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Abstract 29 

Atmospheric greenhouse gases (GHGs), such as carbon dioxide (CO2) and methane (CH4), 30 

are important climate forcing agents due to their significant impacts on the climate system. The 31 

present study brings out first continuous measurements of atmospheric GHGs using high precision 32 

LGR-GGA over Shadnagar, a suburban site of Central India during the period 2014. The annual 33 

mean CO2 and CH4 over the study region are found to be 394±2.92 ppm and 1.92±0.07 ppm (μ 34 

±1σ) respectively. CO2 and CH4 show a significant seasonal variation during the study period with 35 

maximum (minimum) CO2 observed during Pre-monsoon (Monsoon), while CH4 recorded 36 

maximum during post-monsoon and minimum in monsoon.  Irrespective of the seasons, consistent 37 

diurnal variations of these gases are observed. Influences of prevailing meteorology (air 38 

temperature, wind speed, wind direction and relative humidity) on GHGs have also been 39 

investigated. CO2 and CH4 show a strong positive correlation during winter, pre-monsoon, 40 

monsoon, and post-monsoon with correlation coefficients (Rs) equal to 0.80, 0.80, 0.61, and 0.72 41 

respectively; indicating common anthropogenic source for these gases.Analysis of this study 42 

reveals the major sources for CO2 are soil respiration and anthropogenic emissions while 43 

vegetation act as a main sink. Whereas the major source and sink for CH4 are vegetation and 44 

presence of hydroxyl (OH) radicals.   45 
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1. Introduction 58 

The Intergovernmental Panel on Climate Change (IPCC, 2013) reported that humankind is 59 

causing global warming through the emission of greenhouse gases (GHGs), particularly carbon 60 

dioxide (CO2) and methane (CH4).CO2 and CH4 concentrations have increased by 40% and 150 % 61 

respectively since pre-industrial times, mainly from fossil fuel emissions and secondarily from net 62 

land use change emissions (IPCC, 2013; Huang et al., 2015). CO2 measurements at MaunaLoa, 63 

Hawaii (Monastersky, 2013) have exceeded the 400 ppm mark several times in May 2013. CH4 is 64 

also receiving increasing attention due to high uncertainty in its sources and sinks (Keppler et al., 65 

2006; Miller et al., 2007; Frankenberg et al., 2008). Stefanie Kirschke et al., (2013) reported that 66 

in India, agriculture and waste constitute the single largest regional source of CH4. Although many 67 

sources and sinks have been identified for CH4, their relative contribution to atmospheric CH4 is 68 

still uncertain (A. Garg et al., 2001; StefanieKirschke et al., 2013). In India, electric power 69 

generation contributes to half of India’s total CO2 equivalent emissions (A. Garg et al., 2001). 70 

Arid and semi-arid areas comprise about 30% of the Earth’s land surface. Climate change and 71 

climate variability will likely have a significant impact on these regions (Huang et al., 2008; Huang 72 

et al., 2015). The variability of environmental factors may result in significant effects on regional 73 

climate and global climate (Wang et al., 2010), especially the radiative forcing; via the 74 

biogeochemical pathways affecting the terrestrial carbon cycle. Global climate change has serious 75 

impact on humans and ecosystems. Due to this, many factors have been identified that may reflect 76 

or cause variations in environmental change (Pielke et al., 2002). Out of these, the Normalized 77 

Difference Vegetation Index (NDVI) has become one of the most widely used indices to represent 78 

the biosphere influence on global change (Liu et al., 2011). Greenhouse and other trace gases have 79 

great importance in atmospheric chemistry and for radiation budget of the atmosphere-biosphere 80 

system (Crutzen et al., 1991). Hydroxyl radicals (OḢ) are very reactive oxidizing agents, which 81 

are responsible for the oxidation of almost all gases that are emitted by natural and anthropogenic 82 

activities in the atmosphere. Atmospheric CO2 measurements are very important for understanding 83 

the carbon cycle because CO2 mixing ratios in the atmosphere are strongly affected by 84 

photosynthesis, respiration, oxidation of organic matter, biomass and fossil fuel burning, and air–85 

sea exchange process (Machida et al., 2003). 86 



The present study brings out first continuous measurements of atmospheric GHGs using high 87 

precision LGR-GGA over Shadnagar, a suburban site of Central India during the period 2014.  In 88 

addition to GHGs observations, we have also made use of an automatic weather station (AWS) 89 

data along with model/satellite retrieved observation during the study period. Details about study 90 

area and data sets are described in the following sections. 91 

 92 

2. Study Area 93 

Shadnagar is situated in Mahabubnagar district of newly formed Indian state of Telangana. 94 

It is a suburban location situated ~70km away from urban site of Hyderabad (Northern side) with 95 

a population of ~0.16 million (Patil et al., 2013).  A schematic map of study area is shown in Fig. 96 

1a. Major sources of pollutants over Shadnagar can be from small and medium scale industries, 97 

biomass burning and bio-fuel as well as from domestic cooking. In the present study sampling of 98 

GHGs and related meteorological parameters are carried out in the premises of National Remote 99 

Sensing Center (NRSC), Shadnagar Campus (17o02’N, 78o11’E). Sampling site is near (aerial 100 

distance ~ 2.25 km) to National highway 7 (NH7) and a railway track (non-electrified) is in the 101 

East (E) direction.  102 

Mean monthly variations of temperature (°C) and relative humidity (RH %) observed at 103 

Shadnagar during 2014 are shown in Figure 1e and 1d respectively. The Indian Meteorological 104 

Department (IMD) defined monsoon as June-July-August-September (JJAS), post-monsoon 105 

(October-November-December-OND), winter (January-February-JF) and pre-monsoon (March-106 

April-May-MAM) in India. Temperature over Shadnagar varies from ~20oc to ~29oc. Relative 107 

humidity (RH) in Shadnagar reached a maximum of ~82 % in monsoon from a minimum of ~48 108 

% recorded during pre-monsoon. Surface wind speed (Fig. 1c) varies between 1.3 to 1.6 m s-1 with 109 

a maximum observed during monsoon and minimum in pre-monsoon. The air mass advecting (Fig. 110 

1b) towards study site is either easterly or westerly. The easterly wind prevails during winter and 111 

gradually shifts to south-westerlies in pre-monsoon, and dominates during monsoon.  112 

3. Data set and Methodology  113 

Details about the instrument and data utilized are discussed in this section. The availability and 114 

frequency of the observations all data used in present study are tabulated in Table 1. 115 

 116 



3.1 In-situ observations 117 

3.1.1 Greenhouse Gas Analyser (GGA) 118 

The Los Gatos Research’s - Greenhouse Gas Analyser (model: LGR-GGA-24EP) is an 119 

advanced instrument capable of simultaneous measurements of CO2, CH4 and H2O. This 120 

instrument is well known for high precision and accuracy which are crucial towards understanding 121 

background concentrations of atmospheric GHGs, with specifications meeting WMO standards of 122 

measurement (Berman et al., 2012; Shea et al., 2013: Mahesh et al., 2015). It is based on enhanced 123 

Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) technology (Paul et al. 2001, Baer et 124 

al., 2002), which utilizes true wavelength scanning to record fully resolved absorption line shapes.  125 

Considering the nature of the site, flow rate is fixed to be 7 liters per minute (lpm). Ambient air 126 

entering the GGA is analysed using two near infrared (NIR) distributed feedback tunable diode 127 

lasers (TDL), one for a CO2 absorption line near1.60 µm (ν0= 6250 cm-1) and the other to probe 128 

CH4 and H2O absorption lines near 1.65 µm (ν0= 6060.60 cm-1). The concentration of the gases is 129 

determined by the absorption of their respective characteristic absorption lines with a high 130 

sampling time of 1sec.  A detailed explanation regarding the configuration, working and 131 

calibration procedure performed for GGA in NRSC can be found elsewhere in Mahesh et al., 132 

(2015). In the present study we used GGA retrieve CO2 and CH4 data. High resolution data sets 133 

are diurnally averaged and used in further analysis. Due to failure of internal central processing 134 

unit (CPU) of the analyzer, data are not recorded from pre-monsoon month of 1st May to 18th June 135 

during the study period.  136 

3.1.2 O3 and NOx analyzer 137 

Surface concentrations of O3 and NOX have been measured continuously using on-line 138 

analyzers (Model No.s: 49iand 42i for O3 and NOX respectively), procured from Thermo 139 

Scientific, USA since July 2014. The trace gases (O3 and NOx) sampling inlet is installed on the 140 

top of a 2 m mast fixed on the roof of an 8 m high building, and ambient air flow is supplied to the 141 

instruments. The inlet prevents the ingress of rain water, and is equipped with 0.5 μm filter to 142 

prevent accumulation of dust within the instrument. The ozone analyzer is based on Beer-Lambert-143 

Baugher law which relates absorption of light to the concentration of species as its operating 144 

principle and has an in-built calibration unit for conducting periodical span and zero checks. The 145 

NOX analyzer utilizes a molybdenum converter to convert NO2 into NO and estimates the NOx 146 



concentration by the intensity of light emitted during the chemiluminescent reaction of NO with 147 

O3 present in the ambient air. The analyzer is integrated with zero and span calibrations which are 148 

performed twice monthly.  149 

 Simultaneous observations of meteorological parameters are obtained from an automatic 150 

weather station (AWS)  installed in NRSC, Shadnagar campus as a part of Calibration and 151 

Validation (CAL/VAL) project in March 2012 is equipped with nine sensors to measure fifteen 152 

weather parameters. Weather parameters measured are at surface level and height of the AWS 153 

mast is ~10 meters. Wind speed and direction measurements are collected at the maximum height 154 

(3m) and all others are at 1-1.5m height. 155 

 156 

3.2 Satellite and Model observations 157 

3.2.1 MODIS 158 

Moderate-resolution Imaging Spectrometer (MODIS) is launched in December 1999 on the 159 

polar-orbiting NASA-EOS Terra platform (Salomonson et al. 1989; King et al. 1992). It has 36 160 

spectral channels and acquires data in 3 spatial resolutions of 250 m, 500 m, and 1 km (channels 161 

8–36), covering the visible, near-infrared, shortwave infrared, and thermal-infrared bands. In the 162 

present study we used monthly Normalised Difference Vegetation Index (NDVI) data obtained 163 

from Terra/MODIS at 5 km spatial resolution. The NDVI value is defined as following ratio of 164 

albedos (α) at different wavelengths: 165 

NDVI =
α0.86μm+α0.67μm

α0.86μm−α0.67μm
    (1) 166 

NDVI values can range from -1.0 to 1.0 but typical ranges are from 0.1 to 0.7, with higher values 167 

associated with greater density and greenness of plant canopies. More details of the processing 168 

methods used in generating the data set can be found in James and Kalluri (1994). 169 

3.2.2 COSMIS-RO 170 

COSMIC (Constellation Observation System for Meteorology, Ionosphere and Climate) is a 171 

GPS (Global Positioning System) radio occultation (RO) observation system (Wang et al., 2013). 172 

It consists of six identical microsatellites, and was launched successfully on 14 April 2006. GPS 173 

radio occultation observation has the advantage of near-global coverage, all-weather capability, 174 

high vertical resolution, high accuracy and self-calibration (Yunck et al., 2000). Geophysical 175 



parameters (such as, temperature and humidity profiles) have been simultaneously obtained from 176 

refractivity data using one-dimensional variational (1DVAR) analysis. Further COSMIC-RO 177 

profiles are used to estimate planetary boundary layer height (BLH). BLH is defined to be the 178 

height at which the vertical gradient of the refractivity or water vapor partial pressure is minimum 179 

(Ao et al., 2012), explained detail methodology for calculating the BLH from refractivity (N). The 180 

planetary boundary layer (PBL) is  part of the atmosphere closest to the Earth’s surface where 181 

turbulent processes often dominate the vertical redistribution of sensible heat, moisture, 182 

momentum, and aerosols/pollution (AO et al., 2012). 183 

3.2.3 Hysplit model 184 

The general air mass pathway reaching over Shadnagar is analysed using HYSPLIT model 185 

(Draxler and Rolph, 2003) [http://ww.arl.noaa.gov/ready/hysplit4.html]. We computed 5 day 186 

isentropic model backward air mass trajectory for all study days with each trajectory starting at 187 

00:60 UTC and reaching study site, (Shadnagar) at different altitudes(1 km,2 km,3km and 4 km). 188 

Even though the trajectory analysis have inherent uncertainties (Stohl, 1998), they are quite useful 189 

in determining long range circulation. 190 

4. Results and Discussion 191 

 192 

4.1 Seasonal variations of CO2 and CH4 193 

Temporal variations of CO2 and CH4 during the study period are shown in Figure. 2a and 2b. 194 

The circles indicate the daily mean, while triangular markers represent weakly averages and 195 

monthly mean by square markers.  Annual mean of CO2 over study region is found to be 394±2.92 196 

(mean (μ) ± standard deviation (1σ)) ppm with an observed minimum in monsoon and maximum 197 

in pre-monsoon.  Seasonal mean values of CO2 observed during different seasons are 393±5.60, 198 

398±7.60, 392±7.0, and 393±7.0 ppm in winter, pre-monsoon, monsoon, and post-monsoon 199 

respectively. Minimum CO2 during winter (dry season) can be due to respiratory loss of carbon 200 

(Gilmanov et al., 2004; Aurela et al. 2004) as decreased temperature and solar radiation during 201 

this period inhibit increases in local CO2 assimilation (Thum et al., 2009). A steady increase in 202 

CO2 concentration is observed as season changes from winter to pre-monsoon months.  203 

Enhancement in Pre-monsoon is due to higher temperature and solar radiation prevailing during 204 

these months which stimulate the assimilation of CO2 in the daytime and respiration in the night 205 

(Fang et al., 2014). The enhanced soil respiration during these months also compliments the 206 

http://ww.arl.noaa.gov/ready/hysplit4.html


increase in CO2 concentration during this period. In addition to these natural causes, biomass 207 

burning over Indian region can also have a significant effect on pre-monsoon CO2 concentration. 208 

More detailed explanation of biomass burning influence on pre-monsoon GHGs concentration is 209 

discussed in section 4.6. Surface CO2 concentration recorded a minimum during monsoon months 210 

can be mainly because of enhanced photosynthesis processes with the availability of greater soil 211 

moisture. A decrease in CO2 concentration is also observed as the monsoon progress. The 212 

decreases in temperature (due to cloudy and overcast conditions prevailing during these months) 213 

reduce leaf and soil respiration which contributes to the enhancement of carbon uptake (Patil et 214 

al., 2013; Jing et al., 2010). Further increase during post-monsoon CO2 is associated with high 215 

ecosystem productivity (Sharma et al., 2014) also an enhancement in soil microbial activity 216 

(Stefanie Kirschke et al., 2013).  217 

CH4 concentration in the troposphere is principally determined by a balance between surface 218 

emission and destruction by hydroxyl radicals (OḢ). The major sources for CH4 in the Indian 219 

region are rice, paddies, wetlands and ruminants (Schneising et al., 2009).  Annual CH4 220 

concentration over study area is observed to be 1.92 ± 0.07 ppm, with a maximum (2.02±0.01 221 

ppm) observed in post-monsoon and minimum (1.85±0.03 ppm) in monsoon. Seasonal mean 222 

(average) values of CH4 observed during different seasons are 1.93±0.05, 1.89±0.05, 1.85±0.03, 223 

and 2.02±7 ppm with respectively winter, pre-monsoon, monsoon, and post-monsoon.  The highest 224 

concentration appears during post-monsoon and may be associated with the Kharif season 225 

(Goroshiet al., 2011).  Hayashida et al. (2013) reported that the seasonality of CH4 concentration 226 

over monsoon Asia is characterized by higher values in the wet season and lower values in the dry 227 

season; possibly because of the effects of strong emissions from rice paddies and wetlands during 228 

the wet season. Low mixing ratios of CH4 observed during monsoon season were mainly due to 229 

the reduction in atmospheric hydrocarbons because of the reduced photochemical reactions and 230 

the substantial reduction in solar intensity (Abhishek Gaur et al 2014).The rate of change of CH4 231 

was found to be high during post-monsoon. Both biological and physical processes control the 232 

exchange of CH4 between rice paddy fields and the atmosphere (Nishanth et al., 2014; Goroshiet 233 

al., 2011). Due to this, enhanced CH4 observed during post-monsoon at present study area..  234 

4.2 Influence of vegetation on GHGs. 235 



In India cropping season is classified into (i) Kharif and (ii) Rabi based on the onset of 236 

monsoon. The Kharif season is from July to October during the south-west (SW) monsoon and 237 

Rabi season is from October to March (Koshal Avadhesh, 2013). NDVI being one of the indicators 238 

of vegetation change, monthly variations of CO2 and CH4 against NDVI is studied to understand 239 

the impact of land use land cover on mixing ratios of CO2 and CH4. Monthly mean changes in 240 

NDVI, CO2 and CH4 are shown in Figure 2c and 2d. Monthly mean of GHGs represented in this 241 

analysis is calculated from daily mean in day time (10-16 LT). Analysis of the figure reveals that 242 

an inverse relationship exists between NDVI and CO2; while a positive relation is observed w.r.t 243 

CH4.  Generally over this part of the country vegetation starts during the month of June with the 244 

onset of SW monsoon and as vegetation increases a decrease in CO2 concentration is observed, 245 

due to enhancement in photosynthesis. Further a decline in NDVI is observed as the season 246 

advances from post monsoon to winter and then to pre-monsoon, and it is associated with an 247 

increase in CO2 concentration. Similarly, the main source for CH4 emissions are soil microbial 248 

(Stefanie Kirschke et al., 2013) activity which are more active during monsoon and post monsoon 249 

seasons.  250 

Biomass burning (forest fire and crop residue burning) is one of the major sources of gaseous 251 

pollutants such as carbon monoxide (CO2), methane (CH4), nitrous oxides (NOx) and 252 

hydrocarbons in the troposphere (Crutzenet al., 1990, 1985; Sharma et al., 2010). In order to study 253 

the role of biomass burning on GHGs a case study is discussed. Figure 3c shows the spatial 254 

distribution of MODIS derived fire counts over Indian region during 14-21 April 2014 with 255 

air mass trajectories ending over study area over layed on it at different altitudes viz. 1000 m, 256 

2000 m and 4000 m respectively. Analysis of the figure shows a number of potential fire 257 

locations on the north-western and south-eastern side of study location and trajectories indicate 258 

its possible transport to study area. Daily mean variation of GHGs during the month of Aril 259 

2014 (Figure 3b) indicates an enhancement in GHGs during the same period (14-21 April 260 

2014). Analysis reveals that CO2 and CH4 have increased by ~2% and ~0.06% respectively 261 

during event days with respect to monthly mean. This analysis reveals that long range / regional 262 

transported biomass burning have a role in enhancement of GHGs over study site. Further to 263 

understand the seasonal variation of biomass burning contribution to GHGs we analysed long 264 

term (2003-2013) Fire Energetics and Emissions Research version 1.0 (FEER v1) data over study 265 



area. Emission coefficient (Ce) products during biomass burring is developed from coincident 266 

measurements of fire radiative power (FRP) and AOD from MODIS Aqua and Terra satellites 267 

(Ichoku and Ellison, 2014). Figure 3a shows seasonal variation of CO2 emission due to biomass 268 

burning over the study site. Enhancement in CO2 emission is seen during pre-monsoon months; 269 

which also supports earlier observation (Figure 2a). This analysis reveals that biomass burning has 270 

a role in pre-monsoon enhancement of CO2 over study site. For a qualitative analysis of this long 271 

range transport, we have analysed air mass trajectories ending over study site during different 272 

seasons.  273 

4.3 Correlation between CO2 and CH4 274 

A correlation study is carried out between hourly averaged CO2 and CH4 during all season for 275 

the entire study period. The statistical analysis for different seasons is shown in Table 2. Fang et 276 

al., (2015) suggest the correlation coefficients (Rs) value higher than 0.50 indicates a similar 277 

source mechanism of CO2 and CH4. Also a positive correlation dominance of anthropogenic 278 

emission on carbon cycle. Our study also reveals a strong positive correlation observed between 279 

CO2 and CH4 during winter, pre-monsoon, monsoon, and post-monsoon with R equal to 0.80, 0.80, 280 

0.61, and 0.72 respectively. Seasonal regression coefficients (slope) and their uncertainties (ψslope, 281 

ψy-int) are computed using Taylor (1997) which showed maximum during winter, pre-monsoon, and 282 

minimum in a monsoon that figure out the hourly stability of the mixing ratios between CO2 and 283 

CH4. This can be due to relatively simple source/sink process of CO2 in comparison with CH4.  284 

Figure 4 shows the seasonal variation of ΔCH4/ΔCO2.  Dilution effects during transport of CH4 285 

and CO2 can be minimized to some extent by dividing the increase of CH4 over time by the 286 

respective increase in CO2 (Worthy et al., 2009). In this study, background concentrations of 287 

respective GHGs are determined as mean values of the 1.25 percentile of data for monsoon, post-288 

monsoon, pre-monsoon and winter (Pan et al., 2011; Worthy et al., 2009). Annual ΔCH4/ΔCO2 289 

over the study region during the study period is found to be 7.1 (ppb/ppm).  This low value clearly 290 

indicates the dominance of CO2 over the study region. The reported ΔCH4/ΔCO2 values from some 291 

of the rural sites viz Canadian Arctic and Hateruma Island (China) are of the order 12.2 and ~10 292 

ppb/ppm respectively (Worthy et al., 2009; Tohjima et al., 2014). Average ΔCH4/ΔCO2 ratio 293 

during winter, pre-monsoon, monsoon and post-monsoon are 9.40, 6.40, 4.40, and 8.20 ppb 294 

respectively. Monthly average, of ΔCH4/ΔCO2, is relatively high from late post-monsoon to 295 



winter, when the biotic activity is relatively dormant (Tohjima et al., 2014). During pre-monsoon 296 

decease in ΔCH4/ΔCO2 ratio indicates the enhancement of CO2 relative to that of CH4. 297 

 298 

4.4 Diurnal variations of CO2 and CH4 299 

Figure 5a to 5d shows the seasonally averaged diurnal cycle of CO2 and CH4 over Shadnagar 300 

during study period. The vertically bar represents the standard deviation from respective mean. 301 

Irrespective of seasonal variation GHGs showed a similar diurnal variation, with maximum mixing 302 

ratios observed during early morning (06:00 hrs) as well as early night hours (20:00 hrs) and 303 

minimum during afternoon hours.  However the difference observed in the maximum diurnal 304 

amplitudes can be attributed to seasonal changes. The observed diurnal cycle of GHGs is closely 305 

associated with diurnal variation of planetary boundary layer height (PBLH). For better 306 

understanding of the diurnal behavior of CO2/CH4, we used European Centre for  Medium-range 307 

Weather Forecasting (ECMWF) Interim Reanalysis (ERA) PBL data set which gives the data for 308 

every three hours viz. 00:00,  03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00 UTC with a 309 

resolution of 0.25°x0.25° (http://data-portal.ecmwf.int). Figure 5a to 5d portrays the diurnal 310 

evolution of CO2/CH4 during different season along with the evolution of Boundary Layer Height 311 

(m) on secondary y axis. The morning peak arises due to combined influence of fumigation effect, 312 

(Stull 1988) and morning build-up of local anthropogenic activities (household and vehicular 313 

transport). Low value of GHGs as the day progress can be attributed to increased photosynthetic 314 

activity during day time and destruction of stable boundary layer and residual layer due convective 315 

activity. In the evening hours, surface inversion begins and form a shallow stable boundary layer 316 

(Nair et al., 2007) causing the enhancement in GHGs concentration near the surface. Similar trend 317 

in diurnal variation of GHGs is reported from other parts of the country (Patil et al., 2013; Mahesh 318 

et al., 2014; Sharma et al., 2014; Nishanth et al., 2014).  319 

4.5 Influence of prevailing meteorology 320 

Redistribution (both horizontal and vertical) of GHGs also plays a role in their seasonal 321 

variation, as it controls transport and diffusion of pollutants from one place to another (Hassan 322 

2015). A good inverse correlation between wind speed and GHGs suggest the proximity of sources 323 

near measurement site, while a not so significant correlation suggests the influence of regional 324 



transport (Ramachandran and Rajesh, 2007).  Figure 6a and 6b shows scatter plot between GHGs 325 

and wind speed during different seasons. Analysis of Figure 6 shows that there exists an inverse 326 

correlation between daily mean wind speed and GHGs. Correlation coefficients (Rs) between wind 327 

speed and CO2 during pre-monsoon, monsoon, post-monsoon, and winter is 0.56, 0.32, 0.06, and 328 

0.67 respectively. While for CH4 it is found be 0.28, 0.71, 0.21, and 0.60 respectively. Negative 329 

correlation indicates that the influence of local sources on GHGs, however, poor correlation 330 

coefficients during different seasons suggest the role of regional/local transport (Mahesh et al 331 

2014). Also an understanding of prevailing wind direction and its relationship with GHGs helps in 332 

determining their probable source regions. Table 3 shows the monthly mean variation of CO2 and 333 

CH4 with respect to different wind direction. Enhancement in CO2 and CH4 level over Shadnagar 334 

are observed to mainly come from NW and NE while the lowest is from the S and SW. This can 335 

be associated to some extend with industrial emissions located in western side of sampling site, 336 

and the influence of emission and transport from nearby urban center on the NW side of the study 337 

site. 338 

The influence of meteorological parameters (temperature and relative humidity) on trace gases 339 

is also examined. Figure 7a and 7b (top panel corresponds to CO2 and bottom panel represents 340 

CH4) show the scatter plot of temperature versus relative humidity as a function of GHGs during 341 

different seasons. Daily mean data is used instead of hourly mean data, to avoid the influence of 342 

the diurnal variations on correlations. CO2 showed a positive correlation with temperature during 343 

all season except during winter. This negative correlation can be attributed to different response 344 

of photosynthesis rate to different air temperature. IPCC (1990) reports that many mid-latitude 345 

plants shows an optimum gross photosynthesis rate when temperature varied from of 20 to 35 °C. 346 

The rate of plant respiration tends to be slow below 20°C. However, at higher temperatures, the 347 

respiration rate accelerates rapidly up to a temperature at which, it equals the rate of gross 348 

photosynthesis and there can be no net assimilation of carbon. While CH4 showed a weak positive 349 

correlation with temperature during pre-monsoon and post-monsoon, while a weak negative 350 

correlation is observed during monsoon and winter. This could be due to the rate of chemical loss 351 

reaction with OH is faster in summer and minimum in other seasons. A case study on CH4 sink 352 

mechanism has discussed in section 4.6. Seasonal variation of GHGs also showed an 353 

insignificantly negative correlation with relative humidity. One of the supporting argument can be 354 

in humid conditions, these stoma can fully open to increase the uptake of CO2 without a net water 355 



loss. Also, wetter soils can promote decomposition of dead plant materials, releasing natural 356 

fertilizers that help plants grow (Abhishek et al., 2014). 357 

Figure 8a and 8b illustrates the daily mean variation of GHGs with respect to soil moisture and 358 

soil temperature (Top panel represent the seasonal variation of CO2 w.r.t soil moisture and soil 359 

temperature, while bottom panel represent the seasonal variation of CH4 against the same 360 

parameters). It’s quite interesting to observe that GHGs behave differently w.r.t soil moisture 361 

during different seasons. CH4 shows a positive relationship during monsoon and post-monsoon 362 

and an inverse relationship exist during pre-monsoon and winter; while a reverse relationship exist 363 

for CO2.  During wet season aeration is restricted (Smith et al. 2003) hence soil respiration is 364 

limited, which decrease CO2 flux. This can be one of the factors for low values of CO2 during 365 

monsoon months, during dry months soil may act as sink of CH. 366 

4.5.1 Influence of boundary layer height on GHGs mixing ratios 367 

The planetary boundary layer is the lowest layer of the troposphere where wind speed as a 368 

function of temperature plays major role in its thickness variation. It is an important parameter for 369 

controlling the observed diurnal variations and potentially masking the emissions signal (Newman 370 

et al., 2013). Since complete set of COSMIC RO data is not available during the study period, in 371 

this analysis we have analysed RO data from July 2013 to June 2014, along with simultaneous 372 

observations of GHGs. Monthly variations (Figure not show) of BLH computed from high vertical 373 

resolution of COSMIC-RO data against CO2 and CH4 concentrations. Monthly BLH is observed 374 

to be minimum (maximum) during winter and monsoon (pre monsoon) seasons and it closely 375 

resembles with the air temperature pattern. The highest (lowest) BLH over study region was 376 

identified 3.20 km (1.50 km). A monthly average air temperature is maximum (minimum) of 29°C 377 

(20°C) during the summer (winter) months. 378 

Seasonal BLH during winter, pre-monsoon, monsoon and post monsoon are 2.10 km, 3.15 km, 379 

1.74 km and 2.30 km respectively. Its influence on CO2 and CH4 mixing ratios are shown in Figure 380 

9a and 9b. X axis represents the seasonal transition i.e. monsoon to post monsoon (M-PM) etc and 381 

y axis indicates seasonal difference of BLH and GHGs concentration respectively. As seasonal 382 

BLH increase, mixing ratios of CO2 (CH4) decreased from 8.68 ppm to 5.86 ppm (110 ppb to 40 383 

ppb). This effect clearly captured by seasonal diurnal averaged BLH data sets used from ECMWF-384 



ERA. The amount of biosphere emissions influence on CO2 and CH4 can be estimated through 385 

atmospheric boundary layer processes. Since the study region being a flat terrain, variations in 386 

CO2 and CH4 were mostly influenced by BLH through convection and biosphere activities.    387 

4.6 Methane (CH4) sink mechanism 388 

Methane (CH4) is the most powerful greenhouse gas after CO2 in the atmosphere due to its 389 

strong positive radiative forcing (IPCC, AR5). Atmospheric CH4 is mainly (70-80%) from 390 

biological origin produced in anoxic environments, by anaerobic digestion of organic matter 391 

(Crutzen and Zimmermann, 1991). The major CH4 sink is oxidation by hydroxyl radicals (OH), 392 

which accounts for 90 % of CH4 sink (Vaghjiani and Ravishankara, 1991; Kim et al., 2015). OH 393 

radicals are very reactive and are responsible for the oxidation of almost all gases in the 394 

atmosphere. Primary source for OH radical formation in the atmosphere is photolysis of ozone 395 

(O3) and water vapor (H2O). Eisele et al., (1997) defined primary and secondary source of OH 396 

radicals in the atmosphere. Primary source of OH radical is as follows;  397 

O3 + hv (λ ≤ 310 nm) → O2 + O(1D) − − − (2) 398 

whereO(1D) is electronically excited atom  399 

O(1D) + O2 → O + M − − − (3) 400 

O(1D) + H2O → 2OH − − − (4)   primary OH formation 401 

Removal of CH4 is constrained by the presence of OH radicals in the atmosphere. A 1 min time 402 

series analysis of CH4, NOx, O3 and H2O and associated wind vector for August 2014 to understand 403 

the CH4 chemistry is shown in Figure 10a and Figure 10b. Low NOx (1-2 ppb) values are shown 404 

in horizontal elliptical region of Figure 10a and observed corresponding low CH4 (1.80 ppm) 405 

concentrations. The low NOx in turn produces high OH radicals in the atmosphere due to 406 

conversion of HO2 radical by NO, which removes CH4 through oxidation process as shown below. 407 

HO2 + NO → OḢ + NO2 − − − (5) when NOx levels 1 − 2 ppb 408 

CH4 + OḢ → CḢ3 + H2O − − − (6)  main CH4 removal process 409 



NO2 + OH + M → HNO3 + M − − − (7) if NOx > 2 𝑝𝑝𝑏 (𝑂𝐻 ↓, 𝐶H4 ↑) 410 

Crutzen and Zimmermann, (1991) and Eisele et al., (1997) observed that at low NOx (0.5-2.0 ppb) 411 

levels most HOx family radicals such as HO2 and peroxy radicals (RO2) react with NO to form OH 412 

radicals. Therefore OH radicals are much higher in the case of low NOx. When NOx levels increase 413 

more than 2 ppb, most of the OH radicals react with NO2 to form nitric acid (HNO3). In first order, 414 

the levels of CH4 in the atmosphere depend on the levels of NOx though the production of OH 415 

radicals in the atmosphere is still uncertain. Figure 10a and 10b showed high CH4, H2O, O3 and 416 

NOx during a few days in August 2014. High concentrations of CH4, NOx and other gases are 417 

observed in the eastern direction of study site. Very high NOx levels above 10 ppb are observed 418 

and subsequently CH4 concentrations also increased to 2.40 ppm from 1.80 ppm. In the eastern 419 

direction of study site a national highway and single line broad gauge railway network are present 420 

which act as possible sources of NOx, CH4 and CO2. Increase in emissions of NOx causes decline 421 

in the levels of OH radicals and subsequently observed high CH4 over the study region.  422 

 423 

4.7 Long range circulations 424 

To understand the role of long range circulation, we separated the trajectory into 4 clusters 425 

based on their pathway, namely North-East (N-E), North-West (N-W), South-East (S-E), South-426 

West (S-W). The main criterion of trajectory clustering is to minimize the variability among 427 

trajectories and maximize variability among clusters. Cluster mean trajectories of air mass and 428 

their percentage contribution to the total calculated for each season over the study period at 3 Km 429 

altitude are depicted in Figure 11. Majority of air mass trajectories during winter (~44%), pre-430 

monsoon (~64%), monsoon (~80%) and post-monsoon (~41%) are originating from NW parts of 431 

the study site. For a comprehensive analysis, percentage occurrences of cluster mean trajectories 432 

of air mass over study area during different season at different altitudes are also tabulated in Table 433 

4. During post-monsoon to early pre-monsoon periods which are generally the post-harvest period 434 

for some of the crops agriculture residue burning which are quite common in the NW and NE 435 

regions part of India (Sharma et al, 2010).Our analysis reveals that during this period majority of 436 

air mass reaching the study site at different altitudes come from this part of the country. 437 



5. Conclusions 438 

The present study analysed the seasonal variations of atmospheric GHGs (CO2 and CH4) and 439 

associated prevailing meteorology over Shadnagar, a suburban site of Central India during the 440 

period 2014. The salient findings of the study are the following: 441 

 Irrespective of seasons, major sources for CO2 are soil respiration and anthropogenic 442 

emissions while vegetation acts as a main sink. Whereas the major source and sink for 443 

CH4 are vegetation and presence of hydroxyl (OH) radicals. In addition, boundary layer 444 

dyanamics and long range transport also plays a vital role on GHGs mixing ratios.  445 

 The annual mean of CO2 and CH4 over the study region are found to be 394±2.92 ppm 446 

and 1.92±0.07 ppm (μ±1σ) respectively. CO2 and CH4 show a significant seasonal 447 

variation during the study period. Maximum (Minimum) CO2 is observed during Pre-448 

monsoon (Monsoon), while CH4 recorded maximum during post-monsoon and minimum 449 

in monsoon. Seasonal analysis of FEER data also showed maximum emission of CO2 450 

due to biomass burning during pre-monsoon months which indicates the influence of 451 

biomass burning on local emissions. 452 

 CO2 and CH4 showed consistent diurnal behavior in spite of their significant seasonal 453 

variations, with an observed morning (06:00 IST) maxima, followed by afternoon 454 

minima (14:00 IST) and enhancing in the late evening (~22:00 IST).  455 

 Correlation coefficient (Rs) between wind speed and CO2 during pre-monsoon, monsoon, 456 

post-monsoon and winter is 0.56, 0.32, 0.06 and 0.67 respectively. While for CH4 it is 457 

found be 0.28, 0.71, 0.21, and 0.60 respectively. Negative correlation indicates that the 458 

influence of local sources on GHGs, however, poor correlation coefficients during 459 

different seasons suggest the role of regional/local transport.  460 

 CO2 showed a positive correlation with temperature during all seasons except during 461 

winter. Whereas CH4 showed a weak positive correlation with temperature during pre-462 

monsoon and post-monsoon, while showing a weak negative correlation during monsoon 463 

and winter.  464 

 CO2 and CH4 showed a strong positive correlation during winter, pre-monsoon, monsoon 465 

and post-monsoon with Rs equal to 0.80, 0.80, 0.61 and 0.72 respectively. This clearly 466 

indicates common anthropogenic sources for these gases. 467 

 468 
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 706 

Table 1 Data used 707 

 708 

Table 2 Statistical correlation between CO2 and CH4 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

Sensor Period Parameter resolution Source 

GGA-24EP Jan-2014 to 

Dec 2014 

CO2,CH4 and 

H2O 

1 Hz time ASL,NRSC 

42i-NO-

NO2-NOx 

Jul-2014 to 

Sep-2014 

NOx(=NO+N

O2) 

1 min time ASL,NRSC 

49i-O3 Jul-2014 to 

Sep-2014 

O3 1 min time ASL,NRSC 

AWS Jan-2014 to 

Dec-2014 

WS,WD,AT,R

H 

60 min time NRSC 

Terra/MODI

S 

Jan-2014 to 

Dec-2014 

NDVI 5 Km horizontal http://ladsweb.nasco

m.nasa.gov/data/sea

rch.html 

COSMIC-

1DVAR 

Jul-2013 to 

Jun-2014 

Refractivity 

(N) 

0.1 Km vertical  

HYSPLIT Jan-2014 to 

Dec-2014 

Backward  

trajectory 

5 day isentropic 

model (1km to 4 

km) 

http://ww.arl.noaa.g

ov/ready/hysplit4.ht

ml] 

FEER v1 Jan-2013 to 

Dec-2013 

fire radiative 

power (FRP) 

 http://ladsweb.nasco

m.nasa.gov/data/sea

rch.html 

S.No Seasons Correlation 

coefficient 

(R) 

Slope 

(
𝒀𝑪𝑯𝟒 (𝒑𝒑𝒎)

𝑿𝑪𝑶𝟐(𝒑𝒑𝒎)
) 

ψslope 
(ppm) 

Ψy-int 
(ppm) 

1 Monsoon 

(JJAS) 

0.61 0.005 0.00015 1.91 

2 Post-

monsoon 

(OND) 

0.72 0.0065 0.00014 1.52 

3 Winter 

(JF) 

0.80 0.0085 0.00018 9.13 

4 Pre-

monsoon 

(MAM) 

0.80 0.0059 0.00021 2.73 

http://ww.arl.noaa.gov/ready/hysplit4.html
http://ww.arl.noaa.gov/ready/hysplit4.html
http://ww.arl.noaa.gov/ready/hysplit4.html


Table 3 Seasonal amplitudes of CO2 and CH4 over study region arriving from different directions 721 

 722 

 723 

Table 4 Cluster analysis of air mass trajectories reaching Shadnagar at various heights during different 724 
seasons 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

Wind Direction Winter 
CO2

CH4
 (ppm) 

Pre-monsoon 
CO2

CH4
 (ppm) 

Monsoon 
CO2

CH4
 (ppm) 

Post-monsoon 
CO2

CH4
 (ppm) 

0-45 399.85/1.98 410.37/1.94 400.72/1.91 395.13/2.02 

45-90 391.66/1.94 399.59/1.89 388.82/1.91 390.23/1.98 

90-135 391.57/1.93 397.79/1.87 388.99/1.87 389.06/1.97 

135-180 389.34/1.89 393.87/1.85 391.81/1.86 387.69/1.97 

180-225 391.14/1.89 396.75/1.85 390.28/1.82 392.30/2.02 

225-270 389.13/1.88 394.81/1.86 390.26/1.82 384.40/1.94 

270-315 388.68/1.87 398.68/1.89 389.58/1.82 384.99/1.93 

315-360 390.87/1.91 401.17/1.89 387.58/1.83 389.32/1.98 

Seasonal 

Backward 

trajectory 

(%)  

NW  NE SE SW 

1 

km 

2 

km 

3 

km 

4 

km 

1 

km 

2 

km 

3 

km 

4 

km 

1 

km 

2 

km 

3 

km 

4 

km 

1 

km 

2 

km 

3 

km 

4 

km 

Winter 54 32 2 0 32 24 44 52 10 25 11 7 4 19 42 41 

Pre-monsoon 24 9 8 1 26 31 64 78 36 46 2 10 14 14 26 11 

Monsoon 0 1 7 19 12 34 80 70 4 4 4 6 84 61 9 5 

Post-

monsoon 

42 15 11 14 47 53 41 49 8 30 32 26 3 2 16 11 



 735 

 736 

 737 

 738 

 739 

 740 

Figure 1 a) Schematic representation of study area; b-e) Seasonal variation of prevailing meteorological 741 
conditions during 2014 742 

 743 

 744 



 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

Figure 2 a-b) Temporal  variations of CO2 and CH4; c-d) Seasonal variations of CO2 and CH4 in conjunction 753 
with NDVI (Normalized Difference Vegetation Index)during 2014 754 

 755 

 756 

 757 



 758 

Figure 3  a) Long term analysis of CO2 biomass burning emissions over study region b) Biomass signatures 759 
on CO2/CH4 during 14-21 April 2014, a case study c) Spatial distribution of MODIS derived fire counts 760 

over Indian region during 14-21 April 2014. 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 



Figure 4 Monthly variation of ∆CH4/∆CO2 during study period 776 

Figure 5 a-d) Seasonal variations of diurnal averaged CO2/CH4 against boundary layer height during 2014 777 

 778 

Figure 6 a-b) Daily mean scatterplot between wind speed and GHGs (CO2 and CH4). 779 

 780 

 781 



 782 

Figure 7 a-b) Daily mean seasonal variation of CO2 and CH4 as function of humidity and air temperature 783 
during 2014  784 



 785 

Figure 8 a-b) Daily mean seasonal variation of CO2 and CH4 as function of soil temperature and soil 786 
moisture during 2014 787 

 788 
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 790 

 791 

  792 

 793 

 794 

 795 

Figure 9 Seasonal difference in BLH against respective change in a) CO2 and b) CH4  796 



 797 

 798 

Figure 10 Time series analysis of a) CH4 vs. NOx, b) H2O vs. O3 799 
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 812 

 813 

Figure 11 a-d) Long range circulation of air mass trajectories ending over Shadnagar at 3 km during 814 
winter, pre-monsoon, monsoon and post-monsoon 815 

(a) 
(b) 

Expected high OḢ production 


