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ABSTRACT
For the first time, the exchange of greenhouse gases, such as CO2 and H2O vapour, between the biosphere and the
atmosphere at an eastern Himalayan site in India has been investigated. This study was carried out over a high altitude
(2286 m asl) evergreen coniferous forest (27.04°N, 88.08°E), where we measured the fluxes of CO2 and H2O vapour along
with the sensible and latent energy using the eddy covariance method both above (38 m) and within (8 m) the canopy, the
soil-CO2 flux and the vertical profile of CO2 during spring (March–April) in 2015. The mean eddy flux of CO2 above the
canopy was –2.8 ± 6.5 µmol m–2 s–1, whereas it was 0.6 ± 0.4 µmol m–2 s–1 within the canopy. The mean flux of H2O
vapour above the canopy (1.5 ± 1.8 mmol m–2 s–1) was three times higher than within the canopy (0.5 ± 0.6 mmol m–2 s–1).
The mean flux of CO2 emitted from the soil surface was 1.6 ± 0.1 µmol m–2 s–1. The diurnal variation showed high
sequestration of CO2 during daytime, when the negative flux increased beyond –10 µmol m–2 s–1. We observed that
precipitation significantly enhanced CO2 sequestration (by approximately fourfold) as well as H2O vapour emissions (by
approximately threefold) by the tall canopies. Overall, during the entire study period, the net ecosystem exchange (NEE)
was –656.5 g CO2 m–2, suggesting that the evergreen coniferous forest in the eastern Himalaya acts as a net sink of CO2
during spring. Therefore, we can estimate the sequestration of anthropogenic carbon emission by the eastern Himalayan
forest ecosystem, improving the national greenhouse gas inventory.
Keywords: Eddy covariance; Coniferous forest; Greenhouse gases; Himalaya.

INTRODUCTION
The concentrations of global greenhouse gases are
increasing due to anthropogenic activities and land use
pattern changes (Canadell et al., 2007; Le Quéré et al., 2009).
Between the years 1750 and 2011, cumulative anthropogenic
CO2 emissions to the atmosphere were 2040 ± 310 Gt CO2
(Edenhofer et al., 2014). Atmospheric CO2 concentration
has reached ~405 ppm in 2016 (https://www.co2.earth).
Terrestrial forest fixes 30% of these anthropogenic carbons
annually (Schulze, 2006; Canadell et al., 2007). A recent
study by Ray and Jana (2017) has reported that the Indian
Sundarbans sequestered a total of 2.79 Tg C which was
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nearly 100% of the total carbon emission (2.83 Tg C) from
the nearest Kolaghat thermal power plant in West Bengal,
India, for the generation of 7.5 × 106 MW of energy during
2010–2011. Thus terrestrial ecosystem provides a way out
against the increasing CO2 and global warming by fixing
the anthropogenic inorganic carbon in the atmosphere
(Schimel et al., 2001). Various CO2 capture technologies
have attracted the attention of the researchers worldwide.
People are utilizing CO2 directly in various small- and
medium-scale industries (soft drinks, foaming, welding,
propellants etc.), fixing carbon into microalgae through
photosynthesis for the production of biofuel and also
indirectly utilizing CO2 through the conversion to chemicals
and energy products (Huang and Tan, 2014). Reduction in
fossil fuel activities could effectively reduce CO2 emission
with no doubt but it would also slow down the economical
growth (Liou, 2015; Lin, 2015). However, the carbon
sequestration through the natural processes (sequestration
by ocean, forest etc.) is considered to be the best, effective
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and the potential way-out of CO2 capture which helps to
achieve sustainability in energy and environment.
The conversion of inorganic carbon (CO2) to organic
carbon (glucose) through photosynthesis is one of the major
processes by which fixation of atmospheric CO2 takes
place. The Gross Primary Production (GPP) by terrestrial
plants is calculated to be 123 ± 8 Pg C year–1 (Beer et al.,
2010). The Net Ecosystem Exchange (NEE) is the net CO2
flux from the ecosystem that can be calculated by subtracting
GPP and respiration of that ecosystem (Chapin et al.,
2006). Terrestrial plants uptake one in eight molecules of
atmospheric CO2 during photosynthesis and respiration of
plants and soil organisms return same number of CO2 in a
year. This exchange characterized by large-scale regional
variability is the key to estimate whether a terrestrial
ecosystem works as a net source or sink of atmospheric
CO2 (Reich, 2010). A recent study in air quality enhancement
zones over Taiwan showed that an individual tree could
capture as high as 9 metric tons of carbons during its lifetime
and improve air quality significantly (Wang et al., 2015).
The eddy covariance system is the most widely used
direct method for measurement of fluxes of CO2, water
vapour, and energy between biosphere and atmosphere
(Baldocchi, 2003). Number of studies has been done all
over the world using eddy covariance technique in different
types of terrestrial ecosystems like temperate deciduous
forests (Wesely et al., 1983; Verma et al., 1986; Saigusa et
al., 2002; Rebmann et al., 2010), boreal forest (Black et
al., 2000), Pinus forest (Suni et al., 2003), savanna (Eamus
et al., 2001), grassland (Verma et al., 1989), tropical forest
(Fan et al., 1990). As far as India is concerned, very few
studies were conducted on the measurement of biosphereatmosphere exchange fluxes of greenhouse gases, such as,
at a mixed deciduous forest in central part of India (Jha et al.,
2013), over a tropical mangrove ecosystem in Sundarban
(Mukhopadhyay et al., 2000; Jha et al., 2014; Rodda et al.,
2016) using this method. However, no such study, to the
best of our knowledge has been carried out at any high
altitude Himalayan forest in India.
The Eastern Himalayan region within its boundary of
524,190 km2 includes 3 of the 34 global biodiversity
hotspots. Eastern Himalayan sub-alpine coniferous forest is
one of the most ecologically concerning terrestrial ecosystems
in India. Land-use and land-cover changes contribute to
local and regional climate changes (Chase et al., 2000) and
global climate warming (Penner et al., 1994; Houghton et
al., 1999) which in turn impact on biodiversity (Chaplin et
al., 2000; Sala et al., 2000), influencing the reduction in
species’ diversity (Franco et al., 2006). These changes also
affect the ability of biological systems to support human
needs (Vitousek et al., 1997). Shankar Raman reported that
the North Eastern states of India lost more than 1000 km2
of forest due to human-induced activities between 1989
and 1995 (Raman, 2001). Thus, the studies on greenhouse
gas exchange between biosphere and atmosphere over several
ecosystems at eastern part of Himalaya are of paramount
importance in order to develop the idea about the potential
of the ecosystems for greenhouse gas sequestration.
The present study on CO2, H2O and energy fluxes
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between atmosphere and coniferous forest ecosystem has
been conducted for the first time over a high altitude
environment at eastern Himalaya in India. The present
study was focused on understanding 1) the variations in the
exchange fluxes of CO2, H2O and energy components on
diurnal scale, 2) the role of soil in emitting CO2 into the
atmosphere, 3) the effect of rain on the CO2 sequestration
and H2O vapour emissions and 4) the vertical profile of CO2
on diurnal scale to understand the biosphere to atmosphere
emission/lateral advection of CO2 and its storage between
the near-surface to above the canopy level during spring
(March–April) in 2015.
STUDY SITE AND SYNOPTIC METEOROLOGY
The study site (Fig. 1), known as Selimbong forest
(27°04ʹN; 88°08′E; 2286 m amsl) under Dhotrey range of
Darjeeling division of Department of Forest, Government
of West Bengal, India, consisting of Japanese cedar trees is
a part of sub-alpine coniferous forest dominated by large
evergreen tree called Cryptomeria japonica mixed with
angiosperm vegetation. The height of a mature cedar tree
is typically 20–25 meter with a trunk diameter of around 1
m. Introduced around 150 years ago by British planters, C.
japonica has become the most successful exotic species in
the hills. The other species in the forest are Michelia spp.,
Castanopsis hystrix, Acer campbellia etc. The forest floor
is dominated mostly by angiosperms. Many species of
orchids and medicinal plants like Aconitum bisma, Aconitum
spicatum, Swertia chirayita, Potentila fulgen, Taxus
wallichiana, Mahonia napaulensis, Polygonum amplexicaulis
are very common in this forest. Sandy loam, red and yellow
pedozolic soil is the characteristic of this area. Unaltered
sedimentary rocks and metamorphic rock are common rock
type found in this region. Several perennial hill streams
and Lhodoma river catchment surround the forest site. The
site is basically free from inhabitants with no anthropogenic
and vehicular activities. The nearest road with very low
vehicular activities is around 7 km away from the study site.
The tower was erected on a flat surface in the study area.
The variations in meteorological parameters during the
study period have been shown in Fig. 2. The average
temperature was 11.1°C during the study period. The
warmest day was found to be 16 April 2015 when average
temperature reached ~16°C. On the other hand, coldest day
was 5 March 2015 when temperature went down below
6.0°C. Relative humidity varied from as high as 98% to as
low as 47% with an average of 81%. Diurnal variation reveals
high humidity (> 80%) during nighttime. The average solar
radiation was found to be 312.5 W m–2 with maximum
intensity during 13:00–14:00 reaching ~600 W m–2. Wind
speed varied from 0 to 4.5 m s–1 with an average of 1.1 m s–1
during the study period. Maximum wind speed was observed
during afternoon hours whereas during night it became
calm and stable with very low winds. The total rainfall
amount was recorded to be 198.8 mm. Most of the days in
March were dry whereas several days with heavy rainfall
was recorded in April. Highest rainfall in the study period
(~46 mm) was recorded on 12 April 2015. However, the
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Fig. 1. (A) Map showing the location of the study site at eastern India, (B) sampling site at the forest, and (C) the flux
tower at the forest.
meteorological data from the nearest observatory (12 km
aerial distance) of Bose Institute are recorded on a regular
basis. Based on the last ten years (2008–2017) climatology,
the temperature during winter (Dec.–Feb.) was found to
range between 1.5°C (during 05:00–06:00) and 12°C (at
13:00–14:00). Relative humidity remains around 80% with
low wind speed of around 1 m s–1. Snowpack was not
observed during winter. The mean temperature remained
highest (~21°C) during monsoon (June–Sept.) whereas it
remained ~17°C during post-monsoon (Oct.–Nov.).
METHODS
EC Flux Measurement Systems
The flux tower was equipped with a closed path infrared
gas analyzer system (IRGA), LI-7200 (LICOR, Lincoln,
NE, USA), in combination with an analyzer interface unit and
flow module (LI-7550) to measure the densities of carbon
dioxide and water vapour at two heights, 8 and 38 m. A
three dimensional (3D) sonic anemometer, Gill WindMaster
Pro (Gill Instruments Limited, UK), was installed and colocated with the gas analyzers at 8 and 38 m to measure
the orthogonal wind velocity components (along x, y and z
axis) and sonic temperature. The measurements from the
sonic anemometer and IRGA were recorded at a frequency
of 10 Hz.
Soil-CO2 Flux Measurement Systems
Four soil-CO2 flux chambers (LI-8100A, LI-COR,
USA) were installed on the forest floor equidistant from
the tower base. The chambers are connected and powered
by an analyzer control unit consisting of infrared gas

analyzers, data logger and pump (flow rate of 3 L min–1)
and a multiplexer (LI-8150). We carried out the vertical
profile measurements by drawing ambient air from 1, 5, 8,
11, 20, 25 and 38 m height from the ground.
The analyzers (EC and soil-CO2 flux) were factory
calibrated followed by the installation at the site. Normally,
during the factory calibration, two important steps are
performed: determining the calibration coefficients and
setting zero and span. For zero check, chemical scrubber
(soda lime for removing CO2 and magnesium perchlorate
for removing water vapour) is used for making CO2 and H2O
free air. Usually, the standard CO2 gas of the concentration
in the range 500–1000 ppm is used for CO2 span. The
analyzers were calibrated with the standard CO2 gas of the
concentration of 745 ppm, whereas a dew point generator
is used for H2O vapour span. Dew point temperature is
chosen 3–5°C less than the ambient temperature to avoid
the condensation problems. Span is a linear function of
absorbance and hence there is an offset term and a slope
term and both of them are determined at the factory. When
a normal span is set by the user, the offset term changes
only. The slope term can be changed by performing a
secondary span at a much different concentration than the
normal span.
Measurement of Meteorological Parameters
The meteorological data (temperature, wind, solar
radiation, relative humidity, rainfall etc.) were collected
from the meteorological tower equipped with a weather
station with the sensors like temperature and relative
humidity (Model No. HMP45C-L, Campbell Scientific,
USA), wind speed and wind direction (Anemometer: Model
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Fig. 2. Variations in meteorological parameters during March–April, 2015.
No. 05103, Young), total incoming solar radiation (400–
1100 nm) (Pyranometer: Model No. SP Lite2, Kipp and
Zonen) and rain gauge (TE525 tipping bucket rain gauge).
The data was recorded at an interval of 1 min.
Data Processing and Eddy Flux Calculation
The data collected from the gas analyzers and sonic
anemometers were processed with the EddyPro software
(Version 5.0, LI-COR, USA). The fluxes of CO2, H2O and
energy were calculated at an interval of 30 min and the total

number of samples for each of the CO2, H2O and energy
fluxes was 2872.
The fluctuating components like orthogonal wind
components u, v, w and virtual temperature θ (measured
from sonic anemometer), CO2 concentration and water
vapour mixing ratio q (measured from infrared gas
analyzers) are derived as follows:
u = uʹ – u̅

(1)
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v = vʹ – v̅

(2)

w = wʹ – w̅

(3)

θ = θʹ – θʹ

(4)

q = qʹ – q̅

(5)

ρ CO2 = ρ CO2ʹ – ρ CO2

(6)

The components with the prime represent the fluctuations
whereas the over-bar represents the half-hour (30 min)
average. The fluxes were estimated as the mean covariance
between the deviations of the instantaneous vertical wind
speed and the parameter under concern.

FCO2  w CO2

(7)

H   C p  w

(8)

LE   Lvqw

(9)

FCO2, H and LE are the fluxes of CO2, sensible heat and
latent energy; ρ is the air density, Cp is the specific heat at
constant pressure and Lv is the latent heat of vaporization.
The tilt corrections of sonic measurements were made by
axis rotation such that the mean vertical wind speed
becomes zero (Wilczak et al., 2001). The data with spikes
from electronic and physical noises, though very few, were
removed during processing of each data file.
Soil CO2 Flux Calculation and Processing
The gas flux is calculated as the rate at which the gas
concentrations are changing inside the chamber. An
exponential equation is used for calculation of the flux:
C' = Cs′ + [C'0 – Cs′]e–αt

(10)

Cs′, C'0 and α are the empirical parameters estimated from
the non-linear curve fit (Eq. (10)). Cs′ is the CO2
concentration in the soil surface layer under the chamber
and fixed over time. α is the rate constant. Thus C', the
concentration of CO2, is the function of time. With the
initial slope (∂C'/∂t at t = 0) of the function, the flux is
estimated at the time of chamber closing, when C' is close
to the ambient level (C'0).

C '
  Cs  C0  e  t
t
C '
  Cs  C0 
At t = 0,
t

(11)

Finally, the flux is calculated from the measured
parameters as:

Fc

VP0 (1  W0 ) C '
RS (T0  273.15) t

(13)

Fc is the soil CO2 flux, V is volume, P0 is the initial
pressure, W0 is the initial water vapour concentration, S is
soil surface area inside the chamber, T0 is initial air
temperature, and ∂C'/∂t is the initial rate of change in water
vapour dilution-corrected CO2 concentration. The data was
processed with SoilFluxPro software of LI-COR, USA.
The total number of samples of soil-CO2 fluxes during the
entire study period was 1414.
RESULTS AND DISCUSSION
Diurnal Variability in CO2 and H2O Vapour
Concentrations
The springtime concentration of CO2 above the canopy
(38 m) ranged between 389.4 and 397.2 ppmv whereas that
within the canopy (8 m) ranged between 390.2 and 398.6
ppmv. The mean CO2 concentration above the canopy
(393.5 ± 1.8 ppmv) was slightly lower (p < 0.05) than that
within the canopy (394.2 ± 1.7 ppmv). Figs. 3(A) and 3(B)
show the diurnal variations of CO2 and H2O concentrations
both within and above the canopy during spring. It shows
high CO2 concentrations during evening to early morning
hours (~18:00–06:00) whereas comparatively lower values
are observed during morning to afternoon hours (~06:30–
17:30). However, minimum values are observed during
noon hours at both the heights. The mean CO2 concentrations
during 18:00–06:00, i.e., in absence of the sunlight were
found to be higher (p < 0.05) within the canopy (396.4 ppm)
compared to above the canopy (394.8 ppm) whereas during
06:30–17:30, i.e., in presence of sunlight, concentrations
were almost equal (p < 0.05); 392.4 at 38 m and 392.1 at
8 m. Thus, CO2 concentrations at both the heights were
decreased by ~2–4 ppmv during daytime. The uptake of
atmospheric CO2 for photosynthesis by tall canopies and
ground level vegetation could result lower daytime CO2
concentration at both the levels. The atmospheric
concentration of CO2 is controlled by the vertical mixing
process (Emeis, 2008). The wind speed was found to be
very low during evening till early morning hours over the
observation site (as can be seen from Fig. 2(B)) which
could favour the accumulation and hence increase the
concentration of CO2 whereas the high wind speed during
morning until late afternoon hours could disperse and
hence decrease the concentration of CO2. During daytime,
the higher thermal convection could also dilute CO2 whereas
after the sunset, the thermal convection and vertical mixing
are reduced. Hence CO 2 concentration could increase
because of stratifications within the canopy level (discussed
later in detail in the section of vertical profile of CO2 and
shown in Fig. 8). Thus CO2 concentration increased under
stable atmospheric conditions with shallower boundary
layers during nighttime whereas it decreased under convective
instability with higher boundary layers along with the
biospheric photosynthetic processes. Patil et al. (2014)
have also observed the influence of atmospheric stability
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Fig. 3. Diurnal variations in (A) CO2 and, (B) H2O vapour concentrations within (8 m) and above (38 m) the canopy.
and biospheric photosynthesis on the higher nighttime CO2
concentration compared to daytime over Mahabubnagar, a
rural site in India.
The H2O vapour concentration varied from 8.8 to
16.6 mmol mol–1 within the canopy and from 7.2 to 15.3
mmol mol–1 above the canopy. The mean H2O vapour
concentration within the canopy (13.8 ± 0.8 mmol mol–1)
was slightly higher (p < 0.05) than that above the canopy
(12.3 ± 0.8 mmol mol–1). The diurnal variations of H2O
vapour concentrations (Fig. 3(B)) within and above the
canopy were found to be similar to each other. The
concentrations at both the levels were found to increase
steadily from ~06:00, i.e., after sunrise and peaked during
13:00–14:00. This could be attributed to the enhanced
evaporation from the soil surface and transpiration from
plants during daytime.
Diurnal Variability in Eddy and Soil-CO2 Fluxes
Fig. 4 shows the diurnal variations of CO2 fluxes above

and within the canopy as well as the soil-CO2 fluxes. The
springtime CO2 flux (FCO2) above the canopy was found
to vary from –24 µmol m–2 s–1 to 5.6 µmol m–2 s–1 whereas
that within the canopy varied from –4.1 µmol m–2 s–1 to
6.3 µmol m–2 s–1. The mean FCO2 above the canopy (–2.8
± 6.5 µmol m–2 s–1) was opposite in sign and higher (p <
0.05) than within the canopy (0.6 ± 0.4 µmol m–2 s–1). CO2
showed high negative fluxes during daytime and low
positive fluxes during nighttime above the canopy. The
high negative FCO2 (atmosphere to biosphere) above the
canopy during early noon to early afternoon hours were
associated with the uptake of CO2 by tall canopies for
photosynthetic activities under high solar radiative fluxes
(Fig. 2(B)). We have also studied the relationship between
FCO2 (NEE) and the total incoming solar radiation (SR)
flux to understand the changes in NEE in response to the
radiation. As the incoming or downwelling SR fluxes are
closely related to the photosynthetic photon flux density
(PPFD, which is roughly the double of total incoming SR),
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Fig. 4. Diurnal variations in the eddy fluxes of CO2 within and above the canopy and soil-CO2 flux.
the NEE-SR relationship would help us to better understand
the quantum yield (mol CO2 per mol photons). We have
plotted the daily daytime mean NEE and solar radiation for
the entire study period where NEE was found to be nonlinearly related to SR as, NEE = 9.2 – 3.3 ln (SR + 9.6)
with R2 = 0.4 (see Fig. S1 in supplementary file). This
shows significant decrease in NEE with the increase in SR.
Above the canopy, the minimum fluxes, i.e., highest negative
values were observed during 10:00–13:00 when the mean
flux of FCO2 went below –10 µmol m–2 s–1 when the solar
radiative fluxes were also higher (Fig. 2(B)). However
very low positive fluxes during nighttime (atmosphere to
biosphere) were observed. For an autotrophic type
ecosystem, the nighttime positive fluxes are always lower
in magnitude than the daytime negative fluxes (Mildenberger
et al., 2009). The mean daytime flux was –6.8 µmol m–2 s–1
whereas the mean nighttime flux was 1.9 µmol m–2 s–1
above the canopy. Rodda et al. (2016) reported the peak
negative flux of CO2 of –6.0 µmol m–2 s–1 associated with
the uptake of CO2 for photosynthesis during summer, 2012
over Sundarban mangrove forest in India. However, they
observed minimal variation of nighttime CO2 fluxes ranging
between 4–6 µmol m–2 s–1 associated with the ecosystem
respiration over a one-year study period from April 2012–
March 2013. Jha et al. (2013) observed mean flux of CO2
of –2 µmol m–2 s–1 in a mixed deciduous forest in Madhya
Pradesh in India. The mean CO2 flux of –3.55 µmol m–2 s–1
was observed by Patil et al. (2014) in a rural site in India
during monsoon (Patil et al., 2014). Rodda et al. (2016)
had shown high daytime uptake of CO2 over three forests in
Sundarban, India; –10.2 to –100.2 µmol m–2 s–1 over Henry
Island, –15.7 to –179.3 µmol m–2 s–1 over Jharkhali and –2.5
to 45.9 µmol m–2 s–1 over Bonnie Camp during summer,
2011. The maximum uptake of CO2 above the canopy in this

study (–24 µmol m–2 s–1) was found to be similar to that
observed over a mixed deciduous forest (–25 µmol m–2 s–1)
as reported by Jha et al. (2013) in central India. Deb
Burman et al. (2017) observed GPP of 2110 g CO2 m–2 yr–1
with higher values during pre-monsoon and monsoon seasons
over a tropical forest ecosystem at Assam in northeast India.
On the other hand, within the canopy, the negative fluxes
were observed during 09:30–12:30 and positive fluxes on
the rest of the day. The mean flux within the canopy during
09:30–12:30 was –0.9 µmol m–2 s–1 due to the uptake of CO2
by small undergrowth vegetation on the ground. The positive
fluxes could be associated to the emission of CO2 from the
respiration of ground vegetation and soil (Aubinet et al.,
2005) and it was found to be higher during late afternoon
to evening hours (greater than 1.5 µmol m–2 s–1) compared
to night to early morning hours (less than 1 µmol m–2 s–1).
Baldocchi and Vogel (1996) reported maximum root/soil
respiration during midday over a dense coniferous forest
because of negligible understory photosynthesis.
The mean soil CO2 flux as observed from the present
study was 1.6 ± 0.1 µmol m–2 s–1 varying between 1.34 and
1.79 µmol m–2 s–1. The diurnal variation shows that the
flux started increasing from ~07:00 and peaked during
midday, reaching 1.75 µmol m–2 s–1. The fluxes remained
high (> 1.7 µmol m–2 s–1) till 16:00 and then started to fall.
Soil-CO2 flux is resulted from the release of CO2 produced
by autotrophic (plant roots) and heterotrophic (microbes and
soil fauna) respiration. Soil-CO2 flux is strongly correlated
with the root biomass (Schlesinger et al., 2000) and
contributed by 20% to 90% globally (Boone et al., 1998).
Autotrophic respiration from roots and rhizosphere as well
as heterotrophic respiration both could play a role in soilCO2 flux over our observation site. Autotrophic respiration
is very sensitive to the changes in soil temperature whereas
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heterotrophic respiration mainly depends on the ambient
temperature (Bauer et al. 2008, Luo and Zhou, 2010). The
measurements of soil parameters like soil temperature, soil
moisture, soil heat flux etc. were beyond our scope during
this study. However, the diurnal variation of soil-CO2 flux
was found to be similar to that of ambient temperature and
thus it can be said that heterotrophic respiration could be a
major factor for soil-CO2 flux. As the temperature and
radiative flux increased with the advancement of the day,
the decomposition of soil organic matter and biomass
could release CO2 and hence enhance flux values.
We know that the net ecosystem exchange (NEE) is the
difference between the ecosystem respiration (RE) and
gross primary productivity (GPP), i.e., NEE = RE – GPP.
During night, NEE can be considered to be equal to RE, as
GPP = 0 in the absence of sunlight. Thus the NEE above
the canopy and the soil-CO2 flux measured during night
would enable us to understand and partition the nighttime
respiration between the soil (RS,N) and the canopy (RC,N).
Thus the nighttime NEE at 38 m is equal to the nighttime
respiration of the entire biosphere (RB,N) and the nighttime
soil-CO2 flux is equal to (RS,N). The mean of (RS,N) and (RB,N)
were found to be 1.52 µmol m–2 s–1 and 1.9 µmol m–2 s–1
respectively. Thus, the nighttime respiration from the canopy
(RC,N) was 0.38 µmol m–2 s–1 (1.92–1.52) and the soil alone
contributed ~80% to the nighttime respiration of the entire
biosphere. During the daytime, CO2 uptake dominated
over the respiration above the canopy resulting to the high
negative NEE. Within the canopy, the NEE was positive
during afternoon and the values exceeded 1.5 µmol m–2 s–1
when the soil-CO2 flux exceeded 1.7 µmol m–2 s–1. This
clearly indicates that the positive CO2 flux during the
afternoon within the canopy was mostly due to the emission
of CO2 from the soil surface and on an average, the soil
contribution to the afternoon CO2 flux within the canopy
was ~90%.
Diurnal Variability in H2O Vapour, Sensible and Latent
Heat Fluxes
The diurnal variability of H2O vapour and latent heat
fluxes within and above the canopy is shown in Fig. 5(A).
The exchange of water vapour is the result of evaporation
from the soil, transpiration of the plants and evaporation of
intercepted rain drops and fog (Meiresonne et al., 2003).
The atmosphere to biosphere intrusion of CO2 and biosphere
to atmosphere outflow of water vapour are known to be
strongly coupled processes (Mildenberger et al., 2009). The
flux of H2O vapour above the canopy showed peaks during
late morning and afternoon (at around 11:00 and 15:00)
hours which could be related to the higher rates of
evapotranspiration (with high photosynthetic activity by
tall canopies). On the other hand, the flux within the canopy
could be due to the evapotranspiration from soil and
ground vegetation. The very low FH2O is due to very low
evapotranspiration during nighttime. The mean water vapour
flux (FH2O) above the canopy (1.5 ± 1.8 mmol m–2 s–1) was
higher than that within the canopy (0.5 ± 0.6 mmol m–2 s–1).
The mean daytime flux was found to peak at 6.2 mmol m–2 s–1
above the canopy and 2.6 mmol m–2 s–1 within the canopy.
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Chanda et al. (2013) reported higher daytime water vapour
flux (7.8 mmol m–2 s–1) than nighttime (3.4 mmol m–2 s–1)
over three forest sites in Sundarban, India. Rodda et al. (2016)
reported minimum water vapour flux of 2.5 mmol m–2 s–1
in July 2013 and maximum of 5.5 mmol m–2 s–1 in October
2013 over Sundarban mangrove forest in India. The latent
heat flux (LE) varied from –52 to 338 W m–2 above the
canopy and –27 to 129 W m–2 within the canopy. The mean
LE above and within the canopy were 68.3 ± 81.5 and 20.6
± 30.6 W m–2 respectively.
The diurnal variability of the sensible heat flux (H)
within and above the canopy is shown in Fig. 5(B). It ranged
between –30 to 424 W m–2 above the canopy whereas that
within the canopy varied between –9.8 to 98 W m–2. The
mean value of H above the canopy level was much higher
(77.7 ± 86.6 W m–2) than that within the canopy (14.3 ±
16.2 W m–2). During the period of 11:00–13:00, H was
found to exceed 400 W m–2 above the canopy whereas that
within the canopy was below 100 W m–2. Thus the
partitioning of available energy was slightly more towards
sensible heat above the canopy whereas more towards
latent heat within the canopy. The Bowen ratio (β) provides
information of the partitioning of net radiation into sensible
and latent heat and calculated as the ratio of sensible (H) to
latent heat (LE) fluxes. Positive values of β were observed
during daytime at both the levels. The mean β was higher
above the canopy (1.4) than within the canopy (0.7).
Kelliher et al. (1997) reported that the mean value of β
above the canopy level in Siberia was more than 1.0 during
the summer suggesting that more of the available solar
energy above the canopy was partitioned to H than to LE
over cold regions. This observation has been found to be
quite similar to that over eastern Himalayan forest as observed
in the present study. The air temperature could also play
vital role in governing β as the decrease in temperature
limits the evapotranspiration activities (Suzuki et al., 1999).
As the present study is mainly conducted in an evergreen
forest and only for spring, the effect of the emergence and
senescence of leaves of the canopies on the Bowen ratio
does not hold any importance. However Wilson et al.
(2002) reported that for an evergreen broadleaved forest
(as in the case of present study), the β values remains very
high (> 1.0) compared to any temperate deciduous forest.
Effect of Precipitation on Eddy Fluxes of CO2, H2O, H
and LE and Soil-CO2 Flux
In order to investigate the effect of precipitation on the
eddy fluxes of CO2, H2O, H and LE, we have compared
the diurnal variations between 12 and 13 April 2015 when
an intense precipitation of 45 mm occurred during early
night (21:00) on 12 April 2015 till early morning (03:00)
on 13 April 2015. The other rain events during the study
period were not considered for such investigation due to
the following reasons. The measurement was started from
1 March 2015 and thus the data was not available before
the rain events occurred during 1–3 March 2015. The
measurement was stopped after 30 April 2015 (because of
various technical issues) and thus data was not available
after the events occurred during 21–30 April 2015. Moreover,
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Fig. 5. Diurnal variations in the (A) latent energy and H2O vapour fluxes and (B) sensible heat fluxes within and above the
canopy.
rains occurred during the daytimes in these events. There
was thus a single rain event available that started at night
on 12 April 2015 and ended in early morning on 13 April
2015 with the clear-sky and sunny conditions before and
after rain (daytimes on 12 and 13 April). Hence, this single
event was chosen in order to understand the net effect of
the precipitation on the daytime photosynthetic activities in
terms of CO2, H2O, H and LE fluxes.
The eddy fluxes of CO2, H2O, H and LE above the canopy
are shown in Figs. 6(A)–6(D) whereas the eddy fluxes of
CO2 within the canopy along with the soil-CO2 fluxes before
and after rain are shown in Fig. 7. We observed that the
fluxes above the canopy were increased after the rain event.
The mean CO2 fluxes during the period of 11:00–13:00
became more negative and increased ~4 times after the
precipitation (from 9.7 µmol m–2 s–1 to 37.8 µmol m–2 s–1).
The mean H2O vapour flux during peak period was increased
from 1.9 before the rain event to 4.6 mmol m–2 s–1 after the
rain event. The larger negative FCO2 and positive FH2O after
precipitation indicate that the eastern Himalayan coniferous

forest could consume higher amount of CO2 under the wet
condition and efficiently take part in photosynthetic
activity compared to the drier condition. Similarly H and
LE during the period were also found to be increased by
182 and 117 W m–2 respectively. Specifically, the increase
in LE brings our attention to an important fact. One of our
earlier studies over this part of Himalaya observed high
loading (~2000 cm–3) of cloud condensation nuclei (CCN)
during spring (Roy et al., 2017). Thus the high biospheric
emissions of H2O vapour after the precipitation (as observed
from the present study) could thus favour the low-level
cloud formation in presence of high loading of CCN. A
recent study (Wright et al., 2017) has shown that the
evapotranspiration of the plants is the major source of the
moisture and activates the shallow convection through
shallow convection moisture pump (SCMP) mechanism
over Amazon during the dry-to-wet transition period. They
have shown that SCMP pre-conditions the atmosphere for
increasing the rain-bearing convection and aerosols play
important roles in modifying such convection. However,
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Fig. 6. Variations in the eddy fluxes of (A) CO2, (B) H2O vapour, (C) sensible heat, and (D) latent heat fluxes above the
canopy before (12 April 2015) and after (13 April 2015) the rain event.
the above mentioned possibilities could not be ruled out
over this part of Himalaya but need to be investigated with
large number of datasets whether and to what extent
precipitation increases evapotranspiration and favours the
formation of low-level cloud with the high loading of
aerosols acting as CCN.
The diurnal variations of the CO2 fluxes within the
canopy before and after the precipitation are shown in
Fig. 7(A). It is observed that the photosynthetic activities
(negative NEE) within the canopy did not increase due to
the precipitation. But the daytime respiration (positive
NEE) within the canopy showed noticeable increase during
the afternoon. The afternoon fluxes of CO2 before the
precipitation were less than 1.5 µmol m–2 s–1 and increased
to greater than 2 µmol m–2 s–1 after the precipitation. This
can be explained by the changes in the soil-CO2 fluxes due
to the precipitation.
The diurnal variations of soil-CO2 fluxes before and

after rain event (Fig. 7(B)) show ~30% increase in the mean
daytime soil-CO2 flux (1.4 µmol m–2 s–1 to 1.8 µmol m–2 s–1)
after the precipitation. The midday (12:00–14:00) flux which
was around 1.5 µmol m–2 s–1 before the rain, reached
2.0 µmol m–2 s–1 after the rain event. We also observed that
the mean daytime ambient temperature before the rain
event (12.3°C) was slightly higher than that after the rain
event (11.4°C). Even the midday temperature was found to
be slightly higher (13.2°C) before the rain compared to after
the rain event (12.6°C). Thus we observed that the soilCO2 flux was increased in spite of the decrease (statistical
significance test could not be performed because of only
one rain event) in ambient temperature after the precipitation.
Hence the ambient temperature could not be considered as
the responsible factor for the high increase in soil-CO2 flux
but the precipitation probably increased the soil water
availability/moisture content which in turn could increase
the microbial activities and soil-CO2 flux.
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Fig. 7. Variations in the eddy fluxes of (A) CO2 within the canopy and, (B) Soil CO2 before (12 April 2015) and after (13
April 2015) the rain event.
We discussed earlier that the increase in soil-CO2 fluxes
affected and changed the sign of FCO2 within the canopy
(from negative to positive) during afternoon (Fig. 4). A
close look at the Fig. 4 shows that the NEE values within
the canopy changed from negative to positive at 13:00
when the soil-CO2 flux reached around 1.7 µmol m–2 s–1.
Similarly, Fig. 7(A) shows that the CO2 flux within the
canopy (after the precipitation) changed its sign from
negative to positive during 10:30–11:00 when the soil-CO2
flux reached and remained within 1.7–1.75 µmol m–2 s–1
during 10:00–11:00. Also the afternoon CO2 fluxes within
the canopy exceeded 2 µmol m–2 s–1 when the soil-CO2
fluxes too exceeded 2 µmol m–2 s–1 after the precipitation.
Thus the CO2 emission within the canopy was not directly
affected by the precipitation but it was the increased soilCO2 emission due to the precipitation, which enhanced the
CO2 emission within the canopy. This further supports the
fact that the CO2 uptake within the canopy was due to the
photosynthetic activities by the undergrowth vegetation
whereas the CO2 emission was mostly contributed by the
soil surface.
We observed very low values of Bowen ratio, β (less
than 0.5), after the rain events with sunny conditions on
some of the rainy days during the study period. This
indicates that most of the available energy was used for the
evapotranspiration from the wet canopies and the wet soil
surface.
We studied another rain event during 30 March–4 April
2015 and that occurred during the daytime and the three
consecutive days after this event remained cloudy. We
compared the relationship between NEE and SR (as discussed
earlier) after this event with normal (without precipitation)
cloudy days (see Fig. S2 in supplementary file). This would
enable us to minimize the effect of cloudiness on NEE and

to get the idea of the net effect of precipitation only. We
observed that the slope of the non-linear relationship
between NEE and SR during after-rain-cloudy-days was
higher than the normal cloudy days suggesting and further
supporting the fact that eastern Himalayan conifer forest
sequester more CO2 after precipitation or under wet
conditions.
However, such changes in H2O, H and LE fluxes were
not observed within the canopy due to the precipitation.
Vertical Profile of CO2
While the CO2 near the ground and within the canopy is
associated with the emissions from the soil, plant roots and
undergrowth vegetation etc., the CO2 above the canopy is
not only associated with the respiration of the tall canopies but
also with the lateral advection of CO2 as well as transported
from the long-distant source regions. Our earlier studies
(Sarkar et al., 2015; Sarkar et al., 2017; Roy et al., 2017)
reported the transport of anthropogenic volatile, semivolatile and particulate carbonaceous compounds (with the
sources similar to CO2) over an eastern Himalayan high
altitude station, Darjeeling (12 km from the present study
site) mostly from the polluted western and central parts of
the Indo-Gangetic Plain regions during pre-monsoon (March–
May). The lateral advection of anthropogenic CO2 emitted
from the fossil fuel and biomass burning from the popular
tourist station Darjeeling (March–April being the peak
tourist season), the transport of CO2 from the lowland
townships through the valley wind etc. could also contribute
to the total CO2 loading above the canopy. The vertical
profile of CO2 was thus studied in order to understand the
effect of the biospheric emissions/sinks of CO2 as well as
the atmospheric input to the biosphere on the CO2 dynamics
from near the ground to above the canopy level.
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The vertical profile of CO2 concentration (expressed as
the partial pressure of CO2, pCO2) is shown in Fig. 8 for
midnight (00:00), morning (07:00), midday (12:00) and
evening (19:00). It was measured at the heights of 1 m, 5 m,
8 m, 11 m, 20 m, 25 m and 38 m from the ground. The
salient features from the vertical distribution of CO2 as
observed from the figure are as follows:
During midnight (00:00), the pCO2 near the ground was
maximum (~398 ppm) and above this level it showed very
low vertical gradient. Most of CO2 emitted from the
respiration of plants and soil is trapped and accumulated
near the ground because of calm and stable atmospheric
conditions. This could be supported by the very low nighttime
friction velocity u × (0.12 ± 0.03 m s–1) compared to daytime
(0.31 ± 0.06 m s–1) within the canopy. Hence absence of
vertical mixing and atmospheric instability increased pCO2
near the ground. The time of sunrise during summer in the
study site was between 05:30–06:00 and hence 07:00 have
been chosen, i.e., after ~1 hour of the sunrise in order to
get the idea of the effect of sunrise on the vertical pCO2
profile. During morning (07:00), i.e., after the sunrise, pCO2
was found to be reduced by ~1.5 ppm (it achieved a value
of 396.5 ppm at 1 m) near the ground. After the sunrise, when
surface starts getting heated and vertical mixing starts,
nocturnally trapped nighttime CO2 upwelling and hence
near-ground pCO2 starts decreasing. However, reaching at
20 and 25 m, a little drop in pCO2 was observed which
could be due to the uptake or reabsorbing of nighttime
trapped CO2 by tall canopies for photosynthesis under
availability of sunlight. During noon (12:00), pCO2 was
found to decrease ~0.8 ppm near the ground from morning
hours (pCO2 at 1 m = 395.7 ppm). As stated earlier that the
soil-CO2 flux during noon hours was highest which could
somewhat compensate CO2 loss near the ground because
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of vertical mixing and atmospheric instability during noon
hours. The upwelling of soil emitted CO2 could also slightly
enhance pCO2 at 5, 8 and 11 m. However, sharp drops in
pCO2 were found (~5 ppm) at 20 and 25 m which could be
associated with the uptake of CO2 by tall canopies for
photosynthetic activities under high solar radiative fluxes
during noon hours. However, pCO2 at 38 m was again
found to increase after mixing with free ambient level. The
time of sunset during spring in the study site was between
17:30–18:00 and hence 19:00 have been chosen, i.e., after
~1 hour of sunset in order to get the idea of the effect of
sunset on the vertical pCO2 profile. During evening (19:00),
pCO2 did not show any vertical gradient (< 0.4 ppm) from
11 m to 38 m. However, near ground pCO2 was found to
increase by ~2 ppm compared to upper levels. CO2 after
the sunset descends with the stability of the atmosphere.
Also, CO2 emitted from the ecosystem respiration starts
accumulated and trapped near the ground as vertical mixing
weakens. The eddy covariance method and the vertical
profiling method both showed good agreement in respective
measurements of CO2 concentration, for example, CO2 did
not show any vertical gradient (CO2 at 8 and 38 m were
almost equal) during 07:00 as shown in Figs. 4 and 8.
Comparisons of Net Ecosystem Exchange of CO2 over
Eastern Himalaya with Other Ecosystems
We have compared the daily mean NEE of CO2 (–10.6
g CO 2 m –2 day –1 ) observed in this study over eastern
Himalaya with other studies over India and across the
globe. We have considered summer or spring season only
to compare with other studies. The daily mean NEE in this
study is found to be much higher compared to other forest
sites across the globe like grassland site in California, USA
(–5.5 g CO2 m–2 day–1) (Xu and Baldocchi, 2004), larch
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forest in Japan (–0.4 g CO2 m–2 day–1) (Hirano et al., 2003),
permafrost ecosystem in Svalbard archipelago (–0.74
g CO2 m–2 day–1) (Lüers et al., 2014) and boreal forest site
at Mangolia (–6 g CO2 m–2 day–1) (Li et al., 2005). In a
high elevation Glacier Lakes Ecosystem Experiments Site
(3190 m amsl) in Wyoming, USA, forest before the beetles
attacked the trees, the average CO2 flux was observed to be
–1.7 to –2.5 µmol m–2 s–1, which is very much comparable
to our study site (Frank et al., 2014). Schmid et al. (2000)
observed that the mixed hardwood forest in USA acts as a
net source of CO2 with NEE of 0.56 g CO2 m–2 day–1 during
March–May. Rodda et al. (2016) have reported very low
value of NEE (–1.85 g CO2 m–2 day–1) over Sundarban
mangrove forest region during Jan.–Mar. 2013. Comparable
NEE (9.6 g CO2 m–2 day–1) were observed in mixed
deciduous forest site over Nainital, a high altitude forest
site at the foothills of Kumaon Himalayas during the Apr.–
May in 2013 (Watham et al., 2014). Jha et al. (2013) have
reported a mean NEE of –7.7 g CO2 m–2 day–1 at a mixed
deciduous forest in Madhya Pradesh, India. A recent study
by Sarma et al. (2018) has reported maximum NEE of –
10 µmol m–2 s–1 CO2 over a semi-evergreen forest in Assam,
India, during summer (June) which is comparable with the
present study. But they reported much larger positive NEE
during nighttime compared to the present study suggesting
eastern Himalayan high altitude coniferous forest can act
as a better sink compared to semi-evergreen forest in Assam
during summer.
Implications of the Results
The total area of eastern Himalayan coniferous and
broadleaf forest is around 170,000 km2 (World Wildlife
Fund website, http://wwf.panda.org) and its geographical
range includes countries like Bhutan, China, India, Myanmar
and Nepal. The area of this eco-region is beyond comparison
with other national forests like Sundarban (1396 km2) or
mixed deciduous forest in Madhya Pradesh (4056 km2) in
India. We would like to mention here that the area of this
eco-region is comparable with Western-Ghats biodiversity
hotspot region (160,000 km2), western Himalayan temperate
forests (95,500 km2), Russian far east temperate forests
(210,000 km2), Pacific temperate rainforests (295,000 km2),
Madagascar forests and shrublands (313,000 km2) and
Sierra Nevada coniferous forests (53,000 km2). Thus the
eastern Himalayan coniferous and broadleaf forest region
could be considered (qualitatively) as a good sink zone of
CO2 during spring (based on our NEE determination of
–10.8 g CO2 m–2 day–1 during spring). Also, the total
carbon sequestration by the entire eastern Himalayan forest
region would definitely contribute to the global/regional CO2
budget to a large extent. We have also observed that
precipitation enhances the carbon sequestration to a large
extent by this forest and thus the importance of the results
of this study increases manyfold as the forest site receives
huge amount of rainfall (more than 2500 mm in a year).
The eastern Himalayan eco-region falls into vulnerable
category. Apart from species richness and geographical
point of view, this study will also establish this ecosystem
as a major sink of carbon over Indian subcontinent. The

result from this study showing large sink of CO2, holds one
of the major motivations for the conservation and restoration
of this ecosystem.
CONCLUSION
A short-term (March–April 2015) study was conducted
on the biosphere-atmosphere exchange of CO2, H2O and
energy using the eddy covariance method over a high
altitude coniferous forest in the eastern Himalaya in India.
The major findings of the study are as follows:
1) Both the CO2 and H2O vapour concentrations within
the canopy were slightly higher than those above the
canopy.
2) The mean CO2 flux above the canopy (–2.8 ± 6.5
µmol m–2 s–1) was opposite in sign and higher than
within the canopy (0.6 ± 0.4 µmol m–2 s–1).
3) The mean CO2 flux emitted from the soil was 1.6 ± 0.1
µmol m–2 s–1. Within the canopy, the CO2 flux was
positive only during the afternoon, and the flux
increased with the soil-CO2 flux. This clearly indicates
that while the atmosphere to biosphere sequestration of
CO2 above the canopy was due to the photosynthetic
activities of tall canopies, the biosphere to atmosphere
emission of CO2 within the canopy was mostly due to
CO2 emissions from the soil.
4) The mean water vapour flux above the canopy was
threefold higher than within the canopy. H2O vapour
emissions from the biosphere to the atmosphere were
due to the high evapotranspiration of tall canopies as
well as undergrowth surface vegetation and soil.
5) A rain event (with intense precipitation accumulating
45 mm) was examined during the study period, during
which we observed that CO2 sequestration by the tall
canopies as well as CO2 emission from the soil increased
after the precipitation. It was also noted that the tall
canopies emitted more water vapour to the atmosphere
following the precipitation.
6) A prominent vertical gradient (1–38 m) of CO2, with a
sharp drop in the CO2 concentration at 20 and 25 m
due to the high CO2 uptake at the top of the canopy,
was observed during the noon hour, whereas no such
gradient was observed at other times of the day.
7) Overall, we observed that the high altitude Himalayan
coniferous forest in eastern India acts as a net sink of
CO2, with a net ecosystem exchange of –656.5 g of
CO2 m–2 during the spring season.
ACKNOWLEDGEMENTS
We thank Ministry of Earth Sciences (MoES), Govt. of
India, for funding the project. We also thank the Director,
IITM for his support and encouragement. We would also
like to thank Department of Forest, Govt. of West Bengal,
for providing the forest land and permitting us to carry out
the observations. We thank Sabyasachi Majee, Technical
Assistant of Bose Institute, for technical help and for the
active participation in the field work. We would also like
to thank Deokumar Roy, Bose Institute, for providing the

Chatterjee et al., Aerosol and Air Quality Research, 18: 2704–2719, 2018

logistical support. This study is dedicated to the centenary
celebration of Bose Institute.
SUPPLEMENTARY MATERIAL
Supplementary data associated with this article can be
found in the online version at http://www.aaqr.org.
REFERENCES
Aubinet, M., Berbigier, P., Bernhofer, C., Cescatti, A.,
Feigenwinter, C., Granier, A., Grünwald, T., Havrankova,
K., Heinesch, B., Longdoz, B., Marcolla, B., Montagnani,
L. and Sedlak, P. (2005). Comparing CO2 storage and
advection conditions at night at different Carboeuroflux
sites. Boundary Layer Meteorol. 116: 63–93.
Baldocchi, D.D. (2003). Assessing the eddy covariance
technique for evaluating carbon dioxide exchange rates
of ecosystems: Past, present and future. Global Change
Biol. 9: 479–492.
Baldocchi, D.D. and Vogel, C.A. (1996). Energy and CO2
flux densities above and below a temperate broad-leaved
forest and a boreal pine forest. Tree Physiol. 16: 5–16.
Baldocchi, D.D., Vogel, C.A. and Hall, B. (1997). Seasonal
variation of carbon dioxide exchange rates above and
below a boreal jack pine forest. Agric. For. Meteorol.
83: 147–170.
Bauer, J., Herbst, M., Huisman, J.A., Weihermueller, L.
and Vereecken, H. (2008). Sensitivity of simulated soil
heterotrophic respiration to temperature and moisture
reduction functions. Geoderma 145: 17–27.
Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M.,
Carvalhais, N., Rödenbeck, C., Arain, M.A., Baldocchi,
D., Bonan, G.B., Bondeau, A., Cescatti, A., Lasslop, G.,
Lindroth, A., Lomas, M., Luyssaert, S., Margolis, H.,
Oleson, K.W., Roupsard, O., Veenendaal, E., Viovy, N.,
Williams, C., Woodward, F.I. and Papale, D. (2010).
Terrestrial gross carbon dioxide uptake: Global distribution
and covariation with climate. Science 329: 834–838.
Black, T.A., Chen, W.J., Barr, A.G., Arain, M.A., Chen,
Z., Nesic, Z., Hogg, E.H., Neumann, H.H. and Yang,
P.C. (2000). Increased carbon sequestration by a boreal
deciduous forest in years with a warm spring. Geophys.
Res. Lett. 27: 1271–1274.
Boone, R.D., Nadelhoffer, K.J., Canary, J.D. and Kaye,
J.P. (1998). Roots exert a strong influence on the
temperature sensitivity of soil respiration. Nature 396:
570–572.
Canadell, J.G., Le Quéré, C., Raupach, M.R., Field, C.B.,
Buitenhuis, E.T., Ciais, P., Conway, T.J., Gillett, N.P.,
Houghton, R.A. and Marland, G. (2007). Contributions
to accelerating atmospheric CO2 growth from economic
activity, carbon intensity, and efficiency of natural
sinks. Proc. Natl. Acad. Sci. U.S.A. 104: 18866–18870.
Chanda, A., Akhand, A., Manna, S., Dutta, S., Das, I. and
Hazra, S. (2013). Spatial variability of atmospherebiosphere CO2 and H2O exchange in selected sites of
Indian Sundarbans during summer. Trop. Ecol. 54: 167–
178.

2717

Chapin, F.S., Woodwell, G.M., Randerson, J.T., Rastetter,
E.B., Lovett, G.M., Baldocchi, D.D., Clark, D.A., Harmon,
M.E., Schimel, D.S., Valentini, R., Wirth, C., Aber, J.D.,
Cole, J.J., Goulden, M.L., Harden, J.W., Heimann, M.,
Howarth, R.W., Matson, P.A., McGuire, A.D., Melillo,
J.M., Mooney, H.A., Neff, J.C., Houghton, R.A., Pace,
M.L., Ryan, M.G., Running, S.W., Sala, O.E., Schlesinger,
W.H. and Schulze, E.D. (2006). Reconciling carboncycle concepts, terminology, and methods. Ecosystems
9: 1041–1050.
Chaplin, S.J., Gerrard, R.A., Watson, H.M., Master, L.L.
and Flack, S.R. (2000). The geography of imperilment:
Targeting conservation toward critical biodiversity
areas. In Precious heritage: The status of biodiversity in
the United States. Oxford University Press, New York,
pp. 159–200.
Chase, T.N., Pielke, R.A. Sr., Kittel, T.G.F., Nemani, R.R.
and Running, S.W. (2000). Simulated impacts of historical
land cover changes on global climate in northern winter.
Clim Dyn. 16: 93–105.
Deb Burman, P.K., Sarma, D., Williams, M., Karipot, A.
and Chakraborty, S. (2017). Estimating gross primary
productivity of a tropical forest ecosystem over northeast India using LAI and meteorological variables. J.
Earth Syst. Sci. 126: 99.
Eamus, D., Hutley, L.B. and O'Grady, A.P. (2001). Daily
and seasonal patterns of carbon and water fluxes above a
north Australian savanna. Tree Physiol. 21: 977–988.
Emeis, S. (2008). Examples for the determination of
turbulent (sub-synoptic) fluxes with inverse methods.
Meteorol. Z. 17: 3–11.
Fan, S.M., Wofsy, S.C., Bakwin, P.S., Jacob, D.J. and
Fitzjarrald, D.R. (1990). Atmosphere-biosphere exchange
of CO2 and O3 in the central Amazon forest. J. Geophys.
Res. 95: 16851–16864.
Franco Aldina M, A., Hill Jane, K., Kitschke, C.,
Collingham Yvonne, C., Roy David, B., Fox, R., Huntley,
B. and Thomas Chris, D. (2006). Impacts of climate
warming and habitat loss on extinctions at species' lowlatitude range boundaries. Global Change Biol. 12:
1545–1553.
Frank, J.M., Massman, W.J., Ewers, B.E., Huckaby, L.S.
and Negrón, J.F. (2014). Ecosystem CO2/H2O fluxes are
explained by hydraulically limited gas exchange during
tree mortality from spruce bark beetles. J. Geophys. Res.
119: 1195–1215.
Hirano, T., Hirata, R., Fujinuma, Y., Saigusa, N., Yamamoto,
S., Harazono, Y., Takada, M., Inukai, K.O.H. and Inoue,
G.E.N. (2003). CO2 and water vapor exchange of a larch
forest in northern Japan. Tellus B 55: 244–257.
Houghton, R.A., Hackler, J.L. and Lawrence, K.T. (1999).
The US carbon budget: Contributions from land-use
change. Science 285: 574–578.
Huang, C.H. and Tan, C.S. (2014). A review: CO2
utilization. Aerosol Air Qual. Res. 14: 480–499.
IPCC (2014). Summary for policymakers. In Climate
Change 2014: Mitigation of climate change. Contribution
of Working Group III to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change,

2718

Chatterjee et al., Aerosol and Air Quality Research, 18: 2704–2719, 2018

Edenhofer, O., Pichs-Madruga, R. Sokona, Y., Farahani,
E., Kadner, S., Seyboth, K., Adler, A., Baum, I., Brunner,
S., Eickemeier, P., Kriemann, B., Savolainen, J.,
Schlömer, S., von Stechow, C., Zwickel, T. and Minx,
J.C. (Eds.), Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.
Jha, C.S., Thumaty, K.C., Rodda, S.R., Sonakia, A. and
Dadhwal, V.K. (2013). Analysis of carbon dioxide,
water vapour and energy fluxes over an Indian teak
mixed deciduous forest for winter and summer months
using eddy covariance technique. J. Earth Syst. Sci. 122:
1259–1268.
Jha, C.S., Rodda, S.R., Thumaty, K.C., Raha, A.K. and
Dadhwal, V.K. (2014). Eddy covariance based methane
flux in Sundarbans mangroves, India. J Earth Syst. Sci.
123: 1089–1096.
Kelliher, F.M., Hollinger, D.Y., Schulze, E.D., Vygodskaya,
N.N., Byers, J.N., Hunt, J.E., McSeveny, T.M., Milukova,
I., Sogatchev, A., Varlargin, A., Ziegler, W., Arneth, A.
and Bauer, G. (1997). Evaporation from an eastern Siberian
larch forest. Agric. For. Meteorol. 85: 135–147.
Le Quéré, C., Raupach, M.R., Canadell, J.G., Marland, G.,
Bopp, L., Ciais, P., Conway, T.J., Doney, S.C., Feely,
R.A., Foster, P., Friedlingstein, P., Gurney, K., Houghton,
R.A., House, J.I., Huntingford, C., Levy, P.E., Lomas,
M.R., Majkut, J., Metzl, N., Ometto, J.P., Peters, G.P.,
Prentice, I.C., Randerson, J.T., Running, S.W., Sarmiento,
J.L., Schuster, U., Sitch, S., Takahashi, T., Viovy, N.,
van der Werf, G.R. and Woodward, F.I. (2009). Trends
in the sources and sinks of carbon dioxide. Nat. Geosci.
2: 831–836.
Li, S.G., Asanuma, J., Kotani, A., Eugster, W., Davaa, G.,
Oyunbaatar, D. and Sugita, M. (2005). Year-round
measurements of net ecosystem CO2 flux over a montane
larch forest in Mongolia. J. Geophys. Res. 110: D09303.
Lin, S.J., Beidari, M. and Lewis, C. (2015). Energy
consumption trends and decoupling effects between
carbon dioxide and gross domestic product in South
Africa. Aerosol Air Qual. Res. 15: 2676–2687.
Liou, J.L., Chiu, C.R., Huang, F.M. and Liu, W.Y. (2015).
Analyzing the relationship between CO2 emission and
economic efficiency by a relaxed two-stage DEA model.
Aerosol Air Qual. Res. 15: 694–701.
Lüers, J., Westermann, S., Piel, K. and Boike, J. (2014).
Annual CO2 budget and seasonal CO2 exchange signals
at a high Arctic permafrost site on Spitsbergen, Svalbard
archipelago. Biogeosciences 11: 6307–6322.
Luo, Y. and Zhou, X. (2010). Deconvolution analysis to
quantify autotrophic and heterotrophic respiration and
their temperature sensitivities. New Phytol. 188: 10–11.
Meiresonne, L., Sampson, D.A., Kowalski, A.S., Janssens,
I.A., Nadezhdina, N., Cermák, J., Van Slycken, J. and
Ceulemans, R. (2003). Water flux estimates from a
Belgian Scots pine stand: A comparison of different
approaches. J. Hydrol. 270: 230–252.
Mildenberger, K., Beiderwieden, E., Hsia, Y.J. and
Klemm, O. (2009). CO2 and water vapor fluxes above a
subtropical mountain cloud forest—The effect of light
conditions and fog. Agric. For. Meteorol. 149: 1730–1736.

Mukhopadhyay, S.K., Jana, T.K., De, T.K. and Sen, S.
(2000). Measurement of exchange of CO2 in mangrove
forest of Sunderbans using micrometeorological method.
Trop. Ecol. 41: 57–60.
Patil, M.N., Dharmaraj, T., Waghmare, R.T., Prabha, T.V.
and Kulkarni, J.R. (2014) Measurements of carbon
dioxide and heat fluxes during monsoon-2011 season
over rural site of India by eddy covariance technique. J.
Earth Syst. Sci. 123: 177–185.
Penner, J.E., Atherton, C.S. and Graedel, T.E. (1994).
Global emissions and models of photochemically active
compounds. In Global Atmospheric-Biospheric Chemistry.
Springer US, pp. 223–247.
Raman, T.R. (2001). Effect of slash-and-burn shifting
cultivation on rainforest birds in Mizoram, Northeast
India. Conserv. Biol. 15: 685–698.
Ray, R. and Jana, T.K. (2017). Carbon sequestration by
mangrove forest: One approach for managing carbon
dioxide emission from coal-based power plant. Atmos.
Environ. 171: 149–154.
Rebmann, C., Zeri, M., Lasslop, G., Mund, M., Kolle, O.,
Schulze, E.D. and Feigenwinter, C. (2010). Treatment
and assessment of the CO2-exchange at a complex forest
site in Thuringia, Germany. Agric. For. Meteorol. 150:
684–691.
Reich, P.B. (2010). The carbon dioxide exchange. Science
329: 774–775.
Rodda, S.R., Thumaty, K.C., Jha, C.S. and Dadhwal, V.K.
(2016). Seasonal variations of carbon dioxide, water
vapor and energy fluxes in tropical Indian mangroves.
Forests 7: 35.
Roy, A., Chatterjee, A., Sarkar, C., Das, S.K., Ghosh, S.K.,
and Raha, S. (2017). A study on aerosol-cloud
condensation nuclei (CCN) activation over eastern
Himalaya in India. Atmos. Res. 189: 69–81.
Saigusa, N., Yamamoto, S., Murayama, S., Kondo, H. and
Nishimura, N. (2002). Gross primary production and net
ecosystem exchange of a cool-temperate deciduous forest
estimated by the eddy covariance method. Agric. For.
Meteorol. 112: 203–215.
Sala, O.E., Stuart Chapin, F., Iii, Armesto, J.J., Berlow, E.,
Bloomfield, J., Dirzo, R., Huber-Sanwald, E., Huenneke,
L.F., Jackson, R.B., Kinzig, A., Leemans, R., Lodge,
D.M., Mooney, H.A., Oesterheld, M.N., Poff, N.L.,
Sykes, M.T., Walker, B.H., Walker, M. and Wall, D.H.
(2000). Global biodiversity scenarios for the year 2100.
Science 287: 1770–1774.
Sarkar, C., Chatterjee, A., Majumdar, D., Ghosh, S.K.,
Srivastava, A. and Raha, S. (2014). Volatile organic
compounds over Eastern Himalaya, India: Temporal
variation and source characterization using Positive
Matrix Factorization. Atmos. Chem. Phys. Discuss. 14:
32133–32175.
Sarkar, C., Chatterjee, A., Majumdar, D., Roy, A., Srivastava,
A., Ghosh, S.K. and Raha, S. (2017). How the atmosphere
over eastern Himalaya, India is polluted with carbonyl
compounds? Temporal variability and identification of
sources. Aerosol Air Qual. Res. 17: 2206–2223.
Sarma, D., Baruah, K.K., Baruah, R., Gogoi, N., Bora, A.,

Chatterjee et al., Aerosol and Air Quality Research, 18: 2704–2719, 2018

Chakraborty, S. and Karipot, A. (2018). Carbon dioxide,
water vapour and energy fluxes over a semi-evergreen
forest in Assam, Northeast India. J. Earth Syst. Sci. 127:
94.
Schimel, D.S., House, J.I., Hibbard, K.A., Bousquet, P.,
Ciais, P., Peylin, P., Braswell, B.H., Apps, M.J., Baker,
D., Bondeau, A., Canadell, J., Churkina, G., Cramer, W.,
Denning, A.S., Field, C.B., Friedlingstein, P., Goodale, C.,
Heimann, M., Houghton, R.A., Melillo, J.M., Moore III,
B., Murdiyarso, D., Noble, I., Pacala, S.W., Prentice, I.C.,
Raupach, M.R., Rayner, P.J., Scholes, R.J., Steffen, W.L.
and Wirth, C. (2001). Recent patterns and mechanisms of
carbon exchange by terrestrial ecosystems. Nature 414:
169–172.
Schlesinger, W.H. and Andrews, J.A. (2000). Soil respiration
and the global carbon cycle. Biogeochemistry 48: 7–20.
Schmid, H.P., Grimmond, C.S.B., Cropley, F., Offerle, B.
and Su, H.B. (2000). Measurements of CO2 and energy
fluxes over a mixed hardwood forest in the mid-western
United States. Agric. For. Meteorol. 103: 357–374.
Schulze, E.D. (2006). Biological control of the terrestrial
carbon sink. Biogeosciences 3: 147–166.
Suni, T., Rinne, J., Reissell, A., Altimir, N., Keronen, P.,
Rannik, Ü., Dal Maso, M., Kulmala, M. and Vesala, T.
(2003). Long-term measurements of surface fluxes
above a Scots pine forest in Hyytiala, southern Finland,
1996-2001. Boreal Environ. Res. 8: 287–302.
Suzuki, K., Ohta, T., Kojima, A. and Hashimoto, T. (1999).
Variations in snowmelt energy and energy balance
characteristics with larch forest density on Mt Iwate,
Japan: Observations and energy balance analyses.
Hydrol. Processes 13: 2675–2688.
Verma, S.B., Baldocchi, D.D., Anderson, D.E., Matt, D.R.
and Clement, R.J. (1986). Eddy fluxes of CO2, water
vapor, and sensible heat over a deciduous forest.
Boundary Layer Meteorol. 36: 71–91.
Verma, S.B., Kim, J. and Clement, R.J. (1989). Carbon
dioxide, water vapor and sensible heat fluxes over a
tallgrass prairie. Boundary Layer Meteorol. 46: 53–67.

2719

Vitousek, P.M., Mooney, H.A., Lubchenco, J. and Melillo,
J. M. (1997). Human domination of Earth's ecosystems.
Science 277: 494–499.
Wang, Y.C., Liu, W.Y., Ko, S.H. and Lin, J.C. (2015).
Tree species diversity and carbon storage in air quality
enhancement zones in Taiwan. Aerosol Air Qual. Res.
15: 1291–1299.
Watham, T., Kushwaha, S.P.S., Patel, N.R. and Dadhwal,
V.K. (2014). Monitoring of carbon dioxide and water
vapour exchange over a young mixed forest plantation
using eddy covariance technique. Curr. Sci. 107: 858–
867.
Wesely, M.L., Cook, D.R. and Hart, R.L. (1983). Fluxes of
gases and particles above a deciduous forest in
wintertime. Boundary Layer Meteorol. 27: 237–255.
Wilczak, J.M., Oncley, S.P. and Stage, S.A. (2001). Sonic
anemometer tilt correction algorithms. Boundary Layer
Meteorol. 99: 127–150.
Wilson, K.B., Baldocchi, D.D., Aubinet, M., Berbigier, P.,
Bernhofer, C., Dolman, H., Falge, E., Field, C., Goldstein,
A., Granier, A., Grelle, A., Halldor, T., Hollinger, D.,
Katul, G., Law, B.E., Lindroth, A., Meyers, T., Moncrieff,
J., Monson, R., Oechel, W., Tenhunen, J., Valentini, R.,
Verma, S., Vesala, T. and Wofsy, S. (2002). Energy
partitioning between latent and sensible heat flux during
the warm season at FLUXNET sites. Water Resour. Res.
38: 1294.
Wright, J.S., Fu, R., Worden, J.R., Chakraborty, S., Clinton,
N.E., Risi, C., Sun, Y. and Yin, L. (2017). Rainforestinitiated wet season onset over the southern Amazon.
Proc. Natl. Acad. Sci. U.S.A. 114: 8481–8486.
Xu, L. and Baldocchi, D.D. (2004). Seasonal variation in
carbon dioxide exchange over a Mediterranean annual
grassland in California. Agric. For. Meteorol. 123: 79–96.
Received for review, December 30, 2017
Revised, April 26, 2018
Accepted, April 28, 2018

