchange. To the best of
our knowledge, this is the Brst study that reports
the EC based agricultural CO2 exchange from the
Indian subcontinent in comparison with the agri-
culture under boreal climate.

2. Materials and methods

2.1 Study sites

The Indian study site at Barkachha (25.06� N,
82.59� E, 169 m AMSL (above the mean sea level))
is located in the south campus of Banaras Hindu
University (BHU), in the outskirts of a small town
named Mirzapur, roughly 90 km southwest of the
Varanasi city in the state of Uttar Pradesh
(Bgure 1a). It is characterised by a uniform
topography with homogeneous grassland and
kharif (monsoonal—June to September) crop of the
sesame oilseed (Sesamum indicum). According to

the K€oppen–Geiger climate classiBcation, this
region has a humid subtropical climate (Kottek
et al. 2006). The surface weather station of the
India Meteorological Department (IMD) nearest to
Barkachha is located at Varanasi (25.30� N, 83.02�
E). Climatological (30 years, reference period
1985–2015) mean annual air temperature (Tair) at
Varanasi is 24.1�C; May and January are the hot-
test and coldest months with monthly mean Tair of
32 and 12�C, respectively (Bgure 2a). The annual
precipitation in this region is 948 mm; August and
December are the wettest and driest months with
average total precipitation (precip) of 268 and 5
mm, respectively (Bgure 2b).
The observations made at the Barkaccha site

and presented in this paper are part of an umbrella
project entitled Cloud–Aerosol Interaction and
Precipitation Enhancement Experiment (CAI-
PEEX). This project is funded by the Ministry of
Earth Sciences (MoES), the Government of India
and implemented by the Indian Institute of Trop-
ical Meteorology (IITM), Pune (Prabha et al. 2011;
Deb Burman et al. 2018). As part of this project
several micrometeorological instruments
(described below) were deployed on a 20 m tall
tower for collecting the surface layer observations
from June 2014 to April 2016, over the Indo-
Gangetic plain.
The study site at Maaninka located in eastern

Finland (63.16� N, 27.24� E, 89 m AMSL) is a 6.3
ha agricultural Beld cultivated with the reed can-
ary grass (RCG, hereafter; scientiBc name Phalaris
arundinacea L., variety ‘Palaton’), a perennial
bioenergy crop. Boreal climate prevails in this
region according to the K€oppen–Geiger climate
classiBcation (Kottek et al. 2006). Climatologically
(30 yrs, reference period 1981–2010), mean annual
Tair in this region is 3.2�C; the coldest and warmest
months of the year are February and July with a
mean Tair of –10 and 17.0�C, respectively (Lind
et al. 2016). On average, the total precipitation in a
year in this region is 612 mm, with a part of the
precipitation occurring as snow that begins to
accumulate on the ground in October and stays
until the end of April with an average maximum
snow cover of 50 cm (Lind et al. 2016). July and
April are the wettest and driest months at Maa-
ninka with an average monthly total precipitation
of 77 and 30 mm, respectively (Bgure 2d).
Micrometeorological measurements carried out at
Maaninka from July 2009 to December 2011 and
published in Lind et al. (2016) are used in the
present study.

Figure 1. Study sites at (a) Barkachha (25.06� N, 82.59� E;
169 m AMSL), India and (b) Maaninka (63.16� N, 27.24� E; 89
m AMSL), Finland with their locations being marked by
symbols on the corresponding country maps. AMSL refers to
above the mean sea level.
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2.2 Farming practises at Barkachha
and Maaninka

The agriculture in the Barkachha region is mostly
rainfed and hence largely dependent on the Indian
summer monsoon. The sesame crop is planted in
July, at the beginning of monsoon over this region,
and harvested in October. The land remains cov-
ered by the patches of grass with scattered, small
shrubs during the rest of the year; no crop is grown
during those months. Such type of agricultural
practice is known as the ‘Kharif cropping’ in India.
The Maaninka study site was used for the cul-

tivation of forage grasses, barley or oat until 2008.
Since 2009, RCG, a perennial bioenergy crop with a
rotation cycle of 10–15 yrs was cultivated at this
site. Late sowing in June during the Brst year of
crop establishment is a general practice for this
crop and therefore, the perennial RCG crop was
established in the early June of 2009. However, in
subsequent years, the initial sprouting occurred
soon after the air temperatures increased and snow
melted by the end of April. The crop grew con-
tinuously for seven to nine weeks since the begin-
ning of July in 2009 and from mid-May onwards in

2010 and 2011. Owing to a late start in 2009, the
crop was primarily in vegetative growth with RCG
plants thriving well with peak growth under cool
weather prevailing during early October in that
year. This is consistent with the fact that the crop
allocates its carbon resources to the development of
strong roots and rhizomes during the establishment
year in a rotation cycle. In 2010 and 2011, however,
the plants started Cowering around the middle of
June. Following the common agricultural practice
in this region, crops were harvested in every spring
following the second growing season (on April 28 in
2011 and May 9 in 2012). For Barkachha, we
deBned the period from June to October as the
growing season and for Maaninka from May to
September with the rest of the year deBned as the
non-growing season.

2.3 Tower instrumentation

The 20 m tall Cux tower at Barkachha was
equipped with an EC system installed at 5 m and
consisted of a WindMaster Pro 3D sonic
anemometer-thermometer (Gill Instruments,

Figure 2. Climatological and measured monthly averaged (a) air temperature (Tair in �C), (b) precipitation (precip in mm) at
Barkachha, (c) air temperature (Tair in �C) at Maaninka, and (d) precipitation (precip in mm) at Maaninka.
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Lymington, UK) and an open-path infrared
CO2–H2O analyzer (IRGA) LI7500A (Li-COR Inc.
Lincoln, Nebraska, USA). The EC system mea-
sured and recorded the zonal, meridional and ver-
tical wind velocity components (u, v, and w in m
s�1), and the mixing ratios of CO2 (c in lmol
mol�1), and water vapour (q in mmol mole�1) at a
sampling frequency of 10 Hz. Five sets of multi-
component weather sensors WXT520 (Vaisala Oyj,
Finland) measuring air temperature (Tair), pres-
sure, relative humidity (RH), precipitation (pre-
cip), wind speed, and direction every minute were
mounted at 3, 7, 12, 15, and 20 m. A four-compo-
nent net radiometer CNR4 (Kipp and Zonen Inc.,
Delft, the Netherlands) was installed at 2.5 m to
measure the incoming and outgoing components of
net radiation (RSW(in), RSW(out), RLW(in), and
RLW(out) in W m�2) every minute. All supporting
meteorological data were stored in a CR3000 data-
logger (Campbell ScientiBc, Logan, Utah, USA).
More details about the instrumentation of the
Barkachha Cux tower can be found in Sathyanadh
et al. (2017). Vapour pressure deBcit (VPD) has
been calculated from Tair and RH. Climatological
Tair and precip data were obtained from the IMD
surface station at Varanasi.
The details of EC and supporting meteorologi-

cal instrumentation at the Maaninka site are
given in Lind et al. (2016). A measurement mast
was installed at the Maaninka site with a variable
measurement height, adjusted according to the
growth of the vegetation. The EC instrumentation
consisted of a R3-50 3D sonic anemometer (Gill
Instruments, Lymington, UK) and an IRGA
(closed-path LI7000 (primary) or LI6262
(backup); Li-COR Inc. Lincoln, Nebraska, USA),
for measuring wind velocity components, sonic
temperature, and gas concentrations, respectively.
A weather station was set up close to the EC
mast, height of which again varied along with the
EC system, for measuring net radiation (CNR1;
Kipp and Zonen Inc., Delft, the Netherlands), air
temperature and relative humidity (HMP45C;
Vaisala Oyj., Finland), photosynthetic photon
Cux density or PPFD (SKE211; Skye Instruments
Ltd., Llandrindod Wells, UK), wind speed and
direction (03002-5; R.M. Young Company,
Michigan, USA), amount of rainfall at about 1 m
height (52203, R.M. Young Company, Michigan,
USA), and air pressure (CS106PTB110 Barome-
ter; Vaisala Oyj., Finland). Data were stored in a
CR3000 data-logger (Campbell ScientiBc Inc.,
Logan, Utah, USA).

2.4 Satellite LAI data

Leaf area index (LAI) is a biophysical parameter
deBned as the total single-sided leaf surface area
per unit ground area (Watson 1947). It is an esti-
mate of the leaf phenology, an important variable
in explaining the photosynthetic and carbon
sequestration capacity of any vegetated ecosystem.
Moderate Resolution Imaging Spectroradiometer
(MODIS) is a sensor onboard Terra and Aqua
satellites by the National Aeronautics and Space
Administration (NASA), USA for observing dif-
ferent biophysical parameters. In the present work,
we have used the MCD15A3H product (MODIS/
Terra+Aqua Leaf Area Index 4-day L4 Global 500
m Sin Grid V006) downloaded from MODIS and
VIIRS Land Products Global Subsetting and
Visualization Tool. ORNL DAAC, Oak Ridge,
Tennessee, USA (ORNL DAAC 2018) for studying
the annual vegetation proBle of the crops at Bar-
kachha and Maaninka. For each of these sites, the
quality-controlled average LAI values over an area
of 0.25 km2 representing the study sites have been
used in our analysis (Myneni and Park 2015).

2.5 Reanalysis data

As the radiation measurement at Barkachha was
not continued for the entire duration of Cux tower
campaign, we have used the MERRA-2 (Modern-
Era Retrospective Analysis for Research and
Applications, Version-2) reanalysis product (Ge-
laro et al. 2017) to obtain the incoming shortwave
radiation (RSW(in)) at hourly time-scale. Addi-
tionally, the photosynthetic photon Cux density
(PPFD) at Barkachha has been estimated at
hourly time-scale from the RSW(in) following
Escobedo et al. (2009).

2.6 Flux calculation and quality control

We computed the CO2 Cux (NEE) for the Bar-
kachha site from the EC measurements of w and
c following the Reynolds averaging method (Au-
binet et al. 1999) using the EddyPro software
version 6.2.0 (https://www.licor.com). Several
rigorous quality control measures were applied to
the raw EC data prior to the Cux calculation that
includes the angle of attack correction (Nakai et al.
2006), depsiking (Mauder et al. 2013), block-aver-
aged detrending, and Brst and second coordinate
rotations (Kaimal and Finnigan 1994). The time
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lag between the measured wind components and
the mixing ratios (c and q) is compensated by a
time lag correction (Burba 2013). We applied the
WPL correction (Webb et al. 1980) to remove the
eAect of density perturbation of the air due to the
moisture content. Random uncertainties due the
Cux sampling error are normalized following Webb
et al. (1980). High (MoncrieA et al. 2004) and low-
pass Blters (MoncrieA et al. 1997) are applied for
compensating the loss of Cuxes at the low and high
frequency ranges of the Cux spectrum. Additionally
a daily quality control Ble was generated along
with the Cuxes, containing statistical parameters
and Cags for stationarity and well developed tur-
bulence tests for the calculated Cuxes (Foken et al.
2004). We detected the outliers in the Cuxes by the
median absolute deviation (MAD) method and
subsequently removed them following Papale et al.
(2006). Data gaps occur in the long term continu-
ous measurement of meteorological variables due
to multiple reasons including sensor malfunction-
ing, adverse weather, power shortage, etc. Finally,
we used the REddyProc (Wutzler et al. 2018), an
open source R package developed by the Depart-
ment of Biogeochemical Integration, Max Planck
Institute of Biogeochemistry, Jena, Germany for
Blling the gaps in CO2 Cux data.
The CO2 Cux (NEE) at Maaninka was computed

using the EddyUH software (http://www.atm.
helsinki.B/Eddy˙Covariance/index.php) devel-
oped by the University of Helsinki, Finland
(Mammarella et al. 2016). The data were despiked
following a difference limit in the subsequent data
points (15 lmol mol�1 for c and 20 mmol mol�1 for
q) and replacing a ‘spike’ with the consecutive
value. The data were coordinate rotated twice and
block-averaged detrending was applied. The data
were corrected for the lag time by maximising the
covariance. The low and high frequency spectral
corrections were implemented according to Rannik
and Vesala (1999) and Aubinet et al. (1999),
respectively. Following Schotanus et al. (1983) the
eAects of humidity on heat Cuxes were corrected.
The NEE was Bltered using a u* Blter of 0.1 m s�1.
The non-stationary Cuxes were rejected according
to Foken and Wichura (1996). Overall Cags were
deBned according to Foken (2008); Cags higher
than or equal to 7 were removed. Finally, the data
were visually inspected. The data were gap Blled
using the online facility available at http://www.
bgc-jena.mpg.de/*MDIwork/eddyproc/index.php
(Reichstein et al. 2005). More details about these can
be found in Lind et al. (2016). According to the

convention we followed in this paper the negative
and positive values of NEE signify uptake and release
of CO2 by the ecosystem, respectively.

2.7 Supporting micrometeorological variables
as drivers of the ecosystem–atmosphere CO2

exchange

The ecosystem–atmosphere exchange of CO2 is a
complex interplay of meteorology and plant physi-
ology. Distinct climatic conditions exist at Bar-
kachha and Maaninka during different times of the
year. Additionally, the plants undergo different
stages of their lifecycle during different times of the
year. Combined together, these result in prominent
seasonality in NEE at both these sites. To probe
such seasonality, monthly averaged diurnal patterns
of NEE at half-hourly time-scale were computed
and studied for the representative months of the
growing and non-growing seasons. At Barkachha
the growing months include July and August of
2014 and 2015 and the non-growing months include
December of 2014 and 2015 and January of 2015 and
2016. At Maaninka, the growing months are July
and August of 2009, 2010, and 2011 and the non-
growing months are December of 2009, 2010, and
2011 and January of 2010 and 2011.
Additionally, we studied the eAects of Tair, VPD,

and PPFD on NEE during the growing and non-
growing seasons. For this purpose, we selected one
month for each season and site. The selected
growing and non-growing months at Barkachha are
July of 2015 and January of 2016 respectively, and
at Maaninka February and July of 2011, respec-
tively. For all these months the dependencies of
NEE on Tair, VPD, and PPFD are studied at
hourly time-scale. Only the daytime (RSW(in)[20
W m�2) values have been considered (Reichstein
et al. 2005) for such analyses. For a better under-
standing of the relation between different vari-
ables, appropriate equations have been Bt to their
respective scatter plots and summarised in table 1.
A rectangular hyperbola model was Bt to explain

the relation between NEE and PPFD following the
Michaelis–Menten equation using the non-linear
regression technique. This equation (Wang et al.
2017) can be mathematically expressed as:

NEE ¼ a �NEEsat � PPFD
NEEsat þ a � PPFD : ð1Þ

where a (in lmol CO2 lmol�1 photons) is the initial
slope of the NEE versus PPFD curve, deBned as
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the quantum eDciency or yield, and NEEsat is the
NEE at the light saturation, i.e., inBnitely large
value of PPFD, also known as the photosynthetic
saturation.

3. Results and discussions

The two research sites considered in this study are
poles apart in their soil, vegetation, climatic and
hydrological regimes. Barkaccha is located in the
central Vindhyan plateau region with a semi-arid to
sub-humid climate. Rainfed agriculture is the tradi-
tional farming practice followed in the region with a
variety of agricultural and horticultural crops,
medicinal and aromatic plants being the main prod-
ucts. Red lateritic soils of this region are considered to
be of low fertility (Kashiwar et al. 2018). On the other
hand, Maaninka, situated in the North Savo region,
located in the middle-eastern part of Finland, is spe-
cialised in the dairy milk and beef production. The
agriculture in the region is limitedbythe shortgrowing
seasons and low growing degree days during the
cropping season. The soils in this region are medium
textured regosols with higher soil organic matter
content than Barkaccha. Such regional differences
inCuenced the CO2 exchange patterns of the different
agricultural cropping systems adopted in these two
regions.

3.1 Climatic conditions

Based on the monthly climate statistics (Bgure 2),
the annual range of Tair variation is 20�C at Bar-
kachha, which is smaller than the 27�C annual Tair

variation at Maaninka. Sub-zero condition persists
for Bve months in a year at Maaninka, whereas it is

never the case at Barkachha. As we see from these
observations, being located in the boreal region,
Maaninka experiences more severe climatic varia-
tions throughout the year than Barkachha that is
situated in the subtropical region and thus expe-
riences a much moderate climate. Additionally,
with a cumulative annual precipitation of 948 mm,
Barkachha receives almost 50% more rainfall than
Maaninka that has a cumulative annual precipi-
tation of 612 mm. Most of the rainfall at Barkachha
occurs during June to September brought in by the
Indian summer monsoon. Although Barkaccha
receives about 948 mm rainfall annually, it is far
less than the Penman–Monteith potential evapo-
transpiration estimates of about 1551 mm per year
(Ramarao et al. 2018). Hence a simple water bal-
ance calculation suggests this region to have a
water deBcit of about 600 mm per year and is often
classiBed as arid (Matin and Behera 2017).
The study period at Barkachha was warmer than

the 30-year average climate. The cumulative annual
precipitation at Barkachha was 953 mm in 2014 and
957 mm in 2015, both marginally higher than the
climatological mean; precipitation was maximum in
July at 328 and 286 mm, in 2014 and 2015 respec-
tively; in both these years November and December
were the driest months with no precipitation.
At Maaninka, the summer months of measure-

ment, i.e., May, June, and July were hotter than
the average, and winter months, i.e., January and
February were colder with the exception of 2011
when November and December were warmer than
normal. Cumulative annual precipitation at Maa-
ninka was 421, 512, and 670 mm in 2009, 2010, and
2011 respectively; August, June, and July were the
wettest months in 2009, 2010, and 2011, respec-
tively with precip being 66, 74, and 142 mm, cor-
respondingly. March, June, and November were
the driest months at Maaninka in 2009, 2010, and
2011 respectively with precipitation not exceeding
10 mm. Maaninka receives about 600 mm precipi-
tation annually, together as snow during the winter
and rain during the summer months. Water bal-
ance studies for Finland have shown that the bor-
eal region experiences a surplus of water on an
annual basis (Solantie 2006).

3.2 Annual patterns of vegetation growth

The annual LAI patterns at Barkachha and
Manninka during the corresponding measurement
periods are plotted in Bgure 3. Overall at

Table 1. Fit parameters and R2 values for the relations between
NEE and Tair, and NEE and VPD at Barkachha and Maaninka
for the growing season. The equations used are NEE = a1-
Tair + b2Tair

2 + c1 and NEE = a2VPD + b2VPD
2 + c2 for Bar-

kachha and NEE = m1Tair + n1 and NEE = m2VPD + n2 for
Maaninka.

Relations among variables Barkachha Maaninka

NEE versus Tair a1 = 0.7

b1 = –42.5

c1= 649.5

R2 = 0.3

m1 = � 0.5

n1 = � 0.1

R2 = 0.1

NEE versus VPD a2 = 0.05

b2 = –2.1

c2 = 8.35

R2 = 0.2

m2 = � 1.0

n2 = � 0.4

R2 = 0.3
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Barkachha, the canopy growth is maximum during
the monsoon (July to September) contributed by
the sesame crop grown around this season following
the Kharif cropping practice explained in sec-
tion 2.2 and minimum during the rest of the year
indicative of the scattered growths of grass and
shrubs around this time (Bgure 3a). Among the
measurement years the maximum LAI varies
between 1.5 and 2 m2 m�2, whereas the minimum
LAI ranges within 0.25–0.5 m2 m�2, during the rest
of the year (Bgure 3a).
At Maaninka, during the winter months sub-zero

condition prevails (Bgure 2c) and the ground
remains snow-covered, devoid of any vegetation as
reCected in the nil LAI values during this season
(Bgure 3b). April onwards the LAI increases

gradually and reaches maximum in July (Bgure 3b)
which is also the climatologically warmest month
in this region (Bgure 2c). The maximum LAI varies
between 3 and 5 m2 m�2 among the years in
coherence with the crop growth as described in
section 2.2. Among the measurement years the LAI
is maximum at 4.75 m2 m�2 in 2010 when the RCG
crop matured (Bgure 2c). The LAI is smaller in
2009 and 2011 when the crop was planted and
harvested, respectively. Growing season LAI is
larger at Maaninka in comparison with Barkachha
(Bgure 3) resulting from a larger uptake of carbon
as described next in this paper.

3.3 Net ecosystem CO2 exchange

The half-hourly NEE data measured at Barkachha
and Maaninka during the respective study periods
are plotted together in Bgure 4. These values are
quality controlled, but not gap-Blled. At both the
sites, stronger and weaker uptakes are seen during
the growing and non-growing seasons, respectively.
Additionally, the respiratory loss of CO2 is also
higher in the growing seasons at both the sites. In the
growing season of 2014, the amplitude of NEE varies
between –20 and 8 lmol m�2 s�1 at Barkachha. This
variation of amplitude gets smaller (between 0 and 5
lmol m�2 s�1) in the corresponding non-growing
season. Compared to 2014, the amplitude of varia-
tion is stronger in the growing season of 2015with an
uptake of –25 lmol m�2 s�1 to and an ecosystem loss
of 10 lmol m�2 s�1. In the non-growing season of
2015, NEE varies between –5 and 2.5 lmol m�2 s�1.
This stronger carbonassimilation is translated into a
fuller growth of canopy and reCected in a larger LAI
during the growing season in 2015 compared to 2014
at Barkachha (Bgure 3a).
At Maaninka, prominent inter-annual variation

in the uptake and release of CO2 is visible in the
growing as well as the non-growing seasons due to
the different stages of growth of crop canopy.
Growing season NEE varied between –25 and 15
lmol m�2 s�1 in 2009, –30 to 15 lmol m�2 s�1 in
2010, and –35 to 15 lmol m�2 s�1 in 2011. Clearly,
owing to enhanced photosynthetic capability, the
vegetation absorbed more CO2 from the atmo-
sphere when the vegetative growth was at its peak
as supported by the LAI record (Bgure 3b). Addi-
tionally, the respiration also increased, coincident
with the high rates of release from the ecosystem to
the atmosphere. However, as the rate of uptake was
higher than loss, overall the ecosystem absorbed

Figure 3. MODIS-derived leaf area index (LAI in m�2 m�2) at
(a) Barkachha during 2014–2016 and (b) Maaninka during
2009 to 2011 at 4-day temporal resolution.
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more atmospheric CO2. There was not much inter-
annual variation among the non-growing seasons at
Maaninka as the vegetation was dormant owing to
low temperatures and the ground being covered
with snow. A small but positive NEE was main-
tained at these times.
The daily sums of quality controlled and

gap-Blled NEE (NEEd in gC m�2 d�1) for the entire
duration of measurements at Barkachha and
Maaninka are also plotted in Bgure 4. In 2014, the
ecosystem at Barkachha sequesters carbon in
growing season, i.e., during June to August as the
NEEd is negative throughout these months
(Bgure 4a). The maximum daily uptake during this
year is –3 gC m�2 d�1, observed in July. The
ecosystem switches to be a source of carbon by the
beginning of September and continues to be so till
the end of the year. On a daily scale, the maximum
loss of CO2 occurs during September when NEEd is
about 6 gC m�2 d�1. The release of CO2 by the

ecosystem decreases sharply from October
onwards. As indicated above, net daily uptake is
seen in the non-growing month of January 2015 as
well when NEEd remains negative (as high as –4 gC
m�2 d�1). This happens probably due to high
available soil moisture (50 mm accumulated rain-
fall in this month which is twice the climatological
mean rainfall January, Bgure 2b). During June to
December 2014, the cumulative loss of carbon
(NEE) by this ecosystem was 235 gC m�2.
Unlike 2014, the ecosystem at Barkachha

remains a source of CO2 in the month of June in
2015 (Bgure 4a). The magnitude of maximum
release of CO2 in this month is 4 gC m�2 d�1.
Subsequently, from July onwards, the ecosystem
starts taking up carbon. A maximum uptake of –5
gC m�2 d�1 is seen in August this year. Apart from
a few isolated days in this month when NEEd is
positive, the Barkachha ecosystem remains a car-
bon sink until October. The cumulative growing
season NEE in 2015, i.e., the net carbon Bxed by
the Barkachha ecosystem from June to September
in this year is 90 gC m�2. Surprisingly, the
ecosystem appears to take up CO2 (about –2 gC
m�2 d�1) even in the month of November. The
Barkachha ecosystem remains a source of CO2 with
an average NEE of 1 gC m�2 d�1 from December
2015 till the end of March 2016 when the mea-
surement at Barkachha ended. This subsequently
reduces the cumulative NEE of the Barkachha
ecosystem to –60 gC m�2 in the longest available
stretch of measurement, i.e., during June 2015 to
February 2016. Additionally, the cumulative
uptake by the Barkachha ecosystem in the January
and February 2015 stands at another 31 gC m�2.
However, the annual total NEE at Barkachha
could not be computed due to no measurements in
the pre-monsoon seasons (March–April–May) of
2014 and 2015. As the pre-monsoon or spring is
conducive for plant growth, the net annual carbon
exchange cannot be calculated without taking this
period into account.
During 2014, Barkachha ecosystem sequestered

atmospheric CO2 from May until August. How-
ever, CO2 sink activity during 2015 lasted from
July to October, although the total duration of
CO2 sink activity remains the same (four months)
in both the years. Peak rate of CO2 uptake is
higher in 2015 compared to the previous year. The
month of June was warmer than normal at Bar-
kachha in 2015 (Bgure 2a). Such heat stress ren-
dered the Barkachha ecosystem a source of CO2 in
June 2015, whereas in June 2014 it acted as a sink

Figure 4. Calculated half-hourly and daily net ecosystem
exchanges NEE (in lmol m�2 s�1 and NEEd in gC m�2 d�1,
respectively) at (a) Barkachha during June 2014 to July 2016
and (b) Maaninka during July 2009 to December 2011.
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owing to moderate conditions. The rainfall at
Barkachha in September 2014 and 2015 was less
than normal (Bgure 2b). Such dry conditions might
have aAected its carbon sequestering activity in
these two months (Ciais et al. 2005). The Bar-
kachha ecosystem received less than normal rain-
fall in the growing season of 2014 except July
(Bgure 2b); the cumulative monthly deBcit in
rainfall was 60 mm in June, 35 mm in August, and
125 mm in September. Overall the rainfall deBcit
for this region (east Uttar Pradesh) was 42%. At
the country scale this year was declared a deBcit
monsoon or drought year and the yield of the
rainfed (Kharif) crops was severely aAected (Pai
and Bhan 2014; Mishra et al. 2016). The eAect of
such a severe water stress is evident in the pre-
sented data on the CO2 exchange patterns of this
rainfed ecosystem.
At the beginning of measurement in July 2009,

the ecosystem at Maaninka brieCy acts as a source
of atmospheric CO2 when an average release of 1
gC m�2 d�1 is recorded (Bgure 4b). However, it
quickly transforms into a net sink and registers
maximum uptake of –6 gC m�2 d�1 by the begin-
ning of August. Subsequently, the NEEd decreases
gradually but remains negative. The Manninka
ecosystem remains a source from October 2009 to
April 2010 with an average NEE of 1.5 gC m�2 d�1.
In the following year, the ecosystem undergoes a
sharp transition to a sink in May. This is in
advance compared to 2009 when the source to sink
transition happens two months later in July. The
peak NEE is larger at –9 gC m�2 d�1 in June 2010
compared to –6 gC m�2 d�1 in August 2009. The
net uptake at Maaninka decreases gradually till the
beginning of October in 2010 when the ecosystem
switches over as a source. The maximum value of
NEEd observed in October 2010 is 2 gC m�2 d�1.
From this time until May 2011, the Maaninka
ecosystem continues to act as a source of atmo-
spheric CO2 with an average CO2 loss rate of 1.5
gC m�2 d�1. Again the source to sink transition
takes place in the beginning of May in 2011. The
highest net uptake of –10 gC m�2 d�1 among all the
years is observed in 2011 at the beginning of
August after which NEE continues to decline until
the end of October 2011. However, on several iso-
lated days during this period, NEEd is positive
implying that the ecosystem acts as a source. From
October 2011 to the beginning of February 2011
when the measurement is discontinued the Maa-
ninka ecosystem acts as a source with a mean loss
of 1.5 gC m�2 d�1. The cumulative uptake by this

ecosystem is 56.7, 262 and 256 gC m�2, respec-
tively in 2009 (measurement period only), 2010 and
2011 (Lind et al. 2016).
The daytime uptake of CO2 is stronger at

Maaninka than at Barkachha during the growing
season (Bgure 4). Additionally, the day-length is
longer at Maaninka extending from 0400 to 2000
LT (local time) compared to 0600–1800 LT at
Barkachha. As a result, plants are photosyntheti-
cally active for a longer duration in the day at
Maaninka during the growing season. On the other
hand, such increased growth results in more
maintenance respiration by the plants. This is
manifested in the stronger night-time release of
CO2 at Maaninka compared to Barkachha. How-
ever, averaged over a daily scale, the ecosystem
sequesters more CO2 at Maaninka than at Bar-
kachha during the growing season. On the con-
trary, the ecosystem at Barkachha continues to
sequester CO2 at daytime during the non-growing
season as well, although at low rates, while the
Maaninka ecosystem acts as a weak, but constant
source of CO2 without any diurnal variation. These
are reCected as small but Bnite LAI values at
Barkachha but nil LAI at Maaninka during the
non-growing season (Bgure 3).

3.4 Mean monthly diurnal patterns of CO2

exchange during growing and non-growing
seasons

The difference in vegetation cover during different
times of the year (Bgure 3) brings in the seasonality in
the ecosystem–atmosphere CO2 exchange both at
Barkachha and Maaninka (Bgure 5). The maximum
uptake is observedatBarkachhaduring thedaytime in
the growing season (July and August), with the peak
NEE being approximately –10 lmol m�2 s�1 in July
2014 and 2015 and –12 lmol m�2 s�1 in August 2015,
respectively. During night, the respiration remains
almost constant at 4 lmol m�2 s�1 (Bgure 5a). The
strong sink activity of the ecosystem observed during
the growing season is drastically reduced during the
non-growing season (December and January). Nev-
ertheless, a small uptake of –3 lmol m�2 s�1 is seen in
the daytime; the respiration also reduces to 2 lmol
m�2 s�1 at the night-time (Bgure 5b). Among the
growing season months considered in this work at
Barkachha, the daytime uptake is maximum at –14
lmol m�2 s�1 in August 2015. This is due to fact that
the Barkachha ecosystem received above-normal
rainfall (& 280 mm) in this month (Bgure 5b).
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At Maaninka, the daytime uptake of CO2 is
stronger than the night-time release during the
growing season (July and August) (Bgure 5c).
However, the peak NEE increases with the matu-
rity of RCG plants, i.e., the daytime uptake is
maximum in 2010 when the RCG crops were fully
matured compared to 2009 when they were sown
and 2011 when they were harvested. The maximum
and minimum uptakes are –18 and –4 lmol m�2

s�1, observed in July during 2009 and 2011,
respectively (Bgure 5c). Annually, the uptake is
strongest in July. On a diurnal scale the ecosystem
continues to act as a sink although the uptake
reduces in August. The night-time respiration is
high at 6 lmol m�2 s�1, on average in the growing
season. However, it varies in the range of 4–8 lmol
m�2 s�1. The NEE is near-zero but positive during
the entire non-growing season (December and
January) (Bgure 5d).
The day-length at Barkaccha varies from

10.5 hrs during winter to about 14 hrs during

summer. On the contrary, the day-length at Maa-
ninka varies from mere 4 hrs during December to
nearly 21 hrs during June. Since the incident,
photosynethetically active radiation is a major
factor governing the CO2 exchange of a vegetated
surface; such wide variation in the day-length (2.5
hrs between winter and summer at Barkaccha as
opposed to a staggering amplitude of 17 hrs at
Maaninka) does have an impact on the CO2 uptake
by the crops. As the data presented here show, the
seasonal sesame crop cultivated at Barkachha
continues its photosynthetic activity during the
growing season. During the rest of the year, the
naturally growing grass and trees scattered over
the study region contribute to the carbon uptake.
As a result, an uptake is observed by the ecosystem
even in the winter (non-growing) season. This is
unlikely at Maaninka where the ecosystem acts as a
sustained, weak source of carbon at daily scale in
winter; no uptake even in the daytime can be seen.
However, the net uptake seen at Barkachha is

Figure 5. Monthly averaged diurnal variations of NEE (in lmol m�2 s�1) with half-hourly resolution at (a) Barkachha during
the growing season (July and August), (b) Barkachha during the non-growing season (December and January), (c) Maaninka
during the growing season (July and August), and (d) Maaninka during the non-growing season (December and January) for the
corresponding measurement periods (2009–2011 at Barkachha and 2009–2011 at Maaninka).
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lower during the non-growing season compared to
the active growing season. On a daily scale, this
helps oAset the carbon loss by the ecosystem at the
night-time. While in the growing season, the day-
time uptake is higher in magnitude and renders the
ecosystem as net sink of carbon at daily scale.

3.5 Climatic controls
on the ecosystem–atmosphere CO2 exchange

The daytime Tair has markedly stronger control
over the daytime NEE during the growing season
compared to the non-growing season, at both
Barkachha and Maaninka (Bgure 6). The NEE
does not change with increasing Tair during Jan-
uary 2016. However even in the non-growing sea-
son, the Barkachha ecosystem takes up CO2, in the
daytime (Bgure 6a). Such daytime uptake values in
the non-growing season are mostly limited to
–3 lmol m�2 s�1, although at several instances
when Tair is more than 20�C, sporadic uptake
events as strong as –8 lmol m�2 s�1 do occur
during the non-growing season at Barkaccha.
During July 2015, the variation of NEE with Tair is
much more prominent. Initially, NEE becomes
more negative with increasing Tair, implying more
uptake in the warmer environment. Maximum
uptake of –20 lmol m�2 s�1 is observed when Tair is
approximately equal to 31�C. Further increment in
Tair gradually saturates and Bnally reduces the
uptake. Eventually, positive NEE as small as 3
lmol m�2 s�1 is seen when Tair is around 34�C
(Bgure 6a). Existence of such a ‘critical Tair’ for
NEE is reported for different ecosystems by many
researchers and a quadratic relationship between
NEE and Tair (NEE = a1Tair

2 + b1Tair + c1) is
often found to best describe such a relation (Gu
et al. 2005; Wang et al. 2017). The best Bt quad-
ratic relationship between the NEE and Tair is
given in table 1.
The daytime Tair in February 2011 at Maaninka

never exceeds 0�C. No uptake is seen in such cold
environment. The NEE almost remains constant at
2 lmol m�2 s�1 throughout this month. In July
2011, CO2 uptake increases with increasing Tair.
However, there is a lot of scatter in the data
implying the inCuence of other variables on the
uptake process (Bgure 6b). Mean maximum uptake
registered in this month is –23 lmol m�2 s�1. In the
growing season at Maaninka, the NEE increases in
a linear fashion with the Tair (Bgure 6b). Unlike at
Barkaccha the photosynthetic uptake neither

saturates nor decreases with an increasing Tair.
Details of the linear Bt (NEE = m1Tair + n1) can
be found in table 1.
The daytime VPD variation is stronger at Bar-

kachha compared to Maaninka in both the growing
and non-growing seasons (Bgure 6). While the max-
imum VPD registered in the growing season at Bar-
kachha is around 30 hPa (Bgure 6c), the maximum
VPDobserved during the same season atMaaninka is
\ 25 hPa (Bgure 6d). Hence, the environmental
moisture stress during the growing season at Bar-
kachha is larger than Maaninka (Restaino et al.
2016). The VPD variation at Barkachha is similar in
the growing and non-growing seasons, while at
Maaninka the VPD variation is much stronger in the
growing season. In the non-growing season, the VPD
is negligibly small at Maaninka.
The non-growing season NEE is almost inde-

pendent of the VPD at Barkachha, whereas in the
growing season the NEE initially grows and sub-
sequently decreases with VPD exceeding 20 hPa.
To quantify the dependence of NEE on VPD
behaviour a quadratic relationship (NEE = a2-
VPD2 + b2VPD + c2) was Bt (table 1) following
Wang et al. (2017). In the growing season at
Maaninka, the photosynthetic uptake of CO2

gradually increases up to –20 lmol m�2 s�1 till
VPD reaches 15 hPa (Bgure 5d). A linear depen-
dence on VPD (NEE = m2VPD + n2) best
explains such behaviour of NEE with VPD
(table 1) and is typical of several ecosystems
(Lasslop et al. 2010; Wagle and Kakani 2014). A
further increase in VPD saturates the uptake. A
very small decreasing trend in the NEE is observed
with VPD increasing beyond 20 hPa.
Light (PPFD) is a major driver of photosyn-

thesis. Controls of daytime PPFD on the uptake at
Barkachha and Maaninka during the growing and
non-growing seasons are plotted in Bgure 6(e and
f). In general, available light level is more at Bar-
kachha compared to Maaninka in both the growing
and non-growing seasons. The maximum PPFD at
Barkachha during July 2015 and Maaninka during
July 2011 are approximately 2000 and 1500 lmol
m�2 s�1, respectively. This is expected as being
located in the subtropical belt Barkachha receives
more PPFD than Maaninka which is located in the
boreal region (Pinker and Laszlo 1992). The PPFD
exerts much stronger control on the uptake during
the growing seasons at both the sites.
The maximum PPFD is\1500 lmol m�2 s�1 at

Barkachha in January 2016. The NEE does not
vary significantly with the PPFD in this month
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Figure 6. Controls of Tair (in �C), VPD (in hPa), and PPFD (in lmol m�2 s�1) on NEE (in lmol m�2 s�1) at hourly time-scale
during growing and non-growing months at Barkachha and Maaninka; (a) NEE vs. Tair for January 2016 and July 2015 at
Barkachha, (b) NEE vs. Tair for February 2011 and July 2011 at Maaninka, (c) NEE vs. VPD for January 2016 and July 2015 at
Barkachha, (d) NEE vs. VPD for February 2011 and July 2011 at Maaninka, (e) NEE vs. PPFD for January 2016 and July 2015
at Barkachha, and (f) NEE vs. PPFD for February 2011 and July 2011 at Maaninka. Additionally, in (e) and
(f) Michaelis–Menten relations are Bt between NEE and PPFD during the growing months using the non-linear regression
NEE = a.NEEmax.PPFD/(NEEmax + a.PPFD) (equation 1). Only measured data are used in the analysis.
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(Bgure 6e). In July 2015, at Barkachha, the NEE
increases gradually with the PPFD in a non-linear
fashion. The rate of increase of NEE with PPFD
decreases with the increasing PPFD. In July 2011,
at Maaninka, a similar non-linear response of NEE
to PPFD is observed. There is a strong sign of the
possible saturation of NEE at the larger values of
PPFD at Maanika in July 2011. However, such an
indication of the possible saturation of NEE with
PPFD is rather weak at Barkachha. The quantum
eDciency, a is –0.019 and –0.057 lmol CO2 lmol�1

photons in the growing seasons at Barkachha and
Maaninka, respectively. The photosynthetic satu-
ration, NEEsat is –19.8 and –17.3 lmol m�2 s�1

correspondingly.
The critical or optimal Tair for photosynthesis by

the Barkachha ecosystem is 31�C in the growing
season (Bgure 6). This is the same as the climato-
logical mean growing season Tair at Barkachha
(Bgure 2a) showing the adaptation of the ecosys-
tem to the ambient environment for maximum
productivity. Over a lowland Cooded rice ecosys-
tem in India, such an optimal Tair was found to be
34�C (Bhattacharyya et al. 2013a). According to
Huxman et al. (2003), the initial increase in uptake
with Tair is due to the enhanced photosynthesis
whereas, the later reduction in NEE can be
attributed to the enhanced CO2 emission from soil
at higher Tair. Additionally the elevated radiation
load on the plants at the higher Tair values can also
decrease their photosynthetic activity (Fu et al.
2006).
The increasing VPD signiBes growing moisture

deBcit in the atmosphere that results in the
increased transpiration by plants. The transpira-
tion and photosynthesis are two closely coupled
processes regulated by stomata (Wang and Dick-
inson 2012). Hence, the enhanced transpiration
under optimum soil moisture conditions results in
enhanced photosynthesis and CO2 uptake. Thus
NEE initially increases with increasing VPD at
Barkachha in the growing season (Bgure 6c).
However, a further increase in VPD results in a
greater water loss by transpiration from the plants.
To prevent this, the stomata are closed and pho-
tosynthesis in turngets restricted (McCaughey
et al. 2006). This is reCected in reduced uptake in
July 2015 at Barkachha when VPD exceeds 20 hPa
(Bgure 6c).
The quantum eDciency, a is –0.02 and –0.06

lmol CO2 lmol�1 photon in the growing seasons at
Barkachha and Maaninka, respectively. The pho-
tosynthetic saturation, NEEsat, is –19.8 and –17.3

lmol m�2 s�1 correspondingly. In an earlier study,
a has been reported to be –0.02 lmol CO2 lmol�1

photons for a matured wheat canopy at Meerut in
Uttar Pradesh, India (Patel et al. 2011). Addi-
tionally, a was found to be –0.035 and –0.042 lmol
CO2 lmol�1 photons for the month of July
respectively at a mangrove (Rodda et al. 2016) and
a mixed deciduous forest (Watham et al. 2014)
over India. For an RCG cultivation in Denmark, a
was reported to vary widely between –0.041 and
–0.064 lmol CO2 lmol�1 photons depending on the
harvesting practice and fertilizer application
(Kandel et al. 2016).
The a in the growing season at Maaninka is three

times larger thanBarkachhawhich signiBes that the
photosynthesis increases at amuch faster rate at the
Maaninka ecosystem.On the other hand, theNEEsat

is larger at Barkachha than Maaninka. It empha-
sizes that the true potential of photosynthesis by the
plants in Barkachha ecosystem is higher than the
actual peak photosynthesis observed at this site.
However, the full potential of photosynthesis is not
completely realised owing to severe climatic stress
under high temperature conditions. This is evident
in the relation of NEE with Tair and VPD. The NEE
at Barkaccha increases with increasing temperature
and VPD until an optimum temperature. With
further increase inTair andVPDbeyonda threshold,
maintaining a proper plantwater status becomes the
priority. This leads to a closure of the sesame
stomata and thus a reduction in the net uptake of
CO2 by the crop.
The RCG crop at Maaninka sequesters less car-

bon during its initial growth in 2009. Once fully
matured, it sequesters more carbon, as observed
during the 2010 and 2011 growing seasons (Lind
et al. 2016). The ecosystems native to boreal
regions are acclimatised to perform under short
growing seasons. The RCG crop, planted at Maa-
ninka, responds eAectively to increasing day length
with a high value of a. Moreover, the estimated
NEEsat for Maaninka is slightly lower than the
NEEsat estimated for Barkachha. Owing to longer
day-length, moderate temperatures and high
evaporative demand, optimum soil moisture and
timely supply of NPK (Nitrogen–Phosphorus–Po-
tassium) and micro nutrients, the crop sequesters
more carbon at a daily scale in the growing season.
Despite having a higher NEEsat, the sesame crop at

Barkaccha fails to tap its true potential of photosyn-
thesis, even during the growing season. It is evident by
the large value of NEEsat and comparatively lower
value of actual, peak uptake.Additionally, a low value
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of a during the growing season at Barkachha signiBes
that the rate of photosynthesis is slow compared to the
potentially conducive conditions oAering plenty of
light and high temperatures. This suggests indirectly
that soil water status and nutrient availability are
limiting the ability of the crop to sequester more car-
bon. This region oAers a tremendous possibility of
carbon uptake and agricultural yield if this eDciency
can be improved. It can be achieved by proper appli-
cation of fertilizers, selection of a crop type more eD-
cient to capture the solar radiation, and management
of soil water content during the crop cycle.

4. Conclusions

In the present work, we have compared the atmo-
spheric CO2 exchanges of sesame and a reed canary
grass, cultivated in the subtropical andboreal climate
regimes, respectively using the multi-year EC and
supporting meteorological observations. Addition-
ally, we have investigated the eAects of climatic
variables on the ecosystem–atmosphere CO2

exchange.Our results showthat the carbonuptakeby
the boreal ecosystem is restricted primarily by the
length of the growing season. However, it sequesters
more carbonduring the short growing season than the
subtropical ecosystem due to longer days and high
probability of moderate climate compared to the
subtropical Indian conditions. It is worth noting here
that the carbon uptake by the subtropical ecosystem
continues even in the winter when the boreal
ecosystem acts as a small but persistent source of
atmospheric CO2. The total carbon uptake by the
boreal ecosystem is limitedbya short growing season,
whereas moisture deBcit and poor availability of
nutrients in the soil constrain the carbon uptake by
the subtropical ecosystem. Our study enables us to
compare the aspects of carbon cycles of two different
crop types namely oilseed and biofuel. While the
former has been a more traditional crop (Alegbejo
et al. 2003), the latter has recently found widespread
popularity due to its immense potential oAering of an
alternate and renewable source of energy (Jain et al.
2010). A comparative analysis of the CO2 exchange
patterns allows us to identify the suitable crop man-
agement practices for the oilseed crop such as sesame,
a system with high economic value in many parts of
the world. In view of the Paris Agreement signed in
2015, such studies carried out for long-term under
different climatic conditions are crucial in assessing
whether the soils have the ability to address the ‘4 per
1000’ target for soil carbon sequestration.
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