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Abstract:

Background:

This study is based on datasets acquired from multi sources e.g. rain-gauges, satellite, reanalysis and coupled model for the region of
Northwestern India. The influence of rainfall on crop production is obvious and direct. With the climate change and global warming,
greenhouse gases are also showing an adverse impact on crop production. Greenhouse gases (e.g. CO,, NO, and CH,) have shown an
increasing trend over Northwestern Indian region. In recent years, rainfall has also shown an increasing trend over Northwestern
India, while the production of rice and maize are reducing over the region. From eight selected sites, over Northwestern India, where
rice and maize productions have reduced by 40%, with an increase in CO,, NO, and CH, gas emission by 5% from 1998 to 2011.

Results:

The correlation from one year to another between rainfall, gas emission and crop production was not very robust throughout the
study period, but seemed to be stronger for some years than others.

Conclusion:

Such trends and crop yield are attributed to rainfall, greenhouse gas emissions and to the climate variability.

Keywords: Greenhouse gases, CH,, Climate Variability, Emissions, Crop production, Rainfall.

1. INTRODUCTION

In South Asian countries, India has a big contribution with agricultural grain and food productions especially rice
import (Gaiha and Kulkarni, 2007) followed by other Asian countries. A good portion of the Indian landmass is
surrounded by oceans, one of the main sources of CO, and moisture during summer monsoon (Gurber et al. 2009).
From the time of industrial revolution, the concentration of the tropospheric CO, rose from 290 to 403.64 ppm, NO,
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rose from 270 to 326 and CH, rose from 722 to 1893 ppm (CDIAC 2015). Water vapor, CO, and CH, are the three top
most greenhouse gases for global warming potential (Daniel 1999). These greenhouse gases keep on increasing in the
atmosphere and have an adverse impact on human health and grain production (Horowitz 2006; Avnery et al. 2011).
The sources of these greenhouse gases (e.g. CO,, NO,, CH,) are transportation, combustion, fossil-fuel burning, ocean
and wetlands. In India, during monsoon season, the possibilities of the production of the greenhouse gases increase,
because of the monsoonal winds passing over the ocean surface, and the land becomes wet and soggy and live stocks
also get wet. NO, gases emit due to fertilization scattering in farm lands, wetland and the augmentation of the first
rainfall over dry land (Mosier et al. 2003). India is one of the countries known for agriculture and farming tied with
monsoonal rainfall (Gadgil and Gadgil 2006). Methane is formed due to microscopic organisms living in falling leaves
from the tree and in rice plant’s roots (Groenigen et al. 2011). Ocean stores CO, in the form of HCO, (carbonate ion) in
the mixed layer and deep water which comes upward on the surface from equatorial and subtropical ocean upwelling
where temperature is around 29°C (Somero et al. 2016).

During summer, farming in India depends on the monsoonal rainfall (Krishna Kumar et al. 2004). Natural rivers,
canals, lakes and ponds are not sufficient to fulfill the need of water for farming and bio diversity. Every year, Indian
summer monsoon pours copious rainfall over Indian landmass from June to September (Parthasarathy and Mooley
1978). India has 70% (86cm) of its annual rainfall within 4 months of summer. Indian summer monsoon rainfall
initiates around June 1, over the coast of Kerala state (Fig. 1) and gradually progresses northward, finally covering all
Indian landmass by July 15. In Fig. (1), smooth and curved lines of blue-red are oriented from west to North-East and
North, demonstrating five days’ northern limit of accumulated rainfall. These are the climatological dates of the very
first summer rainfall across every state over the Indian subcontinent.
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Fig. (1). Climatological dates of northern limit of Indian summer monsoon (isochrones) over Indian region (http://www.imd.gov.in).
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The isochrones of the onset of monsoon and northern limit of monsoon keep on varying each year (Kumar and
Krishnamurti 2013). At the first arrival of monsoonal rain over a region, farmers of that region start to germinate the
seeds for the new crop of rice. India is the second leading country after China, which produces the maximum load of
rice annually. From south to north, Indian farmers are actively engaged in sowing rice, coffee, tea, rubber, maize,
various kind of millets and cotton crops (Prasanna 2014). He further added if the monsoon rainfall is delayed, the
growth of the crop cultivation is also halted and affects the production of those crops for the year. It was experienced
that the production of crop declined during recent major drought years like 2002, 2004, 2009 and 2014. Next, South
Asian countries are known for the polluted air due to aerosol, burning of the crops and dust (Ramanathan et al. 2005).
Polluted environment, due to greenhouse gas emission, droughts, food production and societal degradation, directly
influences the Gross Domestic Product (GDP) and Food Grain Production (FGP) of India (Kumar et al. 2013).
Obviously, FGP shows a decreased trend during drought years (Gadgil and Gadgil 2006; Sinha 2009).
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Fig. (2). Optimized air-sea CO, flux (mole/m’/sec) for the global ocean from APDRC. It is model output. Positive values of CO,
show downward flux while negative values upwards. (a to I) Spatial pattern of CO, flux (*10” mole/m®/sec) for each year (m) CO,
flux (*10” mole/m’/sec), area averaged over the small box (shown in a) over Bay of Bengal.
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Many studies revealed that extreme rainfall events are increasing over Indian region (Goswami et al. 2005;
Rajeevan et al. 2008). During 1980-1990, the monsoonal rainfall used to be very continuous, light to moderate for 3-4
days. Such kind of rainfall can be compared with the drip irrigation for agricultural crops. Nowadays, monsoonal
rainfall is very heavy or very light and lasts for a smaller duration and quickly, water makes the way into rivers and
ponds. Porous of the soil get clogged due to the bombardment of heavy rainfall thus soil could not absorb water to the
deeper layer. There is a mix response from many recent studies on both the increasing and decreasing trends of Indian
summer monsoonal rainfall (Goswami et al. 2006; Bollasina et al. 2011).
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Fig. (3). (a to q) Wind anomalies from NCEP reanalysis at 850mb (m/sec) for all 17 years (r) Mean wind filed.

The production of rice and maize is being affected by climate variability (Ray ef al. 2015). Rice produces a
significant amount of methane due to stagnant water and rotten substances in the paddy field. Basically, these are
microscopic organisms that respire CO, and produce methane (CH,). No doubt, the emission of methane will become all
most double fold for per kg of rice production against the projected estimates of CO, and atmospheric temperature by
the end of this century (Groenigen et al. 2012; Lobell ef al. 2013). The model projections seem lower than that expected
in the higher CO, environment (Long et al. 2006). The land of the northern India is generally very dry before the arrival
of monsoon. Jaegle ef al. (2004) found the emission of NO, from dry soil, when it gets wet for the first time. Other
sources of the NO, are nitrogen laced fertilizer for soil, dry forest and grassland-savannas (Ghude et al. 2014). Other
main sources of gas emissions (CH, and NO,) are the industrial developments for the economic growth of a country. All
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around the metro cities, a lot of industrial development has been made for the convenience of transport and utilities,
contribute to greenhouse gases (Sahu et al. 2014). Obviously the sink and sources of these gases are located over ocean
and land, both (Watson et al. 1992).

Individually, there are plenty of research works explaining the role of various greenhouse gases and their influence
on crop production and the impact of rainfall on food production. However, there are not much progress on the research
which explains the role of greenhouses gases and summer rainfall on crops production. Understanding the role of
greenhouse gases and rainfall on grain production over the northern region is the main objective of this research work.
Here, we tried to relate rainfall and greenhouse gases variability against the production of grains over northern Indian
region. Average summer rainfall does not seem to show any trend over India but showing an increasing trend over few
pockets/cities. From the literature survey, we realized that greenhouse gases have great bearings on the crop yields, like
rice and maize. Due to such intriguing facts for rainfall, greenhouse gases and grain production drew our attention for
investigation. Are rainfall and greenhouse gases considered the main reasons behind the reduction of rice production?
The present manuscript is dealing with the main sources and potential impact of three greenhouse gases (CO,, CH, and
NO,) on the crops of rice and maize over north India. Based on the literature survey and objective of this research work,
we do hypothesize that increasing the greenhouse has a more impact on the crop’s production despite increasing trend
of rainfall.

2. METHODS

We used the trend analysis on rainfall, crop production and greenhouse gases, which facilitates about their
increasing and decreasing tendency with time. Another skill matrix was used in this study known as the Pearson
correlation among rainfall, crop production and greenhouse gases.

2.1. Datasets Used

The data used in this study were obtained from various sources for the duration of northern summer. CO, datasets
(mole/m*/sec) were acquired from APDRC; those were model generated (Takahasi et al. 2007). The resolution of
datasets is 1x1 deg lonlat and the datasets were generated using offline transport model at National Institute for
Environmental Studies (NIES), Japan. The assimilated CO, flux showed a good correlation on interannual scale with
the CO, flux obtained from atmospheric inversion (Valsala and Maksyutov 2010). As a limitation, CO, data was
available up to 2009 only. Rainfall data were taken from TRMM 3B42 monthly data for the period of 1998-2014
(Huffman et al. 2007). TRMM datasets were comparable against any contemporary datasets over Indian region with
good quality check, resolution and coverage. Furthermore, rainfall data were also obtained from coupled model
HadGEM2-ES for 1998-2012, which is better known for historical experiment datasets from CMIPS5 (Taylor ef al.
2012). HadGEM2-ES is an earth system model with a resolution of 1.875x1.25 deg lon-lat, 40 vertical levels, taken
from Hadley center UK (Collins et al. 2008). Martin et al. (2011) found comparable climate variability in the
simulations of HadGEM?2-ES against observations and other models. All other datasets of gas emission (NO, and CH,)
were acquired from TEMIS (Boresama et al. 2004). Optimum Interpolated SST was obtained from NOAA/NCEP
(Reynolds et al. 2002).

3. RESULTS

3.1. Variability and Sources of CO, in Indian Subcontinent

Oceans are considered one of the main sources and sinks of the greenhouse like water vapor and CO,. At polar
regions (colder region), CO, is sub-ducted, and over the equatorial region, (warmer regions > 29°C) it is exposed to
atmosphere (Matthews 1999). Fig. (2) shows spatial pattern of CO, flux anomalies from 1998 to 2009 for summer (June
to September) over the ocean. The figure shows that CO, flux enhanced continuously from 1998 to 2009 over Bay of
Bengal (Figs. 2a to 1). Positive values of CO, signify downward flux while negative values signify upwards flux. Over
the Bay of Bengal, optimized air-sea CO, flux (mole/m”/sec) showed an increasing trend of outgoing CO, (Fig. 2m),
averaged over a box (18-23°N, 88-92°E; see in Fig. (2a)). Increased CO, is considered for a better growth of plants and
yield of rice crop (Groenigen et al. 2013). In general, the region of Bay of Bengal is very active during Indian summer
monsoon. The wind speed over most of the Indian subcontinent has the order of 10-12 m/sec. Such intense winds can
carry moisture and CO, from ocean to the northern landmass of India. From AIRS satellite datasets, it was found that
the CO, was not mixed well over Indian landmass and over the surrounding oceans (Bay of Bengal, Arabian Sea and
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Indian Ocean). This research work does not ignore the fact of CO, emissions from Indian landmass by industrial
developments/manufactures, population and from other sources.

The wind anomalies from 1998 to 2014 are shown in Fig. (3a to q, r) shows climatologically wind pattern across
Indian sub-continent, which appears to be turning to Indian region from the Bay of Bengal. These panels of wind
anomalies demonstrate how every year wind carries a substantial greenhouse gas emitted from the ocean. To further
demonstrate the importance of warmer sea surface temperature in relation with CO,, Figs. (4a to q) displays the NOAA
OISST anomalies from 1998 to 2014. Fig. (4r) illustrates the climatological Sea Surface Temperature (SST) for
summer monsoon around Indian region. Most of the time, SST over the Bay of Bengal remains quite high. The factors
of intense wind and warm SST help to enhance the upward CO, flux over the Bay of Bengal region. CO,-laced
monsoonal winds enter Indian region during the summer, a season when Indian farmers start to sow the crops of rice
and maize. Elevated CO, and global warming may affect the yield of rice production.
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Fig. (4). (a to q) OISST anomalies (k) for all the 17 years; (r) Climatological OISST.
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3.2. Variability of NO, and CH, over Indian Region

The Punjab state is best known for “Grain Bowl” of India, which is very well irrigated by monsoonal rain, natural
rivers and canals. To increase the production of crops, farmers utilize urea and nitrogen-allied fertilizer, which is one of
the most common reasons of NO, emission from farming. Tropospheric NO, was from 2003 to 2014 for summer (Figs.
5a to 1). At first glance, one can easily come out with a point that from Punjab to West Bengal, NO, was monotonically
increasing. Two rectangular boxes were considered to investigate the gas emissions and their association with crop
yields. Fig. (5m) shows an increasing trend of the tropospheric NO,. The value of the coefficient of determination (R?)
was observed to be quite high for both the line graphs. Emission of NO, from other sources like industrial development
and crowded traffic are very well known on Gangetic plains of India (Figs. Sa to 1). Other noticeable areas where NO,
was found to increase were Arabian Sea and Bay of Bengal. Sheel ef al. (2010) and Ghude et al. (2014) showed an
increasing trend of NO, for the Indian mega cities due to industrial development and traffic growth. NO, is contributed
by not only transportation, road vehicles, soil, fodders, but a good portion of it is provided from the ocean as well.
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Fig. (5). (a to 1) Tropospheric NO, total for JJAS from 2003 to 2014 over Indian region (Source SCIAMACHY and OMI); (m) Total
tropospheric NO, averaged over smaller and bigger regions for JJAS over Indian region.

Methane is the very next greenhouse gas which is produced anthropogenically as a product from rice crops
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(Groenigen et al. 2011, 2013). As compared to CO,, the quantity of CH, is very less in the atmosphere but the
contribution for global warming is many folds than CO,. CH, dataset was available only for 9 years from 2003 to 2011.
Retrieved CH, enhanced a large part of India except Southern India. There was an enhancement of CH, over Indo-
Gangetic plains, a region of rice crop production and irrigated by monsoonal rain. Figs. (6i to j) shows the increasing
trend over bigger and smaller rectangular boxes from Indian landmass region. This greenhouse gas is mainly produced
from rice crops due to micro-organism at their roots in water loaded fields.
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3.3. Association between Rainfall Variability and the Emission of Gases over Indian Region

In the summer and rainy season over Indian region, NO, emits to the atmosphere from dry soil (when it gets first
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time wet), wetland, live-stocks and commonly used urea fertilizer used for farming (Jaegle et al. 2014). The paddy
fields are stranded with water in summer monsoon season. The roots of paddies are the main sources of CH, production.
Here, it will be interesting to analyze the variability in rainfall in connection with gas emissions and crop yields. Indian
summer monsoon rainfall has a great temporal and spatial variability. This research work analyzed 17 years of monthly
rainfall data from TRMM. Fig. (7a to q) shows the rainfall anomaly for each year averaged for summer (June to
September). Indian landmass is witnessed with the series of drought and flood years on annual scales. For years 2006,
2007 and 2010-2013, Western India witnessed an increasing trend of widespread rainfall during a summer season.
Rainfall averaged over a bigger region (70-90E; 7-32N) and smaller region (70-78E; 17-30N) shows an increasing trend
(Fig. 7r). These two curves almost follow the same variation of ups and down representing the same variability of
rainfall over small and bigger region. To note, Western Indian region is an almost arid region as compared to the rest of
India.
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lat=7, 1at=32). These boxes are shown in top-left corner of Fig. (1a).
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3.4. Rainfall, Greenhouse Gas Emissions and Crop Yield

We selected three major cities from Rajasthan state, Ajmer, Bharatpur and Sawai Madhopur to analyze rice
production (Figs. 8a to ¢) and its relation to rainfall and NO, emission (Figs. 9a and 9b). Next, five cities, Saharanpur,
Muzaffarnagar, Meerut, Ghaziabad and Mathura were selected from Uttar Pradesh state for Maize crop yield (Figs. 10a
to ¢). On these locations, the emitted gas (here NO,) showed an increase trend while crop production showed a decrease
(Fig. 10). Future projections for the production of maize are a bit problematic over Indian region (Deyyng et al. 2014),
keeping in mind that rice crop needs more water than other crops like wheat, millet efc. Surprisingly monsoonal rainfall
is continuously showing increasing trends over these cities (Fig. 7r). It is evident from the line graph that the production
of rice is not regularly decreasing. It shows annual variations. Ajmer and Sawai Madhopur show a negative correlation
between rainfall and tropospheric NO, of -0.59 and 0.14, respectively, while Bharatpur shows a positive correlation of
0.32. One of the plausible reasons may be the crop yield which is decreasing due to increase in greenhouse gases.
Somehow the correlation between CO, and rice crop has been very limited for the selected sites except for the
correlation of -0.50 over Bharatpur. In the presence of CO, basically, the crop yield should increase.
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Fig. (9). (a) Rainfall anomalies over 3 sites (Ajmer, Bharatpur and Sawai Madhopur) from Rajasthan; (b) Same as (a) except for total
tropospheric NO,.

In another analysis, we attempted to analyse the dependency of maize production on rainfall and NO, gas emissions.
Over western Uttar Pradesh, the production of maize has decreased drastically while the rainfall and NO, have shown
an increasing trend. The correlations between rainfall and NO, for these 5 locations of western Uttar Pradesh were
observed to be very small except in the case of Mathura (-0.5). The linear correlation between NO, and Maize
production also seemed to be very low. Over the selected sites from north-west India, the production of rice and maize
has reduced by ~40% and the increase in greenhouse gases was almost 5% from 1998 to 2011. The correlation between
rainfall and maize production was observed to be a bit higher than rainfall and rice. Such kind of reduction in these food
productions (Those are among regular foods of country-man in India), can bring social hardship and economical
downsize of the country. An analysis of rainfall data from the historical experiment of HadGEM2-ES (from CMIPY) is
shown in Fig. (11). The rainfall over these 8 selected regions shows the increasing trend from earth system model. How
do farmers make use of and store monsoonal water for irrigation need, an extra thought to mull over?
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(c) Total tropospheric NO,.

4. DISCUSSIONS

One perspective of this finding may be due to change of farmer’s farming style because these crops require more
care such as, protection against insects, heat waves, surface ozone and extreme rainfall events. No doubt, the major
impact of the heat waves and the warmer temperature is during the reproductive stage of the crop, consequently, maize
production reduces significantly (Hatfield and Prueger 2015). It may be suggested that modified/hybrid breed of rice,
maize may tolerate the enhanced greenhouse gases and atmospheric warming which can produce more crop yield and
have tolerance against greenhouse gases and rainfall deficiency. Further, the advancement than the regular practice, in
the rice crop may reduce methane emission and hence crop yield for the larger population. The decrease in farming
production may not be merely due to greenhouse gases emission and surface ozone, but, there may be some other
reasons. No doubt the agriculture production may be affected by local factors e.g. extremely high temperature, droughts
and prevalence of insects as well. The crop yield may increase through the genetically modified crop, which can sustain
with changing climate and global warming in monsoonal Asia’s crop specific modeling or WRF-CHEM may provide a
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better understanding of how do emission of greenhouse gases, rainfall and crop production influence each other. In
future research work, an attempt will be made to work with the inventories of CO,, NO,, CH, and O, on the Indian
subcontinent and their impact on crop production.
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Fig. (11). Rainfall anomalies from historical data of HadGEM2-ES coupled atmospheric and ocean climate model. For all the
selected regions rainfall is showing increasing trend.

Datasets acquired from the model pose the following caveats: coarser resolution, parameterization, resolution of
gases in vertical column/layer of the atmosphere efc. After day-1, the model’s results started to deviate from reality.
Satellite datasets are based on brightness, temperature or infrared sounders and are finally retrieved by an algorithm. In
the presence of dense and towering clouds, satellite datasets experienced error in the measurement of various gases. All
the datasets presented in this research work are global, so the general circulation in the chemistry model takes care of
the transportation of the pollution and aerosols. Crop production datasets represent a point location in the northern
Indian. Thus, the results may not represent and apply to the total region of northern India. Inherently, the results in the
manuscript carry the limitation, uncertainties, and caveats of the datasets. The factor of the crop disease is not
considered in this research while stating reduction in crop’s yields. To access such, factors, a crop model may provide
better results.

CONCLUSION

The link between three entities rainfall, gas emission and crop yield is being established over selected sites of
northwestern India. Over Indian region, the presence of CO, seemed to be increased due to natural (ocean surface
warming in Bay of Bengal, Arabian sea and Indian ocean; decomposition...efc.) and human sources (deforestation,
emission from loads of traffics...efc.). In a separate analysis, it was found that the rainfall and greenhouse gases (e.g.
NO,, CO, and CH,) showed an increasing trend over the selected sites. Furthermore, with the increase of gas emissions
(e.g. NO,, CO, and CH,), there was a decrease in crop yield (production of rice and maize showed decreasing trends).
This relationship has been established based on the correlation metric over the site-specific datasets of rainfall,
greenhouse gases and crop production. In recent years, it has been found that the northern Indian region witnessed an
increase in rainfall, whereas the production of rice and maize has reduced. Eight sites over north-western India showed
reduction in the production of rice and maize by 40% together with an increase of CO,, NO, and CH, gas emission by
5% from 1998 to 2011.

CONSENT FOR PUBLICATION
Not Applicable.

CONFLICT OF INTEREST

The authors do not have any conflict of interest with any scientist in this field.

ACKNOWLEDGEMENTS
The authors are thankful to TEMIS, CMIP5, NCEP, TRMM and GrADS for their datasets and plotting packages



60 The Open Ecology Journal, 2018, Volume 11 Kumar et al.

available for research purposes.

REFERENCES

Avnery, S, Mauzerall, DL, Liu, J & Horowitz, LW (2011) Global crop yield reductions due to surface ozone exposure: 1. Year 2000 crop production
losses and economic damage. Atmos Environ, 45, 2284-96.
[http://dx.doi.org/10.1016/j.atmosenv.2010.11.045]

Boersma, KF, Eskes, HJ & Brinksma, EJ (2004) Error analysis for troposheric NO2 retrieval from space. J Geophys Res, 109, 4311.
[http://dx.doi.org/10.1029/2003JD003962]

CDIAC. (2015). http://cdiac.ornl.gov/pns/current_ghg.html

Collins, WJ (2008) Evaluation of the HadGEM?2 model http://www.metoffice.gov.uk/publications/HCTN/index.html

Daniel, J (1999) Introduction to atmospheric chemistry, Princeton University Press 25-6.

Deryng, D, Conway, D, Ramankutty, N, Price, J] & Warren, R (2014) Global crop yield response to extreme heat stress under multiple climate change
futures. Environ Res Lett, 9, 1-13.

[http://dx.doi.org/10.1088/1748-9326/9/3/034011]

Gadgil, S & Gadgil, S (2006) The Indian monsoon, GDP and agriculture. Econ Polit Wkly, 4887-95.

Gaiha, R & Kulkarni, VS (2007) Foodgrain surpluses, yields and prices in India. Global forum on agriculture: Policy coherence of development Paris,
France.

Ghude, SD, Jena, C, Chate, DM, Beig, G, Pfister, GG, Kumar, R & Ramanathan, V (2014) Reductions in India’s crop yield due to Ozone. Geophys
Res Lett, 41, 5685-91.
[http://dx.doi.org/10.1002/2014GL060930]

Goswami, BN, Venugopal, V, Sengupta, D, Madhusoodanan, MS & Xavier, PK (2006) Increasing trend of extreme rain events over India in a
warming environment. Science, 314(5804), 1442-5.
[http://dx.doi.org/10.1126/science.1132027] [PMID: 17138899]

van Groenigen, KJ, Osenberg, CW & Hungate, BA (2011) Increased soil emissions of potent greenhouse gases under increased atmospheric CO,
Nature, 475(7355), 214-6.
[http://dx.doi.org/10.1038/nature10176] [PMID: 21753852]

Groenigen, KJV & Kessel, CV (2012) Increased greenhouse-gas intensity of rice production under future atmospheric conditions. Nat. Clim. Change,
288-291.

Gurber, (2009) Oceanic sources, sinks, & transport of atmospheric CO,. Global Biochem Cyc, 23, GB1005
[http://dx.doi.org/10.1029/2008GB003349]

Hatfield, J L & Prueger, J H (2015) Temperature extremes: Effect on plant growth and development. Wea And Clim Ext,, 10, 4-10.

Horowitz, LW (2006) Past, present, and future concentrations of tropospheric ozone and aerosols: Methodology, ozone evaluation, and sensitivity to
aerosol wet removal. J Geophys Res D Atmospheres, 111, D22211.

[http://dx.doi.org/10.1029/2005JD006937]

Huffman, GJ, Adler, RF, Bolvin, TD, Gu, G, Nelkin, EJ, Bowman, KP, Hong, Y, Stocker, EF & Wolff, BD (2007) The TRMM Multi-satellite
Precipitation Analysis: Quasi-Global, Multi-Year, Combined-Sensor Precipitation Estimates at Fine Scale. J Hydrometeorol, 8, 38-55.

[http://dx.doi.org/10.1175/JHM560.1]

Jaeglé, L (2004) Satellite mapping of rain-induced nitric oxide emissions from soils. J Geophys Res, 109, D21310.
[http://dx.doi.org/10.1029/2004JD004787]

Kumar, NK, Rajeevan, M, Pai, DS, Srivastava, AK & Preethi, B (2013) On the observed variability of monsoon droughts over India. Weather Clim
Extrem, 1, 425-0.

Kumar, V & Krishnamurti, TN (2015) Mesoscale modeling for the rapid movement of monsoonal isochrones. Atmosc Sci Lett, 17, 78-86.

Lobell, DB, Schlenker, W & Costa-Roberts, J (2011) Climate trends and global crop production since 1980. Science, 333(6042), 616-20.
[http://dx.doi.org/10.1126/science.1204531] [PMID: 21551030]


http://dx.doi.org/10.1016/j.atmosenv.2010.11.045
http://dx.doi.org/10.1029/2003JD003962
http://cdiac.ornl.gov/pns/current_ghg.html
http://www.metoffice.gov.uk/publications/HCTN/index.html
http://dx.doi.org/10.1088/1748-9326/9/3/034011
http://dx.doi.org/10.1002/2014GL060930
http://dx.doi.org/10.1126/science.1132027
http://www.ncbi.nlm.nih.gov/pubmed/17138899
http://dx.doi.org/10.1038/nature10176
http://www.ncbi.nlm.nih.gov/pubmed/21753852
http://dx.doi.org/10.1029/2008GB003349
http://dx.doi.org/10.1029/2005JD006937
http://dx.doi.org/10.1175/JHM560.1
http://dx.doi.org/10.1029/2004JD004787
http://dx.doi.org/10.1126/science.1204531
http://www.ncbi.nlm.nih.gov/pubmed/21551030

Greenhouse Gas Emission, Rainfall and Crop The Open Ecology Journal, 2018, Volume 11 61

Long, SP, Ainsworth, EA, Leakey, ADB, Nosberger, J & Ort, DR (2006) Food for thought: Lower-than-expected crop yield stimulation with rising
CO, concentrations. Science, 312(5782), 1918-21.
[http://dx.doi.org/10.1126/science.1114722] [PMID: 16809532]

Martin, GM (2011) The HadGEM2 family of Met Office Unified Model climate configurations. Geosci Model Dev, 4, 723-57.
[http://dx.doi.org/10.5194/gmd-4-723-2011]

Matthews, BJH (1999) The rate of air-sea CO2 exchange: chemical enhancement and catalysis by marine microalgae PhD thesisSchool of
Environmental Sciences, University of East Anglia, Norwich.

Parthasarathy, B & Mooley, DA (1978) Some features of a long homogeneous series of Indian summer monsoon rainfall. Mon Weather Rev, 106,
771-81.
[http://dx.doi.org/10.1175/1520-0493(1978)106<0771:SFOALH>2.0.CO;2]

Prasanna, V (2014) Impact of monsoon rainfall on the total foodgrain yield over India. J Earth Syst Sci, 123(5), 1129-45.
[http://dx.doi.org/10.1007/s12040-014-0444-x]

Rajeevan, M & Bhate, J (2008) Analysis of variability and trends of extreme rainfall events over India using 104 years of gridded daily rainfall data.
Geophys Res Lett, 35, 18.
[http://dx.doi.org/10.1029/2008GL035143]

Ramanathan, V, Chung, C, Kim, D, Bettge, T, Buja, L, Kiehl, JT, Washington, WM, Fu, Q, Sikka, DR & Wild, M (2005) Atmospheric brown clouds:
impacts on South Asian climate and hydrological cycle. Proc Natl Acad Sci USA4, 102(15), 5326-33.
[http://dx.doi.org/10.1073/pnas.0500656102] [PMID: 15749818]

Ray, DK, Gerber, JS, MacDonald, GK & West, PC (2015) Climate variation explains a third of global crop yield variability. Nat Commun, 6, 5989.
[http://dx.doi.org/10.1038/ncomms6989] [PMID: 25609225]

Reynolds, RW, Rayner, NA, Smith, TM, Stokes, DC & Wang, W (2002) An improved in situ and satellite SST analysis for climate. J Clim, 15,
1609-25.
[http://dx.doi.org/10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2]

Sahu, SK, Beig, G & Parkhi, N (2014) Critical Emissions from the Largest On-Road Transport Network in South Asia. Aerosol Air Qual Res, 14,
135-44.

Sheel, V, Lal, A, Richter, A & Burrows, JP (2010) Comparison of satellite observed tropospheric NO2 over India with model simulations. Atmos
Environ, 44, 3314-21.
[http://dx.doi.org/10.1016/j.atmosenv.2010.05.043]

Sinha, P Will weak monsoon hit GDP, fuel inflation? The Times of India, August 7.

Somero, GN, Beers, JM, Chan, F, Hill, TM, Klinger, T & Litvin, SY (2016) What changes in the carbonate system, oxygen, and temperature portend
for the Northeastern Pacific Ocean: A Physiological Perspective. Bioscience, 66(1), 14-26.
[http://dx.doi.org/10.1093/biosci/biv162]

Takahashi, T, Sutherland, SC & Kozyr, A Global ocean surface water partial pressure of CO2 database: measurements performed during 1968-2006
(Version 1.0). ornl/cdiac-152, ndp-08. Carbon Dioxide Information Analysis Center 20.

Taylor, KE, Stouffer, RJ & Meehl, GA (2012) An Overview of CMIP5 and the experiment design. Bull Am Meteorol Soc, 93, 485-98.
[http://dx.doi.org/10.1175/BAMS-D-11-00094.1]

Valsala, V & Maksyutov, S (2010) Simulation and assimilation of global ocean pCO2 and air—sea CO, fluxes using ship observations of surface
ocean pCO, in a simplified biogeochemical offline model. Tellus, 62B, 821-40.
[http://dx.doi.org/10.1111/j.1600-0889.2010.00495.x]

© 2018 Kumar et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a
copy of which is available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.


http://dx.doi.org/10.1126/science.1114722
http://www.ncbi.nlm.nih.gov/pubmed/16809532
http://dx.doi.org/10.5194/gmd-4-723-2011
http://dx.doi.org/10.1175/1520-0493(1978)106<0771:SFOALH>2.0.CO;2
http://dx.doi.org/10.1007/s12040-014-0444-x
http://dx.doi.org/10.1029/2008GL035143
http://dx.doi.org/10.1073/pnas.0500656102
http://www.ncbi.nlm.nih.gov/pubmed/15749818
http://dx.doi.org/10.1038/ncomms6989
http://www.ncbi.nlm.nih.gov/pubmed/25609225
http://dx.doi.org/10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2
http://dx.doi.org/10.1016/j.atmosenv.2010.05.043
http://dx.doi.org/10.1093/biosci/biv162
http://dx.doi.org/10.1175/BAMS-D-11-00094.1
http://dx.doi.org/10.1111/j.1600-0889.2010.00495.x
https://creativecommons.org/licenses/by/4.0/legalcode

	Greenhouse Gas Emission, Rainfall and Crop Production Over North-Western India 
	[Background: ]
	Background: 
	Results:
	Conclusion:

	1. INTRODUCTION
	2. METHODS
	2.1. Datasets Used

	3. RESULTS
	3.1. Variability and Sources of CO2 in Indian Subcontinent
	3.2. Variability of NO2 and CH4 over Indian Region
	3.3. Association between Rainfall Variability and the Emission of Gases over Indian Region
	3.4. Rainfall, Greenhouse Gas Emissions and Crop Yield

	4. DISCUSSIONS
	CONCLUSION
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




