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Studies on CO2 and water vapour exchange in natural 
and man-made vegetation are necessary for quantify-
ing their role in landscape-level carbon budget. The 
present study investigated variations in carbon and 
water vapour fluxes and monthly net ecosystem  
exchange (NEE) over a 9-year-old mixed forest planta-
tion (Holoptelea integrifolia, Dalbergia sissoo, Acacia 
catechu and Albizia procera) in Terai Central Forest 
Division of Nainital district, Uttarakhand using Janu-
ary to September 2013 eddy covariance data. During 
leafless period (i.e. January), the plantation acted as a 
net carbon source (i.e. positive NEE) with daily mean 
release of 0.35 g C m–2 day–1, while from leaf onset to 
growing period (i.e. April to September), it acted as a 
sink (i.e. negative NEE) due to carbon uptake by an 
increasing number of leaves. The monthly mean daily 
NEE was noticed to be increasingly more negative in 
each subsequent month until September. The diurnal 
trend in NEE closely followed the variations in the in-
tensity of photosynthetically active radiation. The  
diurnal NEE in all months was related to vapour pres-
sure deficit with time-lag. Maximum daytime uptake 
(–29.5 mol m–2 s–1) and night-time release of CO2 
(8.2 mol m–2 s–1) was observed in July. Monthly mean 
of daily NEE over plantation continuously increased 
from February and was highest (–5.74 g C m–2 day–1) in 
September. Rectangular hyperbolic function provided 
reasonably good fit between NEE and PAR. Ecosys-
tem parameters ( and Pmax) of the light response 
curve also followed the canopy development trend.  
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CARBON, the building block of life, accounts for nearly 
half of the total dry mass of all living things1. India, with 
its monsoon-based climate system, varied topography and 
diverse land use/land cover coupled with a variety of cul-
tural practices, supports a vast mosaic of ecosystems with 
carbon sink and source capabilities. The agricultural and 
forest ecosystems, which cover ca. 180 mha and 68 mha 
respectively, contribute largely to terrestrial carbon dyna-
mics in the country2. Carbon dioxide (CO2) is an impor-
tant greenhouse gas (GHG) contributing to global 

warming. The global concentration of CO2 in the atmos-
phere is steadily increasing, largely as a result of human 
activities such as the burning of fossil fuel and biomass3. 
Accurate quantification of carbon fluxes of any ecosys-
tem, region, continent or globe is necessary for under-
standing the feedback mechanism between terrestrial 
biosphere and the atmosphere. It also helps in making 
policy-oriented decisions on mitigating the global warm-
ing. Efforts to alleviate global warming by terrestrial car-
bon sequestration have paved the way for continuous 
research on more accurate quantification of terrestrial 
carbon sources and sinks4. Several techniques have been 
developed over the years to estimate the net exchange of 
CO2 across terrestrial ecosystems–atmosphere boundary 
layer, including inventory approaches5, ecosystem model-
ling6 and atmospheric inverse modelling7. Approaches 
used to identify the nature of terrestrial carbon sources 
and sinks include direct flux tower-based measurements 
using eddy covariance methods8, analysis of forest inven-
tory records9 and integration of historic land-use records 
within biogeochemical models10. 
 Among the established micrometeorological instrumen-
tation techniques, the eddy covariance (EC) flux towers 
have been extensively used in the measurement of energy 
and mass exchange over forest, crop and grassland cano-
pies to enhance our understanding of soil–vegetation–
atmosphere carbon exchanges11–14. The EC technique, a 
direct method of recording the ecosystem-level green-
house gas fluxes, has been found to be a promising and 
effective means of measuring the exchange of CO2 and 
water vapour fluxes on various spatial and temporal 
scales15. The technique measures exchange of CO2 or  
water vapour as a product of vertical wind velocity and 
fluctuations in the molar concentration of CO2 or H2O. 
The uniqueness of the EC technique is that it can support 
measurement of CO2 and H2O fluxes at sub-diurnal  
to annual timescale and over an individual crop field to  
forest landscape16,17. 
 Long-term tower-based EC method has been well-
established worldwide, covering all major plant func-
tional types and climates to monitor the terrestrial  
ecosystem–atmosphere exchange of GHGs, water vapour,  
and momentum and heat. Under FLUXNET, a global 
network formed by the combination of AMERIFLUX, 
CARBOEURO FLUX, ASIAFLUX, OZFLUX and other 
non-network sites, more than 547 flux towers have been 
installed worldwide till date. This network has been a 
great source of basic information about net CO2 flux as 
the instrumentation can be maintained at any location for 
continuous measurements over several years. Most tow-
ers, however, are confined in the northern hemisphere 
mid-latitude locations with poor representation of tropical 
forests, despite being a major player in the global carbon 
and water cycle18. Early effort to identify the need and 
approach for developing flux network in India was made 
by Sundareshwar et al.19. According to Xiao et al.20, a 
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Figure 1. a, Location of the study site denoted by star. b, Haldwani flux tower. 
 

 
combination of EC flux data and the upscaling technique 
can provide an alternative and independent approach to 
quantify the carbon and water exchange between the ter-
restrial biosphere and atmosphere from local to global 
scales. 
 The purpose of this study was to develop a better  
understanding of monthly variation of NEE in a young 
mixed forest plantation, and most importantly, to promote 
Indian tower-based CO2 flux monitoring by sharing of 
our site knowledge among the researchers working on 
tower-based flux measurements, leading to the develop-
ment of a fully functional INDOFLUX network.  
 The Haldwani flux site (29857.55N, 792515.97E, 
280 m amsl) is situated in the Uttarakhand terai area 
southwest of Haldwani in Nainital district, Uttarakhand. 
The EC tower is located at the centre of plot number 27 
covering an area of 44 ha (Figure 1). The plantation was 
raised by sowing the seeds of four deciduous forest spe-
cies, viz. Holoptelea integrifolia, Dalbergia sissoo,  
Acacia catechu and Albizia procera in 2004 on very  
fertile land and the rate of growth has been fast since 
then. At present, the average tree height is 10 m. The un-
dergrowth comprises of Lantana camara, Clerodendrum  
viscosum and Parthenium histerophorus. The area re-
ceives 1500 mm mean annual rainfall with monsoon start-
ing from middle of June and continuing until September. 
The heaviest rainfall occurs during July and August. Soil 
type is clayey to sandy loam, with pH ranging from 5.5 to 
6.0 (ref. 21). 
 Various fast and slow EC and micrometeorological  
instruments were installed at 19 m height (9 m above  
canopy) and integrated in October 2012. EC data col-
lected between January and September 2013 were used. 
A LI-COR (Lincoln, NE) LI-7500 open path infrared gas  

analyser (IRGA) was used for measuring the CO2 and 
H2O mixing ratio at 10 Hz and a WindMaster 3D sonic 
anemometer (Gill Instruments Ltd, England) for measur-
ing wind speed, wind direction and sonic temperature. In 
addition to the flux measurements, various micrometeo-
rological parameters such as net radiation, air tempera-
ture, humidity, wind speed, wind direction, precipitation, 
barometric pressure, soil moisture and temperature at  
different depths were also recorded half-hourly. All flux 
and meteorological data were stored in compact flash 
card using data logger CR-3000 (Campbell Scientific, 
USA). All data were downloaded at 20-day intervals. At 
the top of the tower a Phenocam camera (CC5MPX, 
Campbell Scientific, USA) was used for accurate moni-
toring of vegetation phenology. Table 1 shows the speci-
fications of various slow sensors and their height and 
depth from ground level. 
 Fluxes of CO2, H2O and energy are a function of vary-
ing concentration of CO2 and H2O, temperature and three-
dimensional vectors of wind. Fluxes were calculated at 
half-hourly intervals by EC method. The raw data were 
collected and split in 30 min file using PC200W (Camp-
bell Scientific, USA) software. After converting into 
ASCII format, data were analysed using EddyPro 4.1  
(LI-COR, Lincoln, NE) software. The flux calculation 
was done as described by Burba22. 
 One intrinsic problem associated with EC measurement 
system is unreliability or unavailability of data during 
rain, snowfall and night due to weak turbulence23,24. The 
problem of data gap in the present study occurred mainly 
due to power failure, primarily due to rainfall and fog. 
Some other minor problems included instrument failure 
and the integration of new instrument. For night-time  
filter, frictional velocity (u*) value was set at 0.1 m/s. The 
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Table 1. Slow sensors for meteorological measurement 

Observed parameters Level/depth Instrument 
 

Shortwave radiation (incoming) 15 m CNR1 Net radiometer (Kipp & Zonen) 
Shortwave radiation (outgoing) 15 m CNR1 Net radiometer (Kipp & Zonen) 
Longwave radiation (incoming) 15 m CNR1 Net radiometer (Kipp & Zonen) 
Longwave radiation (outgoing) 15 m CNR1 Net radiometer (Kipp & Zonen) 
Net radiation 15 m CNR1 Net radiometer (Kipp & Zonen) 
Air temperature 5, 10, 15 m HMP50 (Vaisala, Finland) 
Humidity 5, 10, 15 m HMP50 (Vaisala, Finland) 
Soil temperature 5, 15, 30, 60 cm Komoline (India) 
Soil water content 5, 15, 30, 60 cm Komoline (India) 
Wind speed 5, 10, 15 m Wind Monitor-05103 (R.M. Young) 
Wind direction 5, 10, 15 m Wind Monitor-05103 (R.M. Young) 
Barometric pressure 15 m PTB110 Barometer (Vaisala, Finland) 
Phenocam  15 m  CC5MPX (Campbell Scientific) 

 

Max Planck Institute of Biogeochemistry online service 
(http://www.bgc-ena.mpg.de/~MDIwork/eddyproc/upload. 
php), which follows methods similar to Falge et al.25, but 
considers both co-variation of fluxes with meteorological 
variables and the temporal auto-correlation of fluxes26, 
was used for data gap filling. 
 The study site remained leafless in January and a major 
part of February. By the end of February and the begin-
ning of March, leaf development started. Young, tender, 
light-green leaves were formed by mid-April, which  
attained maturity by end of May. During June and July, 
the crown density remained more or less the same.  
Increase in the leaf density took place in August and dense 
canopy cover was formed by August end. The mean 
monthly air temperature (Temp_air) at 10 m height rose 
constantly from 8.95C (in January) to 37.88C (in May) 
with intermediate values of 13.54C (February), 15.86C 
(March), 21.01C (April), 24.33C (May), 27.99C (June), 
27.92C (July), 27.34C (August) and 26.51C (Septem-
ber). The soil temperature (Temp_soil) followed similar 
trends. The mean diurnal variations in Temp_air and 
Temp_soil are shown in Figure 2 a and c respectively. 
 Measured relative air humidity (Rh_air) at 10 m above-
ground showed a decreasing trend from February to May; 
from May onwards it started increasing. The mean diur-
nal monthly variations of Rh_air and soil moisture per-
centage are given in Figure 2 b and d respectively. During 
the study period, the Indian monsoon was slightly delayed 
compared to previous years. It started by end of June and 
continued till September. Heaviest rainfall was observed 
in July and August. The daily mean monthly photosyn-
thetically active radiation (PAR) density ranged from 
302.784 to 492.159 mol m–2 s–1. Minimum and maxi-
mum PAR density was observed in January and April  
respectively. 
 One of the accepted important tests for EC data is  
energy balance closure27–29. Many FLUXNET studies30–32 
have reported the energy balance closure as a standard 
procedure. Energy balance closure evaluation is useful in 
understanding the close biophysical coupling between 

carbon, energy and water fluxes14,33. Energy balance clo-
sure, a formulation of the first law of thermodynamics, 
requires that the sum of the estimated latent (LE) and 
sensible (H) heat flux be equivalent to all other energy 
sinks and sources 
 
 LE + H = Rn – G – S – Q, (1) 
 
where Rn is the net radiation, G the heat flux into the soil 
substrate, S the rate of change of heat storage (air and 
biomass) between the soil surface and the level of the EC 
instrumentation, and Q is the sum of all additional energy 
sources and sinks. Typically, Q is neglected as a small 
term and an imbalance between the remaining independ-
ently measured terms on the left- and right-hand sides of 
eq. (1) may indicate inaccurate estimates of scalar fluxes. 
Even under ideal conditions for the EC method, many  
authors have reported frequent underestimated surface 
energy fluxes by about 10–30% relative to estimates of 
available energy (Rn – G – S)29,34,35. In the present study, 
an attempt to address energy closure balance was made 
using only LE, H and Rn. The measured Rn was compared 
against the calculated surface energy fluxes obtained 
from EC. The percentage deficit in the energy balance is 
shown in Table 2, excluding G and S. It ranged from 
18.08% to 37.17%, which is acceptable as the value will 
come down below 30% when G and S are included.  
 Partitioning of the incoming radiation into LE and H 
fluxes is presented in Figure 3. It was observed that the 
incoming radiation was mostly used for heating the air 
during January and February, i.e. H > LE, which could be 
attributed to the leafless condition of the vegetation. 
From March, a gradual reversal in the H and LE values 
was noticed. The LE value was slightly higher than the H 
value in March, which signifies early phase of leaf deve-
lopment. During subsequent months, the gap between LE 
and H values became more pronounced due to increase in 
the leaf density. 
 Diurnal variation in net ecosystem exchange (NEE) 
was further partitioned into uptake, release and net daily 
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Figure 2. a, Mean monthly diurnal air temperature. b, Mean monthly diurnal relative air humidity. c, Mean monthly diurnal soil temperature.  
d, Mean monthly diurnal soil moisture. 
 

Table 2. Monthly energy flux and deficit in energy balance 

Month Rn LE H LE + H Deficit (%) 
 

January 119.8 29.85 54.21 84.07 29.82 
February 148.54 43.08 59.33 102.41 31.05 
March 211.27 83.85 48.86 132.72 37.17 
April 237.58 132.49 35.57 168.07 29.25 
May 191.6 105.9 45.96 151.86 20.74 
June 157.08 84.35 44.31 128.67 18.08 
July 160.8 113.83 12.03 125.86 21.72 
August 177.01 106.08 12.93 119.02 32.75 
September 204.68 114.91 14.27 129.19 36.88 

Rn, Net radiation; LE, Latent heat; H, Sensible heat. 
 
 
mean NEE for all months across the growing season of 
the forest plantation (Figure 4 a and b). Negative and 
positive signs of NEE represent uptake by canopy and re-
lease of CO2 to the atmosphere respectively. Diurnally, 

the daytime uptake of CO2 was more prominent during all 
months and generally followed the course of the move-
ment of the Sun. The observed value of the daily NEE in 
January (+0.35 g C m–2 day–1) showed that the plantation 
acted as a source of carbon due to low uptake and more 
respiration from exposed (due to absence of vegetation 
canopy) soil, branches and twigs of tree species. Daytime 
uptake and night-time release of CO2 started increasing 
from February and attained a peak value of –8.13 and 
2.61 g C m–2 day–1 respectively, in August. However, 
daily total NEE followed a similar trend till September. 
The continuous increase in NEE values over the growing 
season reveals predominance of photosynthetic activity 
by increased leaf growth and leaf density/crown cover, 
thus leading to higher assimilation of carbon by the trees. 
The lowest value of daily mean NEE in February  
(–0.38 g C m–2 day–1) among all months could be ascribed 
to low photosynthetic rate from shoot than canopy36. 
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Figure 3. Partitioning of mean monthly diurnal net radiation (Rn) into sensible heat (H) and latent heat (LE). 
 
 
 

 
 

Figure 4. Mean monthly diurnal net ecosystem exchange (NEE) variation (a) and mean monthly daily NEE budget (b). 
 
 
The highest magnitude of total daily NEE was  
–5.74 g C m–2 day–1. The NEE value reported in the pre-
sent study is slightly higher than that (2–4 g Cm–2 day–1) 
reported by Haszpra et al.37 for mixed vegetation. A 
higher NEE value is expected in future when the canopy 
develops further. 

 The high-frequency diurnal variation in NEE (Gross 
primary productivity (GPP) minus ecosystem respiration, 
Re) over mixed plantation followed the course of intensity 
of photosysnthetically active radiation. Figure 5 repre-
sents the mean monthly diurnal variation in NEE with 
mean monthly variation in PAR. In general, NEE became 
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Table 3. Monthly ecosystem photosynthesis parameters 

Month  (mol CO2 mol photon–1) Pmax (mol CO2 m–2 s–1) Re (mol CO2 m–2 s–1) R2 
 

January  0.0056   2.92 0.38 0.10 
February 0.007   2.03 0.0035 0.26 
March 0.036  17.32 3.00 0.88 
April 0.019  32.05 1.95 0.84 
May 0.017  23.27 0.194 0.53 
June  0.0305  38.14 2.45 0.82 
July 0.042  52.49 4.097 0.73 
August 0.036  81.62 4.67 0.90 
September 0.033 71.5 3.14 0.94 

R2, Correlation coefficient; Pmax, Maximum photosynthetic energy; Re, Daytime ecosystem respiration; , Ecosys-
tem apparent quantum yield. 
 

 
negative at sunrise and reached its peak when PAR inten-
sity was highest. A study on Prosopis juliflora by Pathre 
et al.38 indicated that vapour pressure deficit (VPD) plays 
critical role in causing midday depression in the net pho-
tosynthesis and stomatal conductance compared to tem-
perature or photosynthetic photon flux density (PPFD). 
Figure 6 shows the diurnal monthly variation of VPD 
along with variation in NEE. High variation in the mean 
monthly VPD value was observed, the highest being from 
April to July due to increase in air temperature and reduc-
tion in soil moisture. The mean diurnal monthly air  
temperature at 10 m height and soil moisture at 15 cm 
depth are shown in Figure 2 a and d respectively. 
 Quantifying ecosystem-specific parameter values of 
gross photosynthesis light response curves assumes signi-
ficance for evaluating carbon budgets and improvement 
of ecosystem models for large-area applications25,39. The 
ecosystem parameters , Pmax and Re are important for 
describing ecosystem photosynthetic activity and to  
determine the shape of the light response curve30,40,41. 
Gross photosynthesis is often represented by a rectangu-
lar hyperbola function of incident PAR42, where there is a 
near-linear increase in productivity at low light levels and 
an asymptotic approach to maximum productivity at high 
light levels. The ecosystem photosynthetic parameters 
were estimated using the Michalis–Menten equation25 

 

 max
e

max

PAR* *NEE ,
PAR*

P
R

P



 


 (2) 

 
where  (mol C mol photon–1) is the ecosystem appar-
ent quantum yield, Pmax (mol C m–2 s–1) the maximum 
photosynthetic capacity and Re (mol C m–2 s–1) is the 
daytime ecosystem respiration. In the present study the 
influence of PAR on NEE was examined using rectangu-
lar hyperbolic function (eq. (2)). The coefficients of fitted 
rectangular hyperbolic relationship interpreted as ecosys-
tem parameters and values are shown in Table 3. Results 
depict monthly variation in values of , Pmax and Re for 
mixed plantation. In earlier months of the year, i.e. Janu-
ary and February, the  value remained very low but it  

rose to a considerably high value in March (i.e. 
0.036 mol C mol photon–1). In April, despite the high 
canopy cover, the  value reduced markedly due to  
desiccating effect of high VPD stress. The highest and  
lowest values of  were noticed in July and April respec-
tively. In general, the higher value of  persisted during 
monsoon season (July to September) than summer be-
cause of lowering of VPD stress resulting from high soil 
moisture availability in subtropical monsoonal climate41. 
The highest value of  noticed in September reveals exis-
tence of the most favourable environmental conditions 
controlling photosynthesis and plant growth. 
 The value of Pmax showed an increasing trend from 
March to August with advancement in canopy growth and 
rise in air temperature, except in May. Pmax showed a dip 
in May and this was mainly attributed to adverse effect of 
extreme air temperature of 37.8C recorded during this 
month. Daytime ecosystem respiration, Re, was found to 
be very low in February (0.0035 mol cm–2 s–1) due to the 
leafless condition and small bole size. Canopy images 
captured using Phenocam camera clearly showed the 
phase of leaf formation from March to May in a year. 
Even though the favourable condition of higher air tem-
perature and canopy cover existed, the low values of Re 
observed during pre-monsoon months (i.e. March to 
May) could be better explained by limiting effect of soil 
moisture on ecosystem respiration. The high magnitude 
of Re during June and July was due to positive effect of 
favourable environmental and biophysical factors such as 
temperature, soil moisture and optimal green biomass 
condition in the plantation ecosystem. Towards the end of 
active growing season, i.e. September, the Re value again 
declined due to comparatively lower levels of soil mois-
ture and air temperature conditions. On the other hand, 
strong correlation found between PAR and NEE during 
these months reflects better ecosystem light utilization  
efficiency under optimal temperature and canopy cover 
condition. 
 The present study highlights the role of EC technique 
in monitoring carbon dioxide and water vapour exchange 
over a mixed forest plantation in subtropical India. Diurnal 
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variation in carbon and water vapour fluxes over mixed 
forest plantation appeared to be more closely linked to 
driving forces such as radiation and VPD. However, the 
seasonal dynamics was largely influenced by phenology 
and soil moisture conditions resulting from subtropical 
monsoon climate. From the present study, we conclude 
that 9-year-old young mixed forest plantation is currently 
acting as a strong sink of carbon. Further, our findings on 
ecosystem parameters (, Pmax and Re) reflect the domi-
nant role of phenology and environmental factors such 
soil moisture and temperature. The monthly variations of 
ecosystem  and Pmax at the site were predominantly  
determined by the soil moisture and phenology. Informa-
tion on these ecosystem parameters would have strong 
implication on improving models of ecosystem-level car-
bon cycling. The derived , Pmax and Re can be adopted in 
light use efficiency (LUE) and other process-based mod-
els such as EC–LUE, BIOME–BCG, LPJ etc. Though 
mixed plantation in the Terai Central Forest Division  
appeared to be a sink of carbon during 2013, it is impera-
tive to plan long-term monitoring of carbon fluxes for  
determining the carbon source and sink nature of the site. 
Studies43,44 have reported several uncertainties in EC 
method for the assessment of the absolute values of the 
long-term net carbon exchange even in well-established 
sites, despite the ideal topography. Our experience was 
also similar. Power failed on some days in winter due to 
fog. For smooth running of the EC equipment, available 
wireless technology can be adopted for data download 
and equipment functioning monitoring. More EC towers 
in different phytogeographic zones of India, long-term 
flux monitoring, forest inventory and use of remote sens-
ing and GIS can be effective in the upscaling of EC data 
over large areas. 
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Deforestation is one of the greatest threats to the 
world’s forest ecosystems. The present study has util-
ized remote sensing and GIS techniques to quantify 
changes in forest cover and to map patterns of defor-
estation in Andhra Pradesh, India during 1930–2011. 
Andhra Pradesh has the second largest recorded for-
est area and ranks sixth with an actual forest cover 
amongst all Indian states. Forest cover maps from 
seven temporal datasets were prepared based on in-
terpretation of multi-source topographical maps and 
satellite data. A representative set of landscape indices 
has been used to study landscape-level changes over 
time. The mapping for the period of 1930, 1960, 1975, 
1985, 1995, 2005 and 2011 indicates that the forest 
cover accounts for 85,392, 68,063, 46,940, 45,520, 
44,409, 43,577 and 43,523 sq. km of the study area  
respectively. The study found the net forest cover  
declined as 49% of the total forest area during the last 
eight decades. The annual rate of estimated deforesta-
tion during 2005–2011 was 0.02%. Annual rate of de-
forestation of teak mixed forests was relatively higher 
(0.76) followed by mangroves (0.58%), semi-evergreen 
forests (0.43%), dry deciduous forests (0.21%), moist 
deciduous forests (0.09%) and dry evergreen forests 
(0.07%) during 1975–2011. The landscape analysis 
shows that the number of forest patches was 3,981 in 
1930, 5,553 in 1960, 8,760 in 1975, 9,412 in 1985, 9,646 
in 1995 and 10,597 in 2011, which indicates ongoing 
anthropogenic pressure on the forests. The mean 
patch size (sq. km) of forest decreased from 21.5 in 
1930 to 12.3 in 1960 and reached 3.9 by 2011. The 
analysis of historical forest cover changes provides a 
basis for management effectiveness and future res-
earch on various components of biodiversity, climate 
change and accounting of carbon. 
 
Keywords: Collateral data, deforestation, landscape 
metrics, remote sensing. 
 
THERE is increasing attention on the protection of tropical 
forests for the future of mankind1. Deforestation has been 
identified as the primary threat for loss of biodiversity2, 
responsible for 18% of global carbon dioxide emissions, 
impacts on climate3 and livelihoods of people dependent 
on forests4. Deforestation is defined as an event in a  


