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Abstract

The Indian summer monsoon is one of the most important yet less understood synoptic processes on the Earth, char-
acterized by an increased amount of rainfall over the entire Indian landmass. The different types of forest ecosystems
existing over the Indian region offer a tremendous carbon sequestration potential useful for the global mitigation of
climate change as predicted by the modelling studies. The monsoon results in a strong seasonality of the ecosystem-
atmosphere carbon exchange due to the differential availability of two key controlling parameters of photosynthesis
namely radiation and water. However, due to the sparsity of surface observations neither the carbon sequestration
potential of these ecosystems nor its relation with the monsoon has been analysed comprehensively so far. This paper
studies the ecosystem-atmosphere CO, exchange at a tropical semi-evergreen moist deciduous forest and its relation with
the monsoon over north-east India using the eddy covariance and associated meteorological measurements. In 2016,
this ecosystem acts as a net source of atmospheric CO, with net ecosystem exchange of 207.51 +157.37 gC m™2 year™
and gross photosynthesis and ecosystem respiration of 2604.88 + 179.43 and 2812.38 +£22.05 gC m~2year ', respectively.
The monsoon clouds are seen to introduce a bimodal pattern in the annual GPP record. The pre-monsoon and winter
are the most and least favourable seasons for the photosynthetic CO, uptake by this forest canopy. Additionally, the rate
of increase of photosynthesis with evapotranspiration is maximum and minimum during the pre-monsoon and winter,
respectively.

Keywords Tropical forest - Net ecosystem exchange - Indian summer monsoon - Eddy covariance - MetFlux India -
Carbon sequestration

1 Introduction

Terrestrial ecosystems are the largest sink of carbon [54]
with a sinking capacity of 3.1+0.9 GtC year™' at global
scale, whereas several studies have pointed out that
some forests act as source of CO, to the atmosphere [56].

A recent study by Baccini et al. [4] marks the tropical for-
ests as net source of carbon. In contrast, many modelling
studies characterized the tropical forests as large sinks
of atmospheric carbon [63, 78]. India is one of the major
tropical countries with different tropical forest ecosys-
tems spread across its length and breadth. Although few
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attempts have been made earlier to estimate the carbon
sequestration potential of Indian forests by monitoring
the ecosystem-atmosphere fluxes of carbon, water and
energy in these ecosystems [45, 92, 113], such efforts are
limited in number. Several attempts have also been made
to model the productivity of these ecosystems by inverse
modelling [84] and ecosystem modelling [6, 31]. How-
ever, the south Asian carbon budget by Patra et al. [83]
has lots of uncertainties which arise due to the paucity
of surface observations from the Indian subcontinent. To
account for this problem, several modelling studies have
used satellite-observed data for these variables as inputs
to the models [1, 114], but the satellite-estimated variables
fare poorly over the tropical region due to the presence of
deep convective clouds causing serious problems in data
retrieval. These problems often lead to non-calibration and
invalidation of the modelled outputs of water and carbon
fluxes over the Indian region.

The Indian summer monsoon (ISM) has a strong effect
on the vegetation over the Indian landmass as it brings in
ample amount of rainfall. Although there have been sev-
eral studies across the globe aimed at the understanding
the effect of monsoon on the ecosystem functioning [52,
16, 121], to the best of our knowledge no such compre-
hensive study exists for the ISM due to the unavailability
of surface data.

Apart from the issue of data limitation, it is also impor-
tant to understand the interrelation of CO, and water
vapour exchanges between the ecosystem and the atmos-
phere in order to understand the linkages between terres-
trial net CO, flux and ISM. These two exchanges are closely
coupled processes as both are controlled through the sto-
matal opening and closure in the plants [93], mainly con-
trolled by the available light and water, along with other
factors, such as meteorology and ecosystem type, and are
of utmost importance for upscaling the gross productivity
of an ecosystem [53]. While there have been several stud-
ies across the globe to quantify these effects on the carbon
exchange in different ecosystems [42, 106, 123], such stud-
ies over the Indian region are limited [100, 21]. The ISM is
the major driver of the seasonality of air temperature and
precipitation over the Indian landmass [35, 38]. Hence, it
would be important to study the effect of ISM on an Indian
ecosystem in this context. Several flux towers have been
erected over multiple ecosystems in India for continuous
monitoring of the ecosystem-atmosphere fluxes under the
aegis of the MetFlux India project initiated by the Ministry
of Earth Sciences (MoES), Government of India, and imple-
mented by the Indian Institute of Tropical Meteorology
(IITM) [14, 20, 34]. We take this opportunity in the present
study to use the observations from one of the forest sites
of this project to address the issues mentioned above. Spe-
cifically, the objectives of the present study are twofold.
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First, we want to study the effect of ISM on ecosystem-
atmosphere CO, exchange. Second, we qualitatively assess
the effects of differential seasonal variability of light and
water on the CO, fluxes at this ecosystem.

2 Data and methods
2.1 Flux tower location and instruments

In 2013, the IITM in collaboration with the Tezpur Univer-
sity installed a 50-m-tall eddy covariance (EC) flux tower
over the moist evergreen, semi-deciduous forest, located
at the geographic location of 26° 34’ N, 93° 6’ E (Fig. 1a)
within the Kaziranga National Park (abbreviated KNP now
onwards) (see the details of the installed instruments and a
list of measured variables in Deb Burman et al.[19]) in the
state of Assam over north-east India. The KNP site houses
one of the densest and undisturbed forest stretches of
India. The river Brahmaputra flows through this forested
region along with several of its tributaries and distributar-
ies, which is far away from the nearest available human
settlement. A significant stretch of this forest is covered by
the grassland. A homogeneous and uniform forest cover
forms the canopy around the KNP flux tower with an aver-
age canopy height of 20 m.

The flora at KNP comprises of eastern wet alluvial grass-
lands, Assam alluvial plains semi-evergreen forest, tropical
moist mixed deciduous forest, Eastern Dillenia swamp for-
est and wetlands. More details about the floristic composi-
tion can be found in Sarma et al. [96]. Major plant species
around the canopy include Gmelina arborea Roxb. Mallotus
repandas (Willd) Mill. Arg., Tetrameles nudiflora R. Br. etc.
The top soil at KNP is mild acidic (pH 5.3) and sandy loam
type. The Nor'westers are typically observed during the
pre-monsoon season at KNP [62], and the forest floor gets
flooded during almost every monsoon season [33]. The
30-year surface measurement of precipitation (precip) dur-
ing 1981-2010 for KNP is recorded at the nearest available
meteorological observatory at Tezpur (26°37'N, 92° 47" E)
by the India Meteorological Department (IMD).

2.2 Climatic conditions

The daily averaged values of air temperature (T,) and pres-
sure (P) and daily total values of precipitation (precip in
mm) calculated from the half-hourly records at the KNP
site are shown in Fig. 2 of Deb Burman et al. [19]. Based
on the variations in T, P, and precip, four distinct seasons
are easily identified at KNP. The winter, comprises Decem-
ber, January, and February, is the season with minimum T,
and no precip. The pre-monsoon, comprising March, April,
and May, is characterized by an increasing trend in T,. This
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Fig. 1 a Location of the KNP flux tower marked on the map of
India. b Wind rose diagram showing the seasonal variation of wind
pattern at KNP. Three concentric circles outward from the cen-
tre of the plots show 0-25%, 25-50%, and 50-75% occurrences
of the wind, respectively. The different colours show the ranges
of horizontal wind speed (v;, in m s™') according to the colour bar.
The direction of the stripe represents the direction to which the
wind is blowing; N=north, NE=north-east, E=east, SE=south-
east, S=south, SW=south-west, W=west, NW=north-west, and

intense heating of the land surface results in a surface-
ocean temperature anomaly and drives the moisture-
laden monsoon wind resulting in an increased amount of
rainfall, as evident from precip recorded at the KNP site.
The monsoon spans over June, July, August, and Septem-
ber and has maximum T, and maximum precip. The post-
monsoon, the shortest season spanning from October to
November, records a decreasing trend in T,, and almost no
precip. Climatological existence of such classification of
seasons is well established in the available literature [41,
81,112].

2.3 Flux calculation and gap filling

We have used the 1-year-long surface observation from
KNP during 2016 in our analysis, the details about which
can be found in Deb Burman et al. [19]. The variables
used in the present study are enlisted in Table 1 of sup-
plementary material 1 and provided as supplementary

10%
20%
750 m 30%
40%
500 m 50%
60%

250m=__ —70%

( 80%
w NS e E

=750 m =500 m =250 m \7\{\\ = 250 m \> 500 m 750 m

250 m————
flux tower
-500 m

=750 m

S

N=north. In this work, increments of 2 m s™' and 22.5° have been
used in speed and direction of the wind, respectively. Different sea-
sons are marked as (i) pre-monsoon, (ii) monsoon, (iii) post-mon-
soon and (iv) winter. Data are from the WXT520 multi-component
weather sensor at 37 m on the KNP flux tower. ¢ 2D flux footprint
climatology for the KNP flux tower for 2016 calculated following
[50]. Footprint contour lines are shown from 10 to 80% in steps of
10%

material 2. The fluxes of CO, and water vapour were
calculated from the EC data following the Reynolds
averaging method [29]. A set of rigorous quality control
measures were applied as described by Webb et al. [116],
Kaimal and Finnigan [46], Moncrieff et al. [69, 70], Vickers
and Mahrt [111], Foken et al. [30], Nakai et al. [73], Papale
et al.[80] and Burba and Anderson [12]. The threshold for
u*-filtering has been kept at 0.15 m s™'. All these applied
procedures are described in detail in Deb Burman et al.
[191.

Gaps in the measured flux are more or less uniformly
distributed throughout the measurement period. Over-
all, nighttime gaps are more prominent in post-monsoon
and winter, and daytime gaps occur mostly during pre-
monsoon and monsoon. Gaps in the data are filled using
the marginal distribution sampling (MDS) [25, 117], and
after gap filling, approximately 40% of the original meas-
urements are retained.
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2.4 Flux partitioning

The CO, flux measured by EC represents the net exchange
of carbon between the ecosystem and the atmosphere,
Net Ecosystem Exchange (NEE), defined as NEE =— Gross
Primary Productivity (GPP) + Total Ecosystem Respiration
(TER). According to the sign convention followed here, the
negative and positive values of NEE represent the uptake
and release of CO, by the ecosystem. Here TER is the sum
of autotrophic and heterotrophic respirations [26, 37].

In the present work, annual record of NEE during 2016
at a half-hourly time resolution has been used to estimate
GPP following Reichstein et al. [90]. In this method, the
nighttime dependence of TER on air temperature (T, in °C)
is calculated using the following exponential regression
model by Lloyd and Taylor [59].

TER = R €xp [E0(1/(Tref —To)—1/(T - TO))]' (M

The equation parameters have been defined in Table 1.
Finally, TER and NEE are used to calculate GPP. We have
used the R-package REddyProc [117] for these calculations.

A certain additional amount of CO, is stored in the can-
opy not participating in the canopy-atmosphere exchange
process and hence left unmeasured by the EC system [25,
95]. We have neglected this storage term, because, aver-
aged over a complete diurnal cycle, this term becomes
negligible compared to the NEE [28]. Additionally, the loss/
gain of CO, flux due to measurement error and advection
is considered to be minimal [36] and also neglected.

Four quality flags (QF) ranging from 0 to 3 are assigned
to the gap-filled NEE record to denote its quality. The NEE
values having QF 0 correspond to the actually measured
values and hence have maximum confidence. Higher QFs
denote gap-filled NEE records with decreasing confidence.
In order to account for the errors in NEE due to gap fill-
ing, two daily averages of NEE are calculated separately

from the actually measured and gap-filled NEE values and
NEE values with QF in [0,1] [65]. The annual root mean
square (RMS) value of the differences between these two
estimates is used as the measure of uncertainty in the
annual NEE [71]. Similar QFs are assigned to TER and GPP
to denote the values computed from actually measured
NEE (i.e. QF =0) and the values computed from gap-filled
NEE (i.e. QF =[1, 3]) and hence, the measures of uncertainty
in TER and GPP are calculated in similar way as described
above for NEE.

2.5 Flux footprint modelling

The flux footprint of the KNP flux tower, defined as the
physical area contributing maximum to the measured flux
[3], was modelled using the 2D climatological flux foot-
print prediction (FFP) model [50] based on the Lagrangian
stochastic particle dispersion model LPDM-B [51]. Bound-
ary layer height is an input parameter in this model. It was
not directly measured at the site and hence has been cal-
culated according to the available literature [7, 23, 74, 86,
98, 105]. More details regarding these calculations can be
found in the supplementary material section S2.

2.6 Lightresponse curve

The light response curve (LRC), a relationship between the
NEE and PPFD [55], has been used to describe the effect
of radiation on the carbon uptake mechanism in different
seasons. It is represented by the Michaelis-Menten rela-
tionship [40, 44, 93]:

a - PPFD - NEE

NEE = 2L 4+ TER.
o PPFD + NEE,,, | @

Additional biophysical variables, estimated from the
LRC, are used in our study to understand the ecosystem

Table 1 Parameters of Egs. 1 (Lloyd-Taylor equation), 2 (Michaelis—Menten equation) and 3

Symbol Definition Value Unit References

T, Regression parameter —46.02 °C Wutzler et al. [117]

Tref Reference temperature 15 °C Wutzler et al. [117]

E, Activation energy Varies J Wutzler et al. [117]

Riet Regression parameter Varies J Wutzler etal. [117]

a Apparent quantum yield; initial slope of Eq. 2 Varies pmol CO, umol~" photons Pingintha et al. [85]

NEE,,, NEE at infinite light level Varies pmol m=2 s~ Pingintha et al. [85]

Fn Photosynthetic capacity; NEE at maximum PPFD Varies umol m=2 s~ Pingintha et al. [85]

LCP Light compensation point; value of PPFD at zero NEE Varies umol m=2 s~ Kim and Verma [48]

Ry Dark respiration rate; value of NEE at zero PPFD Varies pumol m=2 s~ Ruimy et al. [93]

GPPyq Daily total GPP Varies gCm~2day™’ Farquhar and Richards [27]
ETyq Daily total ET Varies kgH,0 m=2 day™ Farquhar and Richards [27]
SN Applied Sciences

A SPRINGER NATURE journal



SN Applied Sciences (2020) 2:154

| https://doi.org/10.1007/s42452-019-1934-x

Research Article

response to the available radiation. These variables and all
the equation parameters are defined in Table 1.

2.7 Water use efficiency

Water use efficiency (WUE), defined here as the ratio
between GPP and evapotranspiration (ET) of an ecosystem
[124], is used to qualitatively asses the linkage between
carbon and water cycles at the ecosystem level. The more
is the value of WUE, the less is the required amount of
radiation per unit amount of carbon fixation.

Following Farquhar and Richards [27], we calculate daily
WUE, defined as,

GPP 44

WUEdd = H

3)

The definitions of all the equation parameters are pro-
vided in Table 1. We have calculated WUE for different
seasons.

3 Results
3.1 Site meteorological conditions

Figure 1b shows the wind rose plots at KNP during the
different seasons in 2016. Wind was predominantly south-
easterly with a prominent seasonal variation in speed.
Strongest wind is observed during pre-monsoon, with
maximum wind speed of 9-10 m s™'. A homogeneous
and uniform forest cover extending till 2 km in the north,
1.5 km in the east, 2 km in the south, and 1 km in the west
forms the canopy around the KNP flux tower with an
average canopy height of 20 m. As seen from Fig. 1¢, the
area pertaining to 80% of the flux contributions extends
approximately up to 375 m in the north, 625 m in the
east, 400 m in the south and 300 m in the west. Clearly,
this footprint (Fig. 1¢) is stretched along northwest to
southeasterly direction, which is coherent with the mean
annual southeasterly wind (Fig. 1a). Hence the flux foot-
print area is confined well within the ‘canopy’ making the
site homogeneous.

The monthly cumulative precipitation (precip,,, in mm)
at KNP during 2016 is compared against its latest 30-year
mean in Fig. 2a. Based on this long-term pattern, the KNP
ecosystem receives annually maximum rainfall in July,
approximately equal to 300 mm. The annual patterns of
daily total incoming solar radiation (R, in MJ m~* day™")
and PPFD,, (mol m™2 day™') show gradually increasing
and decreasing trends of radiation in pre-monsoon and
post-monsoon, with least amount of radiation in winter
and a sharp drop in the middle of monsoon (Fig. 2b). This

600 T

30-years mean during 1981-2010 (a)
2016

500

Fig.2 Annual variations of a monthly total precipitation (precip,,)
in 2016 and its 30-year mean during 1981-2010 and b daily total
incoming shortwave radiation (R;) and daily total photosynthetic
photon flux density (PPFDyy) at KNP during 2016. The rainfall data
in 2016 are measured at 4, 7, 20, and 37 m on the tower and aver-
aged. The rainfall data during 1981-2010 are measured and pro-
vided by IMD. The radiation data are measured at 24 m on the flux
tower. a and b are in monthly and daily time resolutions, respec-
tively

aspect of available radiation at KNP plays a crucial role in
the ecosystem-atmosphere carbon exchange as we are
going to explore later in this article.

3.2 Annual carbon budget

The yearlong record of daily NEE (NEE 4, in gC m™ day™)
during 2016 (Fig. 3) shows a prominent seasonal variation.
The NEE, is positive during most of the winter as T, [19]
precip,,,m (Fig. 2a) and PPFD 4 (Fig. 2b) are the least during
this time. In addition, the maintenance respiration of the
ecosystem continues. During winter months, a cold and
dry environment with low R, and consistent TER 4 results
in a lower gross uptake in this season compared to the
other seasons. These are visible in the daily total values
of GPP and TER (GPP,44 and TER, respectively, in gC m™
day™), plotted in Fig. 4. This hindrance of photosynthetic
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Fig.3 Annual variations of daily net ecosystem exchange (NEE,) at
KNP during 2016. Different seasons are marked at the top of the fig-
ure using different shading schemes. Data are from the eddy covar-
iance (EC) system at 37 m on the flux tower. This plot is in daily time
resolution
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Fig.4 Annual variations of daily gross primary productivity (GPP4)
and daily ecosystem respiration (TERyy) at KNP during 2016. Dif-
ferent seasons are marked at the top of the figure using different
shading schemes. Data are from the eddy covariance (EC) system
at 37 m on the flux tower. Scales on the y-axis differ in each panel.
Unit of GPP,, and TER,4 is gC m™ day™". All the plots are in daily
time resolution

uptake is also reflected in the low LAl values in this season
[20].

This situation changes in the pre-monsoon when the
T, [19] precip,,, (Fig. 2a) and PPFD 4, (Fig. 2b) all record
increasing trends. This warmer and wetter condition with
aplenty radiation renders the environment suitable for
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the photosynthesis and plant growth. It is reflected in
NEE4q that remains mostly negative during this season
(Fig. 3). This photosynthetic uptake of carbon by the eco-
system results in a sharp increase of GPP in this season
(Fig. 4), also supported by the increasing LAl in this sea-
son [20]. However, such high growth of plants also results
in the increased plant growth respiration. Additionally,
the increased rainfall during this season increases the
water content in the soil which subsequently results in
an enhancement of the soil respiration. These two res-
pirative fluxes together show an increasing trend in the
TERq (Fig. 4). Such increase in TER in correlation with the
pre-monsoon rainfall has been reported from a tropical
semi-arid savannah in Botswana by Veenendaal et al.
[109] where the large CO, emission spikes after isolated
rainfall events drove the ecosystem to act as net source of
atmospheric CO, in this season. Similarly, the net uptake
of atmospheric CO, by a woodland in the North American
monsoon region of Arizona is reported to be less in mon-
soon due to the increased respiration from the available
sources of carbon [97]. According to Verduzco et al. [110],
the respiratory release of carbon by a tropical dry forest
in Mexico is enhanced by the winter rainfall and regulates
the role of this ecosystem as net source or sink of atmos-
pheric CO,.

The biosphere-atmosphere interaction becomes more
complex in the monsoon when the NEE, is negative in
the beginning of the season (June and July) but changes
to be positive by the middle of the season in August. Typi-
cally in June and July, the total rainfall is high with higher
cumulative monthly precipitation (Fig. 2a). The average
daily T, is almost fixed at 27 °Ciin June, while it goes down
gradually in July and plummets to 24 °C by the end of this
month [19].

This decreasing trend in T, arises due to the drop in Ry
observed during this period (Fig. 2b). This is due to the
presence of deep and dark monsoonal convective clouds
[88], which could also be seen from the satellite imagery
[32], and prevents the penetration of Rg to the Earth sur-
face. This phenomenon is also reported by Padma Kumari
and Goswami [77]. Such a cloud-induced decrease in Ry
brings the PPFD 44 down in this period (Fig. 2b). Quantita-
tively, PPFD 4y decreases almost down to 10 mol m™2 day ™'
by the end of July from 55 mol m™ day™" at the beginning
of June. Overall, these events have a deep impact on the
GPP which declines continuously in this period.

This is in line with the studies reporting the cloudy
conditions to have negative impacts on the GPP glob-
ally [2, 47]. At KNP, such a decrease in GPP44 results in
a diminishing trend in the LAI [20]. As the plant growth
is restricted, the growth respiration of plants also goes
down reflecting in a decreasing trend in TERy, (Fig. 4).
Overall, the KNP ecosystem continues to uptake the CO,
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in a small quantity, approximately equal to — 2.5 gC m™2

day™, in June, but it starts sourcing, as strong as 5 gC
m~2 day~' by the month of July. This is again in accord-
ance with an earlier study by Kwon et al. [52] who report
the intense cloudy conditions during the South Korean
monsoon drastically reduces the NEE of a deciduous
forest.

The situation improves in the beginning of August with
the restoration of Rg and PPFD4, to higher values (Fig. 2b),
although decreasing trends are subsequently observed in
Rg, PPFDgq (Fig. 2b), and T, in August and September [19].
The ecosystem releases CO, rather than uptake during
these 2 months (Fig. 3), showing NEE 4, to remain mostly
positive. An ample amount of rainfall during the monsoon
increases the water content in the soil and subsequently
makes it conducive to the decomposition of soil organic
matter through microbial activities [18, 67]. Additionally,
the wet soil is porous having less CO,-holding capacity
than the dry soil [5, 39, 102]. Hence, the soil releases a lot
of CO, into the atmosphere. As a combined effect of these
two reasons, soil-CO, emission increases during August
and September. This accelerates the increase in TER 4 dur-
ing these 2 months.

The increased rainfall at KNP during the monsoon, i.e.
the months of June, July, August, and September thus has
the following two impacts on the carbon cycle of this eco-
system. First, during June and July rainfall has an increas-
ing trend at KNP with annual maximum rainfall in July
(Fig. 2a). During this period, the cloud cover at KNP gradu-
ally increases which hinders the penetration of incoming
shortwave radiation (Ry) and photosynthetic photon flux
density (PPFD) to the canopy (Fig. 2b). As a result, both
GPP and TER decrease (Fig. 4). Further this inhibition of
plant growth is also supported by a decreasing LAl during
this period [20]. The NEE continues to be negative from
pre-monsoon, but its strength gradually reduces, i.e. the
measured values become less negative.

Second, during the latter part of the monsoon season
(August and September) rainfall gradually decreases at
KNP (Fig. 2a) and simultaneously clouds recede from the
landmass improving the penetration of Ry and PPFD to
the canopy at KNP (Fig. 2b), resulting in more growth of
the plants reflected as increments in GPP and TER (Fig. 4).
However, the NEE remains mostly positive driven by the
emission from the flooded forest floor.

Finally, in the months of post-monsoon, i.e. October and
November the ecosystem continues to source CO, into the
atmosphere as evident from the positive NEE 4 (Fig. 3). This
is due to the simultaneous decreasing trends in T,, [19],
precip,,m (Fig. 2a), Rg and PPFDy, (Fig. 2b) as observed
during the withdrawal of ISM from the Indian landmass
which hinders the photosynthetic uptake as well as the
respiration (Fig. 4).

The monthly total values of NEE, GPP and TER (NEE,,,,,,
GPP,,,and TER ., respectively, in gC m~2) at KNP during
2016 are listed in Table 2. The annual values of GPP, NEE,
and TER for 2016 are 2604.88 +179.43, 207.51+157.37
and 2812.38 +£22.05 gC m™2 year™, respectively. A
bimodal pattern of GPP is observed in this year. Although
the gross uptake is quite large, the positive value of NEE
renders the KNP ecosystem to be a net source of atmos-
pheric CO, in this year.

The carbon budget of KNP seems to also be severely
affected by the riverine emission as this forest is located
in the Brahmaputra river basin. As pointed out by Cole
et al. [17], Tranvik et al. [108], Raymond et al. [89], and
Liu and Raymond [58], soil and water are the two main
components of a tropical forest ecosystem those con-
tribute largely to its annual carbon budget. Outgassing
from the inland waterbodies, such as lakes and rivers,
reportedly drives the forest ecosystems as net sources
of carbon [11, 13, 91]. The flux footprint of the KNP flux
tower does not include the Brahmaputra river, except in
monsoon and post-monsoon when the water level of the
Brahmaputra river rises due to the heavy amount of rain-
fall received in the pre-monsoon and monsoon seasons
and inundates the area adjoining the tower within the
flux footprint. Hence, around these times the river con-
tribution and associated processes get detected by the
tower instrumentation. Such flooding of the KNP forest
floor is well documented in the literature [33]. In addi-
tion to the elevated freshwater emission, it may also play
a crucial role in decomposing the organic matters that
contribute positively to the atmosphere-forest mutual
CO, exchange [8, 66].

Table2 Monthly total NEE (NEE, ), GPP (GPP,,.), and TER (TER,,,,)
at KNP during 2016

Month NEE,.,(@Cm™ GPP,(@Cm™ TER,,(gCm™
January -3.71 112.94 109.22
February 46.61 68.90 115.51
March 26.77 188.98 215.75
April -7.77 270.93 263.15
May -7.09 366.9 359.82
June -13.95 322.73 308.78
July -5.21 219.71 214.50
August 41.33 214.82 256.15
September 27.77 299.08 326.85
October 32.70 254.03 286.74
November 40.56 182.65 223.20
December 29.50 103.21 132.71
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3.3 Diurnal variation of NEE

In order to compare the different strengths of CO, uptake
and release by the KNP ecosystem during the different
times of day in the different seasons, the seasonal mean
diurnal variations of NEE have been calculated from the
gap-filled values (Fig. 5). During all the seasons, the NEE
has similar diurnal variation with the negative values dur-
ing the daytime resulting from the photosynthesis taking
place in the presence of solar radiation and the positive
values during nighttime as a sole effect of the respiration.
This is even more evident from the fact that the night-
time NEE does not almost change with the time as the
respiration is not directly controlled by the availability of
solar radiation. However, the NEE has a prominent varia-
tion during daytime which exhibits the growth and decay
of photosynthesis with the availability of light as the day
progresses.

Although the different seasons have similar diurnal pat-
tern of NEE qualitatively, the magnitudes of daytime and
nighttime NEE vary widely among the seasons depending
on the different stages of canopy growth, meteorology,
timings of sunrise and sunset, etc. Additionally, in different
seasons the maximum and minimum values of NEE and
the transition between positive and negative values hap-
pen at different times of the day. At these transition points,
NEE is zero that signifies no exchange of CO, between the
ecosystem and the atmosphere.

The maximum ecosystem uptakes (negative most
NEE) during the pre-monsoon, monsoon, and post-
monsoon occur around 1100 LT and are equal to — 15,
—13, and — 14 umol m~2 57!, respectively. In all these
seasons, nighttime sourcing is comparable and equal to
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Fig.5 Seasonal mean diurnal variations of net ecosystem exchange
(NEE) at KNP during 2016. Data are from the eddy covariance (EC)
system at 37 m on the flux tower. Time in the x-axis is given in LT.
This plot is in half-hourly time resolution
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7.5 umol m™2 s™'. However, the winter is markedly dif-

ferent from these three seasons. The maximum sourcing
and uptake observed in winter is 5 umol m™2 s~ and
—6 pmol m™2 s, respectively. Thus, the KNP ecosystem
acts as a source with one-third capacity in the winter
compared to the other seasons. Also the peak uptake by
this ecosystem reduces by half in the winter compared
to the other seasons. Additionally, the peak uptake
takes place around 1300 LT in the winter which is almost
delayed by 2 h compared to the other times of the year.
A finer scale information is available in Fig. 6 of Sarma
et al. [96] that shows the mean monthly diurnal variation
of NEE in this ecosystem.

Unlike other seasons of the year, NEE is not constant
at nighttime during winter. Maximum NEE observed is
5 umol m~2 s™! which is much less than pre-monsoon,
monsoon, and post-monsoon. It varies significantly till
0600 LT but remains positive. NEE decreases further and
becomes minimum at —6 mol m™2 s~ at 1230 LT. Farther
ahead in time, NEE increases up to 2.5 umol m™2s~' at 1800
LT and dips again to zero at 2000 LT during night. After-
wards, an increasing trend is observed in NEE restoring its
value to 5 umol m™2s™" at 2400 LT. Above observations can
be explained as follows. Boundary layer height (h) has a
strong diurnal variation. After sunset, solar heating of the
Earth surface stops resulting in decreased turbulence in
the boundary layer. Large convective eddies are arrested
resulting in the gradual decrease of h. As the boundary
layer become stably stratified, atmospheric CO, sinks and
gets trapped within the surface layer. This is recorded as
downward flux by the eddy covariance flux measurement
system. Hence, a dip in the value of NEE is observed around
2000 IST in winter. However, as the night progresses the
mechanical generation of turbulence takes place in the
presence of the wind shear. This results in enhanced mix-
ing at the surface layer. As a result, h increases too which
is recorded by the eddy covariance flux measurement
system as upward flux. Hence, the magnitude of NEE
increases. Around the time of sunrise, ground starts heat-
ing up due to the increasing amount of R,. This gives rise
to large thermal eddies in the surface layer of the atmos-
phere. As a result, h starts increasing and the trapped CO,
within surface layer due to the nocturnal temperature
inversion is flushed upwards by these large eddies. Hence,
an increase in the magnitude of NEE is observed around
this time at 0600 IST. These turbulence-related effects are
not observed during the other three seasons as the res-
pirative CO, flux dominates over the turbulence induced
effects during these seasons.

The radiation and water are the two major drivers of the
photosynthesis which subsequently shape the ecosystem-
atmosphere carbon exchange. In the following sections,
we study the seasonal dependencies of NEE and GPP
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on radiation and water in order to probe their seasonal
variations.

3.4 Radiation control of NEE in different seasons

We have plotted the light response curves during the dif-
ferent seasons (Fig. 6) using the daytime half-hourly values
of NEE, PPFD, and TER [85] and fit the Michaelis-Menten
relation. Daytime is defined as the time of the day when
Ry=20W m~2 [90]. Goodness of these fits is given by the
coefficient of determination (R?). Estimated a, NEE,., Fr
LCP, Ry, and R? for different seasons have been summarized
inTable 3.

Throughout the year, the instantaneous maximum and
minimum PPFD are 2250 and 1500 pmol m™2 s, respec-
tively, recorded in the monsoon and winter, correspond-
ingly. The maximum (absolute value) a is —0.05 umol CO,
umol™" photons during the pre-monsoon and monsoon,
and the minimum a is —0.02 pmol CO, umol™' photons
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Fig.6 Light response curves of the ecosystem at KNP during differ-
ent seasons in 2016, as obtained by fitting the Michaelis-Menten
relationship fit (Eq. 2) to the scatter plot between net ecosystem
exchange (NEE) and photosynthetic photon flux density (PPFD)
(not shown here) at half-hourly resolution. Regression coefficients
for each of these fits are given in Table 1. Data are from the eddy
covariance (EC) system at 37 m and quantum sensor at 19 m on the
flux tower

in the winter. It shows that the increase in photosynthe-
sis with available radiation is fastest in the pre-monsoon
and monsoon and slowest in the winter. The NEE,_,, which
also represents the theoretical maximum CO, uptake by
the canopy, is maximum and minimum (absolute val-
ues) in the pre-monsoon and monsoon at —47.48 and
—35.33 pmol m~2 57, respectively. The NEE saturates in
the pre-monsoon when PPFD exceeds 1800 umol m™2 s~
(Fig. 6). However, there is no such saturation in the post-
monsoon and winter (Fig. 6). On the contrary, during the
monsoon the NEE decreases when the PPFD exceeds
beyond 1800 umol m~2 57! (Fig. 6). Such a depression of
NEE at the higher values of PPFD is reported for different
natural ecosystems [48, 122].

According to Fig. 6, although the required radiation
for photosynthesis is maximum in the monsoon the pre-
monsoon is the most preferred season for photosynthesis
by the KNP ecosystem as evident from the increasing trend
in GPP observed in the pre-monsoon (Fig. 4). The fact that
despite providing the maximum radiation monsoon is not
the most preferred season for photosynthesis is under-
standable as it is also the hottest season at KNP [19] and
the capacity of photosynthesis of an ecosystem falls drasti-
cally on the hotter days [49]. Clearly, the winter is the least
favourable of photosynthesis among all the four seasons
which is also supported by the least GPP in this season
(Fig. 4). The LCP remains unchanged at 250 umol m™2 s~
in all the seasons. The Ry is maximum in the monsoon and
post-monsoon at 10 umol m~2 s™' which is supportive of
the high TER in these two seasons (Fig. 4). Additionally, the
value of R, as predicted by Eq. 1 matches exactly with the
observed TER at nighttime during the pre-monsoon, mon-
soon, and post-monsoon. The minimum value of Ryamong
all the seasons is 2.5 pmol m™2s™!, which is observed in
the winter and indicative of the low TER recorded in this
season (Fig. 4).

According to Kirschbaum and Farquhar [49], the lower
F, in the monsoon season (Table 3) can be attributed
to the increase in the non-photorespiratory respiration
by the plants on the hotter days such as in monsoon
[19] which is reflected in the smaller daytime maximum
uptake in the monsoon compared to the pre-monsoon

Table 3 Parameters of the Michaelis-Menten relationship fit (2) to the scatter plots between NEE and PPFD at KNP during the different sea-

sonsin 2016
Season Months a (umol NEE,,, F., (umol m=2 LCP Ry (umolm=2  R?
CO, umol™ (umol m~2 s (umolm=2 s
photons) s7) s
Pre-monsoon March, April, May -0.05 —47.48 -20 250 7.5 0.76
Monsoon June, July, August, September -0.05 -3533 -15 250 10 0.68
Post-monsoon October, November -0.04 -41.31 -20 250 10 0.70
Winter December, January, February —-0.02 -41.23 -10 250 2.5 0.49
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and post-monsoon (Fig. 5). This can also happen due to the
stomatal closure that takes place during the middle of the
day to reduce the water loss by the plants and simultane-
ously brings the CO, capture by the plants down [103].
Midday stomatal closure is also reported to happen dur-
ing the well-watered (or no water-stress) conditions [104].
Similar observations have been reported earlier over dif-
ferent plant canopies [48, 871.

The Michaelis—Menten relationship could predict the
relationship between NEE and PPFD well except in the
winter (R?<0.5) when the LRC is more linear than rectan-
gular hyperbolic. It can be explained as follows. The NEE
has more linear dependence on the absorbed PPFD than
the incident PPFD [93]. As the quantum sensor is installed
at 24 m at KNP whereas the average canopy height is 20 m,
the sensor measures the incident PPFD. The LAl is lowest
in this ecosystem in the winter [20] implying the annually
minimum leaf coverage and subsequently reduced reflec-
tion and scattering of the incident PPFD by the vegeta-
tion canopy. Hence, a larger fraction of the incident PPFD
penetrates to the bottom of vegetation canopy and gets
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Fig.7 Scatter plots between daily gross primary productivity
(GPP4y) and daily evapotranspiration (ET,y) at KNP during different
seasons in 2016. The red lines are linear fit to the data in different
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absorbed. Thus, the measured PPFD does not differ much
from the incident PPFD and makes the relation between
NEE and PPFD more linear.

The widespread of data points around the LRCs in all
the seasons highlights the effect of other environmental
variables on the carbon exchange process between the
KNP ecosystem and the atmosphere. For further insight,
we investigate the link between the carbon and water
cycles as both are tightly coupled to each other.

3.5 Water use efficiency in different seasons

The relation between GPP,4 and ETy during different sea-
sons is plotted in Fig. 7. Additionally, to quantify the rates
of increase of GPPyy with ETy4 linear relationships [120]
have been fit to the scatter plots, and the fit parameters
are summarised in Table 4. This table also lists the R? values
of the fits in different seasons.

In the pre-monsoon, monsoon, and post-monsoon,
the GPP,4y increases linearly with the ETy, (Fig. 7), as
reported globally for the several forest ecosystems [9,
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seasons. Fit parameters and goodness of fit are given in Table 3.
Data are from the eddy covariance (EC) system at 37 m on the flux
tower
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Table 4 Parameters of the linear fit to the scatter plots between
GPP44 and ETy4 at KNP during different seasons in 2016

Season slope (gC intercept (gCm=2  R?
kg™ H,0) day™)

Pre-monsoon 2.00 2.76 0.56

Monsoon 1.12 494 0.22

Post-monsoon 1.31 3.70 0.31

Winter 0.91 1.99 0.10

10, 99, 100, 107, 118]. However, the slope or WUE 4 is
maximum at 2.00 gC kg~' H,0 in the pre-monsoon and
minimum at 0.91 gC kg™' H,0 in the winter. The annual
maximum value of ET, is 6 kgH,0 m™ day™', observed
in the pre-monsoon and monsoon (Fig. 7), showing the
evapotranspirative water loss by the KNP ecosystem
is maximum in these two seasons. Additionally, the
annual maximum value of GPP4is 16 gC m™ day ™', also
observed in these two seasons. This is supportive of the
photosynthesis being much more robust in these two
seasons as explained in Sect. 3.3.

Compared to the pre-monsoon, the WUE, is smaller
in the monsoon at 1.12 gC kg™'H,0 (Fig. 7b), showing
that the photosynthesis and ET are less tightly coupled
in this season compared to the pre-monsoon. There can
be two possible explanations behind this. Firstly, it can
happen due to a hindrance to the photosynthesis due to
an early stomatal closure in the monsoon. Secondly, as
the ET is composed of the evaporation and transpiration
an increase in the evaporation during the monsoon will
enhance the ET,,, but will have no effect on the GPP, as
the evaporation and photosynthesis are two uncoupled
processes. The increased role of evaporation in this season
is also supported by the more scatter in the GPP 4 versus
ET,q plot (Fig. 7b) which brings the R? value down to 0.22
during this season.

In the winter, the mutual dependence between GPP
and ET4 is not as systematic as in the three other seasons;
although a weak increasing trend is visible, the data points
are more randomly distributed (Fig. 7d). The maximum
ET,q in the winter is merely 2.5 kgH,0 m™2 day™', mini-
mum among all the seasons rendering the winter to be
the driest season. Moreover, the maximum GPP is close
to 7 gC m~2 day™, which is much less compared to the
pre-monsoon and monsoon. This observation strength-
ens the hypothesis that the winter is the least favoured
season by the KNP ecosystem for photosynthesis, as
explained in Sect. 3.5. Subsequently, a reduced photosyn-
thesis hinders the transpiration. Additionally being a dry
season [19], the evaporation is also less during the win-
ter. Combined together, it would mean a loosely coupled
relationship between the GPP and ET which is verified by

the annual minimum WUE of 0.91 gC kg™' H,0 in this
season (Table 4).

4 Discussions

Our study emphasizes that an increased respiration is the
possible explanation behind the KNP ecosystem acting as
a net source of atmospheric CO, in 2016.This is supportive
of the several recent studies reporting the multiple tropi-
cal forest ecosystems to act as net sources of atmospheric
CO, in this year [57, 68]. Against the long-standing belief
in the scientific community that the tropical forests act
as a large sink of carbon [64, 79], a recent study by Bac-
cini et al. [4] shows that the forests in tropical Asia, Africa
and America may be a net source of carbon based on bot-
tom-up measurements. Their study also points out that
top-down estimates from the satellites data predict the
opposite phenomena, and therefore, a large uncertainty
persists in the carbon budget of the tropical forest which
remains inconclusive so far. Additionally, in several other
studies multiple forest ecosystems were reported to act as
a net atmospheric CO, source [60, 75, 76].

In addition to the tall trees, the understory vegetation
at KNP mainly comprises the grasslands. As shown by
Dubbert et al. [24], the understory grassland can contrib-
ute up to 51% of the total NEE of an ecosystem. Based on
two-level separate EC measurements for overstory and
understory vegetation, Ma et al. [61] show the overstory
vegetation to act as a net sink of the atmospheric carbon,
whereas the understory acts as a persistent carbon source
and thus reduces the total carbon uptake of a savannabh.
Similar findings are reported by Jarosz et al. [43] for a Pine
plantation with grass understory. However, the effect of
grassland understory on the carbon cycle of the KNP eco-
system cannot be separately quantified from our one-level
EC measurement.

The daily GPP of the KNP ecosystem has been calcu-
lated earlier by Deb Burman et al. [20] during a 1-year-
long period from July 2015 to June 2016 using the in situ
meteorological measurements and LAI; no EC flux meas-
urement was used. According to this study, the annual GPP
of the KNP ecosystem is 2110 gC m™2 year™', which reason-
ably matches our estimate of 2604.88 gC m~2 year™' for
2016. However, in the present study peaks are observed
in GPP by the middle and end of monsoon, in the months
of August and September in 2016, respectively. These
peaks in GPP coexist with the simultaneous peaks in TER
and probably result from the increased soil CO, emission
triggered by the increased soil water content driven by the
Indian summer monsoon rainfall. Due to these increments
in TER, NEE also records two positive peaks around the
same times. Thus, the soil CO, release to the atmosphere
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renders the KNP ecosystem to be a net source around
these times. This mechanism is completely uncorrelated
with the photosynthetic uptake and hence the GPP and
subsequent growth of the vegetation canopy. The flux
partitioning method applied in our case works in 30-min
time steps, which as pointed out by Reichstein et al. [90]
is better suited to capture the variation in TER more accu-
rately in short time durations following the temperature-
dependent Lloyd-Taylor model. This in turn results in
more precise estimates of the carbon cycle components
in seasonal or annual scales. Additionally, the understory
growth of grassland at KNP may contribute significantly to
the annual CO, exchange.

Although several earlier studies exist in India reporting
CO, and water vapour fluxes from different ecosystems,
the annual components of the carbon cycle are reported
in very few of those and the role of Indian summer mon-
soon on the carbon cycle remains unresolved. Over a
mangrove forest in the Bay of Bengal coast of east India
(21° 49’ N, 88°37' E), the annual NEE, GPP, and TER are
reported to be —249+20, 1271 and 1022 gC m~2 year ',
respectively [92]. For a moist broadleaf Sal forest in north
India (30° 7' N, 78°13’ E), the annual NEE, GPP and TER
are —507.89, 2916.19 and 2404.32 gC m~2 year™', respec-
tively [115]. Although these ecosystems act as net sinks of
carbon, these authors point out the reduction in carbon
sequestration in the months with decreased radiation of
the Indian summer monsoon. Such a reduction is, how-
ever, apparently absent at an evergreen coniferous forest
located in the humid subtropical climate in the western
Himalayan foothills where more uptake is observed dur-
ing the monsoon months [72]. The annual NEE, GPP and
TER of this ecosystem are — 1172, 2044 and 872 gC m™2
year™, respectively. A deciduous forest in north India has
a cumulative NEE of —860 gC m™2 during a 9-month-long
study from January to September [113]. Patil et al. [82]
report that a rural site in south India (16° 44’ N, 77°59' E)
acts as a net carbon sink during the Indian summer mon-
soon months in 2011. In a study over China, the annual
carbon cycles of a subtropical evergreen broadleaf forest
in subtropical monsoon humid climate (23°10’ N, 112°31’
E) and a tropical seasonal rainforest in humid subtropi-
cal climate (21°56’ N, 101°16’ E) have been compared by
Yan et al. [119]. The annual NEE of these ecosystems are
—397+93.7 and — 166.1+49.3 gC m~2year™', respectively,
GPP are —1384+48.6 and —2330.9+161.1 gC m 2 year™,
respectively, and TER are —978 +48.5 and —2169.9+ 161.1
gCm~2year™, correspondingly. In this study, the tropical
forest is seen to act as a source of carbon during the mon-
soon, whereas the subtropical forest continues to seques-
ter carbon during this period.

The dynamic global vegetation models (DGVM) used
in the top-down inversion studies for allocating source,
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sink, and transport of CO, over the south Asia predict the
peak CO, uptake over India during June to August. This
is in contradiction with the bottom-up terrestrial ecosys-
tem models that predict the peak CO, uptake to take place
in September and October [83, 84]. Hence, both of these
approaches miss to capture the seasonality of CO, flux
over the Indian region as induced by the Indian summer
monsoon. However, our surface flux measurement at KNP
clearly shows the presence of both the peaks in GPP over
this forest, one in the end of May and another in the end
of September.

According to our analysis, the forest ecosystem at KNP
acted as a net source of CO, in 2016 which is supported
by the findings of Sarma et al. [96]. However, it needs to be
cross-checked against multi-year observations so that the
interannual variations can be pointed out. As found out
by several researchers, old forests most often offer neutral
or slightly negative carbon budget due to their matured
growth [15, 101]. However, as their sinking potential is not
very large it can very well be masked by the uncertainties
which can render the net carbon budget as positive [22,
94].The effect of such uncertainties can be more severe in
the case of ecosystems having marginally neutral carbon
budgets. Above-mentioned issues need to be seriously
addressed using multi-year observations before the actual
carbon sequestration potential of the KNP ecosystem is
properly estimated.

5 Conclusions

Earlier attempts to quantify the carbon budget over south
Asia have been paralysed by the limited availability of sur-
face measurements. Serious imbalance exists between the
top-down inversion models and the bottom-up terrestrial
ecosystem models, both in terms of magnitude and tim-
ing of the CO, fluxes. Our observations are helpful for fine
tuning the terrestrial ecosystem models that fail to capture
the seasonality of the CO, fluxes over India as induced by
the Indian summer monsoon. This will also reduce the data
unavailability over India and subsequently reduce the bias
in the inverse modelling predictions of sources, and sinks
over this region that are mostly corrupted by the available
input data from the surrounding territories. The following
key findings can be summarized as the outcome of the
present study:

1. The forest ecosystem at the KNP site in north-east
India acts as a net source of atmospheric CO, in 2016
with an NEE of 207.51+157.37 gC m~2 year™. In the
same period, the GPP and TER of this ecosystem are
2604.88 +179.43 and 2812.38 +22.05 gC m™2 year ™,
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respectively. These need to be validated against the
multi-year measurements.

2. We hypothesize that the clouds during the Indian sum-
mer monsoon months of June and July result in the
less availability of photosynthetically active radiation
severely reducing the photosynthetic uptake of CO,
by this forest canopy, and this effect is subsequently
reflected in a bimodal annual GPP pattern for 2016.

3. Both the daytime uptake and nighttime release of CO,
by this canopy are maximum in the pre-monsoon,
monsoon and post-monsoon and minimum in the
winter.

4. The pre-monsoon and winter are the most and least
favoured seasons for the photosynthetic CO, uptake
by this forest canopy.

5. The photosynthesis and evapotranspiration are most
and least strongly coupled in the pre-monsoon and
winter, respectively.
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