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 Garbage dumping is usually practised by municipalities 
in low-lying marshy ground. Methane emission meas-
urements from the garbage field at Dhapa were made 
from May 1995 onwards for a couple of years. These may 
serve as safe-level reference values for the authorities to 
open garbage fills for human settlements in the future. 
However, the safe limit may be even higher. When struc-
tures are built on or near landfills, methane and other 
gases can penetrate the interior of the buildings and ex-
pose the occupants to a significant level of these gases. 
Methane has potential health effects because it is an  
asphyxiant. Some buildings have a specially engineered 
recovery system below the basement to capture these 
gases and vent them away from the buildings. An exam-
ple of this type of system is in the Dakin Building in 
Brisbane and California. In the absence of such a system, 
vein pipes could be planted below the buildings made on 
garbage dumps with their outlets in the open area so that 
methane can dissipate. Another important point which 
has emerged from this study is that methane emission 
level from the garbage dump is about 3–4 times higher 
than that from a paddy field. About 20% of total methane 
emission in the atmosphere comes from the paddy field. 
Hence emission from the garbage dump should also be 
considered as an important source of methane loading in 
the atmosphere. 
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Dynamics of nitrous oxide (N2O) emission and the  
relationship of soil properties with N2O emission were 
studied from the tea ecosystem of North East India 
situated at north bank plain agroclimatic zone at  
Tezpur, Assam. The gas samples were collected from 
the tea bush at weekly intervals from 30 August 2008. 
Our results shows that N2O fluxes from the tea garden 
planted with varieties Hilika and TV-23 ranged from 
7.51 to 63.30 μg N2O-N m–2 h–1. Seasonal N2O emission 
from Hilika and TV-23 was 46.13 and 55.17 mg N2O-
N m–2 respectively. N2O emission showed a relation-
ship with soil moisture, soil temperature and soil  
NO–

3-N of the experimental field. Soil moisture and soil 
temperature were found to be the main variables  
influencing N2O emission from the tea ecosystem. 
 
Keywords: Nitrous oxide flux, soil moisture, soil tem-
perature, tea ecosystem. 
 
NITROUS OXIDE (N2O) is an important atmospheric trace 
gas accounting for approximately 6% of the total green-
house effect1. It is also involved in the destruction of 
stratospheric ozone2. Its concentration in the troposphere 
is currently increasing at a rate of 2% per year. Soils have 
been identified to be the dominant source of N2O, con-
tributing about 57% (9 Tg yr–1) of the total annual global 
emissions, of which about 27% (2.4 Tg yr–1) originates 
from agricultural soils1. Emissions of N2O from agricul-
tural soils are due to microbial processes of nitrification 
and denitrification. Nitrification is a predominant process 
for production of N2O in aerobic soils, whereas denitrifica-
tion is a predominant process under anaerobic condi-
tions3. The extent to which these two processes contribute 
to N2O emission will vary with climate, soil conditions and 
soil management. N2O production, transport and emission 
in soil depend on environmental factors such as aeration, 
temperature, moisture, supplies of available organic carbon, 
fertilization, pH, texture, etc. Temperature and moisture 
content in humid tropical soils are optimal for biological 
processes most of the year, resulting in generally large 
production of gaseous N-oxides. Soil moisture is essential 
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for the survival and activity of microbes. Soil moisture 
dynamics determines the biogeochemical environment for 
microorganisms, affecting the availability of dissolved 
nutrients such as organic carbon, ammonium and nitrate. 
Numerous studies have shown increase in soil N2O emis-
sions following N fertilizer application4–6. The magnitude 
of N2O emissions is influenced by the quantity of N  
applied, its source and the timing of application7. Nitro-
gen enters the crop system primarily from applied ferti-
lizers, and exits via gaseous loss, leaching, crop harvesting 
removal and surface run-off. The high N rates applied 
usually have a high potential of being lost by leaching8, 
and will accelerate N2O emissions from the soil through 
nitrification and denitrification and also contribute to 
global warming. It was reported that N-fertilized tea 
fields have high potential of N2O emission and could be a 
serious threat to the environment9. The total area covered 
under tea in Assam is about 312,000 ha and constitutes 
more than 50% of the total tea production of the country. 
The current application rates of N fertilizers in tea fields 
of Assam vary from 90 to 135 kg ha–1 yr–1. During recent 
decades with increasing tea cultivation area in the form of 
small tea gardens, the use of nitrogenous fertilizers in tea 
cultivation has also increased. Although considerable 
work has been done on N2O emission from various agri-
cultural fields, no studies on N2O emission has been  
reported from India from the tea ecosystem. Therefore, 
the dynamics of N2O emission was studied from the tea  
ecosystem and its relationship with soil variables like 
temperature, moisture, NO–

3-N, organic carbon and pH 
were determined.  
 The study was conducted at Dhakiajuli located at a dis-
tance of 10 km from Tezpur town, Sonitpur District, 
North Bank Plain Agroclimatic Zone of Assam, India. 
This tea estate covers an area of about 654 ha. The zone 
is humid subtropical and characterized by alluvial soil. The 
average weekly precipitation, and maximum and minimum 
average air temperature recorded during the experimental 
period are shown in Figure 1. In terms of composition, 
the soil contained 27.82% sand, 42.60% silt, 29.58% 
clay, 373.48 kg ha–1 available nitrogen, 38.80 kg ha–1 
available phosphorus and 237.74 kg ha–1 available potas-
sium in August 2008, prior to the start of the experiment.  
 N2O emission was estimated from two mature tea  
varieties Hilika and TV-23, which were 7-years-old. Fer-
tilizers were applied as a single dose on 27 August 2008 
in moist soil. The application rate of nitrogen as urea was 
135 kg N ha–1 yr–1. Phosphorus was applied as rock phos-
phate at the rate of 40 kg P2O5 ha–1 yr–1 and potassium as 
muriate of potash at the rate of 60 kg K2O ha–1 yr–1. Soil 
samples were collected randomly from different locations 
of the experimental site from a depth of 0–20 cm with the 
help of a soil-sampling agar during each N2O sampling 
period. Samples collected from each plot were mixed 
thoroughly and made into a composite sample for analysis. 
Organic carbon was estimated by wet digestion method of 

Walkley and Black10. Soil NO–
3-N content was determined 

using the method described by Ghosh et al.11. The pH of 
soil (soil : water ratio of 1 : 2.5, w/v) was measured using 
a Systronics Griph model D pH meter. Soil temperature 
was measured at 5 cm soil depth with a soil thermometer. 
Soil moisture content was determined by the gravimetric 
method. The gas samples were collected from the experi-
mental tea garden from 30 August to 27 December 2008 
at 7 days interval. The closed chamber technique12 was 
used to collect N2O fluxes. Perspex chambers were 
70 cm × 60 cm × 110 cm (length × breadth × height), made 
of 7 mm thick acrylic sheets. A rectangular, U-shaped 
aluminium channel (70 cm × 60 cm × 15 cm) was used to 
accommodate the chamber. The aluminium channel was 
inserted into the soil to a depth of 15 cm, 14 days before 
sampling. One tea bush was enclosed inside one channel. 
At the time of gas sampling the aluminium tray was filled 
with water, which acted as an air seal when the acrylic 
chamber was placed on the tray. A battery-operated fan 
was fixed inside the chamber to homogenize the air in-
side. A thermometer was inserted inside the acrylic box 
to record the box temperature. Barometric pressure and 
water level above the channel were measured during each 
sampling to calculate the box air volume at standard tem-
perature and pressure. Gas samples were drawn from the 
chambers using a 50 ml airtight syringe fitted with a 
three-way stop-cock and a fine needle that was inserted 
through a self-sealing rubber septum. In each variety gas 
was sampled three times at fixed intervals of 0, 15, 30 
and 45 min, once at 0900 h and again at 1400 h. N2O 
concentration in the gas samples were analysed using a 
gas chromatograph (Perkin Elmer Clarus, 500 GC) 
equipped with an electron capture detector (ECD) and a 
packed column (Porapak Q). Column, injector and detector 
temperatures were 80°C, 200°C and 300°C respectively. 
Carrier gas (N2) with a flow rate of 15 ml min–1 was used. 
The GC was calibrated periodically by standard N2O ob-
tained from the National Physical Laboratory, New Delhi. 
N2O flux was calculated using the formula 
 

 
3
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where F is the efflux of N2O (mg m–2 h–1), ∆x the change 
in concentration of N2O (ppbv) from time 0 to t (min), A 
the area within the chamber (m2) and BV(STP) is the box 
air volume at standard temperature and pressure (cm3).  
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BV was calculated by: BV = [(H – h)LW – biomass vol-
ume inside box], where H is the box height (cm), h the 
water level above the channel (cm), L the box length 
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Figure 1. Weekly average rainfall, maximum and minimum temperature during the experimental period. 
 
 

 
 

Figure 2. Nitrous oxide fluxes from the experimental site. Vertical 
bars represent standard error of three replications.  
 
 
(cm), BP the barometric pressure (mm Hg), and T is the 
box air temperature at the time of sampling (°C). 
 The average of morning and evening fluxes was con-
sidered as the flux value for the day and expressed as μg 
N2O-N m–2 h–1. Cumulative N2O emission for the entire 
period was computed by the method given by Naser et 
al.13. Cumulative N2O emission is expressed as seasonal 
integrated flux (Esif) in mg N2O-N m–2. Statistical analy-
ses of the data were performed using the SPSS 10.0 soft-
ware package. Relationship between N2O fluxes with 
means of soil variables was determined by factor analysis. 
The Varimax rotation method was used followed by  
Kaiser–Meyer–Olkin measure of sampling adequacy and 
the Bartlett’s test of sphericity. The Kaiser–Meyer–Olkin 
measure of sampling adequacy varies between 0 and 1; 
the values closer to 1 are better, whereas those below 
0.50 are unacceptable. In the present analysis the Kaiser–
Meyer–Olkin measure was found to be 0.568. The Bart-
lett’s test of sphericity, which is used to test the null  
hypothesis that variables are uncorrelated to each other, 
has been rejected in our preliminary analysis. For our 

data, Bartlett’s test is found to be highly significant 
(P < 0.001), and therefore factor analysis is considered to 
be appropriate. The factor loadings of the rotated matrix, 
the percentage variability explained by each factor and 
the communalities for each variable were determined.  
 N2O emission from Hilika and TV-23 ranged from 7.51 
to 63.30 μg N2O-N m–2 h–1 (Figure 2). Seasonal N2O 
emission from Hilika and TV-23 was 46.13 and 55.17 mg 
N2O-N m–2 respectively. N2O emission observed on 30 
August 2008 was less than 10 μg N2O-N m–2 h–1 in both 
the varieties. Emission rates increased from 6 September 
onwards and peaks were observed on 27 September and 
11 October. The observed N2O flux on 27 September was 
40.16 and 39.87 μg N2O-N m–2 h–1 in Hilika and TV-23 
respectively. Whereas on 11 October it was 35.45 μg 
N2O-N m–2 h–1 in Hilika and 63.30 μg N2O-N m–2 h–1 in 
TV-23. The emission peaks on 27 September and 11  
October might be due to increased rate of nitrification 
and denitrification reactions with increasing concentra-
tion of soil NO–

3-N (Figure 3). The soil NO–
3-N gradually 

increases from 30 August onwards after fertilizer urea 
application on 27 August. In our study we observed a 
significant correlation of soil NO–

3-N content with N2O 
emission (R = 0.403, n = 18, P = 0.048). Both nitrifica-
tion and denitrification reactions may have contributed to 
emission peaks on 27 September and 11 October. It has 
been stated that development of aerobic and anaerobic 
microsites within close proximity, indeed in the same soil 
aggregate, permits both nitrification and denitrification to 
occur simultaneously14. The enhancement of soil NO–

3-N 
content observed during this period also has been partly 
attributed to high soil organic carbon (0.99–1.06%), sup-
plied by decomposing soil organic matter with increasing 
rainfall. The recorded soil organic carbon of the experi-
mental field showed a non-significant positive correlation 
with N2O emission. The soil moisture content of the  
experimental site varies from 30.96% to 46.63% and 
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30.53% to 48.36% for varieties Hilika and TV-23 respec-
tively (Figure 4). Observed N2O emission from the experi-
mental site was initially low. During this period low soil 
moisture might have suppressed the hydrolysis of applied 
urea fertilizer to NH+

4 and NO–
3, the substrates for N2O 

production via nitrification and denitrification. It has 
been reported that the activity of urease, the enzyme res-
ponsible for urea hydrolysis, remains at its maxima during 
field capacity and declines with decreasing soil mois-
ture15,16. Thus, it is possible that the substrate for micro-
bial processes was not available during the period of low 
soil moisture resulting in low N2O fluxes. Although  
enhancement of both nitrification and denitrification is 
assumed as the process contributing to N2O emission,  
enhancement of nitrification is likely the most responsi-
ble factor with soil moisture of the experimental field less 
than 60%, as reported by Linn and Doran17. Soil moisture 
increased from 42.60% to 45.33% and 45.50% to 47.50% 
in sites with Hilika and TV-23 respectively, from 20 to 
27 September following heavy rainfall (Figure 1). This 
increased soil moisture might also have contributed to 
emission peaks on 27 September and 11 October. This is 
supported by the observed significant correlation of soil  
 
 

 
 
Figure 3. Soil NO–

3-N of the experimental site. Vertical bars represent 
standard error of three replications.  
 
 

 
 
Figure 4. Soil moisture content of the experimental site. Vertical bars 
represent standard error of three replications.  

moisture with N2O emission (R = 0.425, n = 18, P = 
0.039) in our study. Soil temperature of the experimental 
field ranges from 19.50°C to 33.33°C (Figure 5). N2O 
emission showed a significant correlation with soil tem-
perature (R = 0.408, n = 18, P = 0.047). The optimum 
temperature for N2O production was shown to range from 
25°–40°C (ref. 3). In our study the average temperature 
of the experimental field lies within this optimum range 
from 30 August to 18 October (Figure 5), which might 
have contributed to higher emission during this period. 
Soil temperature is a key variable that affects the emission 
rates of N2O (ref. 18). Emissions increase with increasing 
soil temperature due to the fact that rates of enzymatic 
processes generally increase with temperature as long as 
other factors (e.g. substrate or moisture) are not limit-
ing19,20. The N2O emission further showed a decreasing 
trend from 18 October to 27 December. This may be due 
to reduced soil moisture and soil temperature of the ex-
perimental field at this stage. It has been stated that lower 
temperature and moisture significantly reduced the nitri-
fication rates. Relatively high N2O emissions were obser-
ved when soil moisture, temperature and soil NO–

3 
concentration values were higher than 65%, 4.5°C and 
5 mg kg–1 respectively21. In other words, there were 
threshold values for these variables, and emissions de-
creased if any one value was below the threshold. Soil pH 
of the experimental site ranges from 5.04 to 5.14, and we 
could not find significant relationship between soil pH 
and N2O emission during this study. Regardless of the 
similar pattern of N2O emission observed in both the  
varieties, seasonal N2O emission differed within two  
varieties. These differences in N2O emission within two 
varieties may be due to variations in soil microbial popu-
lation and community composition over the entire sam-
pling period. It has been reported that differences in 
ammonia oxidizing bacteria and denitrifier community 
composition affect the rates of nitrification and denitrifi-
cation, which in turn may influence N2O emissions22,23. 
Varietal differences in N2O emission have been reported 
by Ghosh and Kashyap24 from the rice ecosystem. It was 
 
 

 
 
Figure 5. Soil temperature of the experimental site. Vertical bars rep-
resent standard error of three replications.  
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Table 1. Principal factor matrix after varimax rotation. Numbers in  
  bold are those with factor loading greater than 0.70 

   Proportion  
    of variance 
                        Factor  of each variable 
   explained by the 
Variable 1 2 underlying factors 
 

N2O flux 0.539 0.772 0.887 
Soil NO–

3-N 0.937 –0.174 0.909 
Soil organic carbon 0.856  0.735 
Soil moisture –0.410 0.880 0.942 
Soil temperature –0.366 0.887 0.920 
Soil pH 0.657 –0.268 0.504 
Eigenvalues 3.121 1.776  
Percentage of variance 52.014 29.606  
Cumulative (%) 52.014 81.620  

 
 

suggested that these differences are as a result of the  
influence of different cultivars on N-mineralization, nitri-
fication and nitrifier population. According to Ghosh and 
Kashyap24, the observed variations in nitrifier population 
across the rice cultivars can be attributed to genotypic 
variations in the addition of organic matter by these culti-
vars into the soil, as well as due to the extent of aerobic 
conditions created in the soil in response to variations in 
root porosity of the rice plants. A similar mechanism 
might have contributed to varietal differences in seasonal 
N2O emission from the tea ecosystem in our study. Previ-
ous studies conducted on N2O emissions from the tea 
ecosystem have shown higher emission rates9,25. In the 
present study we observed relatively lower emission 
rates. These are primarily due to variations in soil factors 
and nutrient management practices. It has been reported 
that denitrification and nitrification processes are regu-
lated by available carbon, inorganic nitrogen and oxygen 
as affected by soil moisture, porosity and aggregate struc-
ture26. Further nutrient management practices also influ-
ence emissions of N2O from agricultural soils which 
include fertilizer N rate, type, timing, application method 
and depth of placement27.  
 The total variance explained by the factors is indicated 
in Table 1. The values in the table or loadings indicate the 
contribution of each variable to the factors. For the pur-
pose of interpretation only those factor loadings greater 
than 0.70 are considered important; these are highlighted 
in bold. Two factors with eigenvalue > 1 were extracted. 
They account for 81% of the total variance. The variables 
soil NO–

3-N and soil organic carbon show high loadings in 
factor 1 and are positively associated. In factor 2, vari-
ables with higher positive weight are N2O flux, soil tem-
perature and soil moisture. All these variables contributed 
positively to factor 2, and a significant interrelationship 
between these factors exists. These finding suggest that 
the main variables associated with N2O emission from the 
tea field are soil temperature and soil moisture. Although 

soil NO–
3-N and soil organic carbon are strongly loaded in 

factor 1, the association between N2O flux and these vari-
ables in factor 1 is not significant. Factor 2 indicates that 
increase in N2O emission is strongly associated with  
increase in soil temperature and soil moisture in the tea 
ecosystem.  
 N2O emission from the tea ecosystem showed wide 
fluctuations in relation to soil properties. The N2O emis-
sion showed relationship with soil moisture, soil tempera-
ture and soil NO–

3-N of the experimental field. Among 
these variables, soil moisture and soil temperature with 
high factor loadings are identified as the main variables 
influencing N2O emission from the tea ecosystem. Impor-
tant soil variables associated with N2O emissions identi-
fied in the present study may help in understanding and 
controlling environmental problems in the tea-growing 
regions and may contribute to mitigation of N2O emission 
from the tea ecosystem. 
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The gravity recovery and climate experiment 
(GRACE) satellite mission is mapping the earth’s 
gravity field with unprecedented accuracy of a few 
μGal (10–8 m/s2) every month. This provides a new 
means of studying hydrological, climatic and tectonic 
processes that redistribute mass, producing temporal 
gravity changes. Hydrological changes contribute the 
strongest signal in the GRACE gravity field on sea-
sonal, annual and inter-annual timescales. This com-
munication presents seasonal and annual hydrological 
signals over India observed by GRACE and compares 
them with in situ measurements. The spatio-temporal 
variations of water storage over southern India for 
2002–2008 show positive and negative trends, which 
appear to be related with changes in precipitation pat-
terns. It has also been observed that the negative 
trend over a large part of south India changed to posi-
tive trend after 2005. These observations suggest 
dominant inter-annual trend of water storage in the 
southern Indian region. Such observations have also 
been noticed in the average record of ~ 950 water wells 
from Andhra Pradesh. We compared GRACE-derived 
time series with land-based measurements from An-
dhra Pradesh and found that the GRACE record cor-
roborates with ground data, implying its application 
in the monitoring of water storage in the region. 
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THE increasing demand of water for agricultural, indus-
trial and domestic uses in the climatically changing world 
requires management of water resources. Planning for 
sustainable availability of water resources depends on 
monitoring the spatio-temporal variability of the total  
water storage, a phenomenal task for a vast country like 
India, which has a limited network of land observation 
stations. Recent developments in space technology pro-
vide information about total water variations through sat-
ellite gravimetry1,2, and surface-water variation from 
satellite altimetry (refs 3 and 4 and papers therein). This 
communication briefly presents the application of the 
gravity recovery and climate experiment (GRACE) satel-
lite gravity measurements to provide total as well as 

 
 


