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Abstract

The terrestrial biosphere plays a pivotal role in removing carbon from the atmosphere. The removal processes are primar-
ily affected by the presence of extreme temperature in the atmosphere. Little information is available on carbon removal
response by the terrestrial biosphere during extreme temperature events over the Indian region. India has witnessed fre-
quent and intense heatwaves in the recent past, and future projections about the frequency of heatwave occurrence suggest
a further increase in the changing climate scenario. This study used surface CO, flux observations and satellite retrieved
columnar and mid-tropospheric CO, concentrations to understand atmospheric CO, variability and its transport patterns with
anomalously high-temperature events such as heatwave conditions over India. Intensification of temperature up to 32 °C has
increased the atmosphere-biosphere CO, fluxes (carbon sink). But further intensification in temperature (> 32-33 °C), like
those observed during heatwaves, tends to drive the ecosystem to act as a CO, source into the atmosphere due to reduced
ability to absorb atmospheric CO,. Such excess CO, fluxes may lead to change in the atmospheric CO, concentration via
atmospheric circulation or the vertical transport of the air masses from the near-surface to the upper levels in the atmosphere.
The satellite observed CO, concentration is elevated by 2-3 ppm during the heatwave conditions over India. The impact of
extreme temperature on the biospheric sink capability in the carbon cycle, leading to an increase in the atmospheric CO,
concentration, is one of the significant outcomes of this study.

Abbreviations NDVI  Normalized Difference Vegetation Index
GHG Greenhouse gas ISMR  Indian Summer Monsoon Rainfall
Cco, Carbon dioxide MAM  March April May
XCO,  Columnar carbon dioxide AIRS  Atmospheric InfraRed Sounder
NEE Net Ecosystem Exchange OCO-2 Orbiting Carbon Observatory-2
PAR Photosynthetically Active Radiation AMSL Above Mean Sea Level
VPD Vapour Pressure Deficit
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observed data, Oza and Kishtawal (2015) have shown that
India has a dominant tendency towards the warming period.
Annual minimum temperature over more than 50% of India
showed warming at the rate of 0.24 °C per decade (Rao
et al. 2014). In most surface temperature data sets, the years
2014, 2015, and 2016 set new global heat records since regu-
lar in situ measurements started (Rahmstorf et al. 2017).
For India, the annual average land surface air temperature
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indicates 2016 as the warmest year since national records
commenced in 1901 (Srivastava et al. 2017).

The pre-monsoon season in India, including March,
April, and May (MAM)), is a hot weather season, with the
majority of heat waves occurring in May and sometimes in
April. Almost the entire South Asian region experiences hot
weather extremes in this season. Such recurring extremi-
ties have resulted in a severe societal loss. The frequency
of hot days and hot nights showed a widespread, increas-
ing trend. There was an increase in the number of hot days
over the country during the pre-monsoon season, as reported
by Kothawale et al. (2010). Similar features until the year
2015 were reported by Rohini et al. (2016). They suggested
abnormal, persistent high atmospheric pressure at the sur-
face with the anti-cyclonic flow supplemented with clear
skies and depleted soil moisture is primarily responsible for
the occurrence of the heatwaves over India. For the Indian
region, Kothawale and Kumar (2005) reported a signifi-
cant increasing trend of around 0.2 °C per decade in the
annual mean, maximum, and minimum temperatures during
the recent three decades of 1971-2003. Seasonal warming
trends over different regions and temperature extremes of
different intensities and duration have also been reported
(Ray and De 2003; Roy and Balling 2005; Dash and Hunt
2007; Dash and Mamgain 2011). The recent year of 2015
was the third-warmest year since records commenced in
1901 based on the annual mean land surface air temperature
averaged over India, which was 0.7 °C above the 1961-90
average (Srivastava et al. 2016). The increasing tempera-
ture trend over India is noticed for the last few decades;
details can be found in Sanjay et al. (2020). A recent study
by Perkins-Kirkpatrick and Lewis (2020) features the fre-
quency of heatwaves increasing worldwide in the chang-
ing climate scenario, leading to more heat and warming.
The vulnerability of the population rises with any change in
the frequency or intensity of the heat waves. Many regions
of the world, previously not affected by the heatwaves, are
now reporting the loss of lives and economic losses due to
intense heatwaves. In such an increased warming scenario
of temperature trends and heatwave days, it becomes cru-
cial to understand the biosphere’s response in the presence
of extremely high temperatures. This might affect the car-
bon sequestration capacity of the biospheric sink processes,
which are a vital component in absorbing the global anthro-
pogenic and natural CO, emissions.

Atmospheric CO, concentrations have broken all the
records and reported the highest ever concentrations cross-
ing 400 ppm in 2015 in recent times. India is one of the
largest and fastest-growing economies in South Asia and
experiencing high energy demand for its economic growth.
Atmospheric CO, emissions in India are directly linked
to economic growth (Udemba et al. 2020, 2021; Adebayo
et al. 2021). Climate variabilities also modulate year-to-year
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variation of atmospheric CO, concentrations. These variabil-
ities are often studied in association with various large-scale
phenomena such as El Nino, where warm conditions (higher
sea surface temperatures than normal) showed increased
atmospheric CO, concentrations (Kim et al. 2016; Kumar
et al. 2016). Further, inter-annual variability associated with
drought years of Indian Summer Monsoon Rainfall ISMR)
shows an increase in atmospheric CO, concentrations due
to the decrease in NDVI and enhanced surface temperatures
(Tiwari et al. 2014). Revadekar et al. (2016) studied the vari-
ation of atmospheric CO, concentrations during active/break
phases (Inter-annual variability) of ISMR and showed that
the break phases decrease the CO, concentrations in the
atmosphere. This reduced concentration is mainly due to
weak circulation in the atmosphere, and also, a stronger bio-
spheric sink prevails during the break period (Valsala et al.
2013). Opposite features are seen during the active phase
of the monsoon. Other than these, temperature variability
has also been studied in link with the atmospheric CO, con-
centration levels, suggesting that these two vary together
(Liithi et al. 2008; Kumar et al. 2014). The year 2015 was a
deficient summer monsoon rainfall season for India. In addi-
tion, it was a year when during the pre-monsoon months of
MAM, intense heatwave occurrence led to the loss of more
than 2500 human lives (Guha-Sapir et al. 2016; Rohini et al.
2016; Pattanaik et al. 2017). Previous studies, as mentioned,
discussed the factors associated with the intensification of
atmospheric CO, during a deficient summer rainfall season.
The intensification related to extreme temperature events
such as heatwave occurrence during the pre-monsoon season
is to be explored.

Atmospheric CO, concentrations peak over the major
parts of the Indian region during the MAM season,; this is
possibly due to reduced photosynthetic activity (weak bio-
spheric sink) and elevated surface temperatures. Most of
these studies are limited to annual to seasonal scales. One of
the sub-seasonal modes of temperature variation character-
ized by anomalously high temperatures is observed as heat-
waves, which may also alter the concentration of CO, in the
atmosphere. The average summer temperature during MAM
over India’s northern plains goes beyond 30 °C and is aided
by the prevailing heatwaves over this region. The tempera-
ture pattern during the heatwave period of 2015 is shown in
Fig. 1a (detailed features are discussed in Sect. 3.1). Extreme
high-temperature episodes are sometimes observed even
during the onset of the summer monsoon rainfall season
(June, July) at several stations over India. CO, loading in
the atmosphere is suspected to be due to the higher tem-
peratures and weak photosynthetic activity. Therefore, it
becomes vital to understand the variability of CO, in the
presence of extreme temperature episodes over India. As
surface CO, observations are sparse in India, it becomes dif-
ficult to study this problem on a country scale. To investigate
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Fig.1 Spatial distribution of detrended surface temperature during a
prolonged heatwave of the year 2015, b difference between tempera-
tures during the heatwave and non-heatwave period of the year 2015,

this, we utilized eddy-covariance-based surface CO, flux
observations, satellites OCO-2 and AIRS retrievals, and Era-
interim meteorological parameters (e.g., surface temperature
and winds) during heatwave conditions in India. Anomalous
features in satellite retrieved CO, concentration, and wind
circulation patterns, are examined in this study, studying the
case of intense heatwave occurrence during 2015. Circula-
tion parameters may have been responsible for changes in
observed CO, distribution in the troposphere. This study is
the first attempt to report the intensification of CO, emis-
sions hence the atmospheric concentrations, linked to the
extreme high-temperature occurrences such as heatwaves
over the Indian region.

2 Data and methodology
2.1 Surface CO, flux observations

We use the surface CO, fluxes called Net Ecosystem
Exchange (NEE) from two different ecosystems over India.
These are from an agricultural ecosystem, Barkachha in
north India (Deb Burman et al. 2020), and Pichavaram man-
grove forest in south India (Gnanamoorthy et al. 2020). Sur-
face CO, flux (NEE) observations shown in Fig. 2 are from
the BarkachhaBarkacha site, obtained during 2014-2016,
phase III of Cloud-Aerosol Interaction and Precipitation
Enhancement Experiment (CAIPEEX) (Prabha et al. 2011).
As part of the ground campaign, a 20 m tall tower was
erected in the south campus of the Banaras Hindu University
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and c difference between temperatures during the heatwave and non-
heatwave period for the mean period 2004-2015

at Barkachha (25.06° N, 82.59° E, 169 m AMSL), approxi-
mately 90 km southwest of the Varanasi city in the state of
Uttar Pradesh, India (Resmi et al. 2019; Sathyanadh et al.
2017). An eddy covariance (EC) setup was installed on the
tower at 5 m height, consisting of a WindMaster Pro 3D
sonic anemometer-thermometer (Gill Instruments, Lym-
ington, UK) and an open-path infrared CO,-H,O analyzer
(IRGA) LI7500A (Li-COR Inc. Lincoln, Nebraska, USA).
The half-hourly CO, flux (NEE in umol m~2 s~!) has been
calculated using these 10 Hz EC measurements by the
Reynolds averaging method (Aubinet et al. 1999). A set of
recommended pre- and post-flux calculation quality control
measures, including linear detrending, have been applied to
remove various noises and ensure the quality and accept-
ability of the flux data. The details about the flux calculation
and quality control measures can be found in Deb Burman
et al. (2020). The half-hourly air temperature (7, in °C)
was measured by a WXT520 (Vaisala Oyj, Vantaa, Finland)
multi-component weather sensor at 3 m on the tower and
saved in a CR3000 data-logger (Campbell Scientific, Logan,
Utah, USA).

The data used in Fig. 3 is from the Pichavaram tropi-
cal mangrove wetland (lat. 11° 20’ N; long. 79° 55" E, the
location is shown in Fig. 2d). This site is a part of a micro-
meteorological observational network based on the Eddy
Covariance (EC) technique, named MetFlux India, operated
by IITM Pune and funded by the Ministry of Earth Sciences,
the Government of India (Chakraborty et al. 2020). NEE
observations during the MAM months of the year 2018 are
plotted against the ambient air temperature (7;,) in Fig. 3a.

ir.
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Fig.2 The dependence NEE on a air temperature and b vapor pres-
sure deficit (VPD) during summer monsoon months of 2014-2016 at
Barkachha, Uttar Pradesh, India. Red circles (blue circles) show sum-

The details about the flux calculation and quality control
measures are available in Gnanamoorthy et al. (2020). The
half-hourly air temperature (7, in °C) was measured by a
WXT520 (Vaisala Oyj, Vantaa, Finland) multi-component
weather sensor at 2 m, 6 m, and 10 m on the tower and saved
in a CR3000 data-logger (Campbell Scientific, Logan, Utah,
USA). In Figs. 2 and 3, only the daytime measurements are
considered.

2.2 Satellite measured CO, concentration

This study used CO, concentrations retrieved from Orbit-
ing Carbon Observatory-2 (OCO-2) and Atmospheric Infra-
red Sounder (AIRS) aboard Aqua satellite over the Indian
domain. AIRS has been functional since 2002 and OCO-2
since September 2014. CO, retrievals from these satel-
lites have been used in many studies and proved reliable in

@ Springer

Winter
() 10

o

NEE (umol m2s™")

0 20 40
VPD (hPa)

BM

Aug Sep Oct Nov Dec {

mer monsoon months during JJAS (winter months during DJF). The
solid lines (red) are regression lines, ¢ cumulative monthly rainfall at
Barkaccha, and d location of observation sites (red circles)

revealing the CO, distribution globally and regionally in the
troposphere (Jiang et al. 2010; Kumar et al. 2016; Revadekar
et al. 2016; Golkar et al. 2020). The short wave infra-red
(SWIR) band enables OCO-2 to capture the variation in
XCO, due to the fluctuation in source and sinks. OCO-2
instrument covers 1.29 km X 2.25 km footprint at nadir,
and acquiring up to eight such footprints provides overall
swath width of 10.3 km. It measures the XCO, combining
the measurements in its three spectral bands with a standard
deviation within 1.5 ppm (Wu et al. 2018). XCO, data of
OCO-2 downloaded in a gridded format from NASA’s web-
site https://co2.jpl.nasa.gov/ at 100 km X 100 km grid spac-
ing and averaged to 250 km X250 km to match it with the
resolution of AIRS retrievals. With its high resolution and
SWIR sensors, OCO-2 can better capture the variations near
the earth’s surface in sources and sink. This data is avail-
able from September 2014 onwards, which is insufficient
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Fig.3 The dependence of NEE on a air temperature and b photosyn-
thetically active radiation (PAR) in the daytimes of MAM months
during 2018. ¢ monthly total rainfall (in mm) and d monthly total
PAR recorded in the study area for a 1-year duration between Octo-
ber 2017 to September 2018. Here the data plotted in red is for the

to understand any long-term mean and inferences. With its
wider swath at nadir (90 km X 90 km), AIRS can cover the
globe in a single day. Retrievals from observed radiance are
performed using a vanishing partial derivative algorithm.
The high spectral resolution of the AIRS instrument pro-
vides CO, monitoring accuracy up to 1-2 ppm. The presence
of the AMSU unit aids in retrieving cloud-free data over the
globe. To understand the long-term variation in this study,
we have used AIRS level 3, version 5, a gridded data from
2004 to 2015 (12 years). More details about the satellite,
data products, and retrieval algorithms about AIRS are avail-
able in Chahine et al. (2005, 2008); Olsen and Licata (2015).
Both XCO, and CO, retrievals were detrended to discard
the effect due to the global increase in atmospheric CO,.
Since the heatwave conditions over India are short-period
events, the number of observed satellite pixels during these
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heatwave and blue for the non-heatwave period with their respective
regression lines. (number of data points ‘n’ for calculating regression
are 1154 for the heatwave, 1117 for non-heatwave, and the R* values
indicated here are with p-values <0.05) plotted over the NEE obser-
vations

conditions is insufficient for studying the variation on the
same time scale. Therefore, we have used satellite data from
15 April to 30 May, covering most heatwave conditions over
India (denoted as heatwave period hereafter).

2.3 Atmospheric circulations parameters
and surface temperature data

Meteorological variables used in this study are from Era-
interim data products. Era-interim data from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
was generated using a four-dimensional variational analysis
assimilation method. It is available in the high spatial and
temporal resolution of 79 km (T255 spectral resolution), four
times daily, and 60 levels in vertical up to 0.1 hPa in grid-
ded format. Observation data obtained worldwide given as

@ Springer



1652

S.Guptaetal.

inputs to the model are quality checked, controlled, and then
an assimilation scheme is applied to generate the reanalysis
products. The data selected for our study is from 2004 to
2015. Parameters used here are daily data of zonal, meridi-
onal, vertical wind components, and surface temperature.
This data has been extensively used in atmospheric research
studies to understand the atmospheric state in several stud-
ies. Rainfall data used at Barkachha observational site is
from India Meteorological Department (IMD).

3 Results and discussion
3.1 Intensification of surface temperature

Surface temperature intensifies over India, mainly during
the summer months (MAM). Higher temperature conditions
are referred to as heatwaves. Globally there is no standard
definition adapted to define the heatwaves. Different regions
may classify the criteria to determine the extent of heatwave
depending upon a threshold conducive to the respective
geographical and climatic conditions. However, the heat-
wave is higher than the average maximum temperature in
the region, which leads to discomfort in the population’s
general well-being. During the pre-monsoon season, spells
of hot weather occasionally occur over certain parts of India.
India’s weather was significantly warmer than usual during
2015, in line with the warmer than average global climate
observed. The annual mean land surface air temperature
averaged over the country during 2015 was +0.67 °C above
1961-1990. As per IMD, 2015 was the third-warmest year
in India since 1901, and it had witnessed intense heatwave
(Srivastava et al. 2016; Pattanaik et al. 2017). States such
as Andhra Pradesh, Odisha, Gujarat, Madhya Pradesh, Vid-
arbha region of Maharashtra, etc., witnessed this intense
heatwave in 2015. 2015 heatwave was especially prevalent
over the Andhra Pradesh and Telangana during the pre-mon-
soon season from 15 April to 30 May. More minor heatwave
episodes of 1-5 days were seen over various regions of cen-
tral India. As reported in the seasonal weather report of IMD
(Mausam 2016), severe and widespread heatwave conditions
were observed over most parts of north/north-western, cen-
tral, eastern, and southeast peninsular India during the sec-
ond fortnight of May month.

The annual cycle of mean surface air temperature over
India shows a continuous increase from January to May. Pre-
monsoon months (MAM) witnesses high surface tempera-
ture. As per India’s climate diagnostics bulletin April and
May, 2015 (http://rcc.imdpune.gov.in/Products.html) severe
and widespread heatwave conditions occurred over most
parts of north/north-western, central and eastern India from
15 April to 30 May 2015. However, the rest of the coun-
try experienced below-average temperature concerning the

@ Springer

long-term mean. Figure 1a shows surface temperature vari-
ations using Era-interim high-resolution detrended tempera-
ture data during the heatwave period of 2015. Most heatwave
conditions prevailed during April and May, and a tempera-
ture rise was observed during this period. The surge was
seen highest over the northwest region and extends towards
the southeast region, covering central India. Figure 1b shows
the temperature difference during the heatwave and non-
heatwave periods of the MAM season of the year 2015. The
pattern of maximum increase in temperature extends from
the northwest region towards southeast India. Figure lc
shows the temperature difference between the heatwave
and the non-heatwave periods of the MAM seasons for the
mean period of 2004-2015. The usual increase was observed
during 2004-2015 (mean) (Fig. 1¢). However, the extent of
warming and spatial distribution of temperature was greater
than usual for a year when a pronounced heatwave occurred,
such as in 2015 (Fig. 1b).

3.2 Observed surface CO, fluxes

Figure 2 shows the NEE observed during CAIPEEX-
IGOC (Prabha et al. 2011) measurement campaign during
2014-2016 at Barkachha, Uttar Pradesh, located in India’s
northern plains. The average summer temperature during
MAM over the northern plains goes beyond 30 °C with a
maximum of 38 °C during prevailing heatwave conditions
(Barkachha station data, www.imd.gov.in). NEE tends
to increase at 35 °C temperature during the summer and
remains almost constant during winter (Fig. 2a). While dur-
ing summer, where the average temperature of this area goes
beyond 30 °C, NEE tends to negative (decreasing) values,
signifying more exchange between flora and environment,
resulting in increased carbon fixation by the biosphere.
Hence, the ecosystem acts as a sink of atmospheric CO,
However, NEE further increases at higher temperatures
(more than 35 °C). Figure 2b shows NEE variation with
Vapour Pressure Deficit (VPD) values during the summer
and winter months. In a similar pattern, NEE decreases till
20 hPa VPD and increases beyond. Such tendency suggests
the sequestration capacity was reduced due to the prevailing
high VPD. The sunlight is abundantly available during the
summer season, so is the rainfall during JJAS (Fig. 2¢) may
not be a limiting factor for this ecosystem. Thus for this site,
it can be said from Fig. 2a that this tendency to go towards
positive NEE may be driven by the prevailing higher tem-
perature and reduced soil moisture (large VPD) even when
the rainfall activity is significant. Previous studies have sug-
gested that during the summer monsoon season, while the
rainfall is abundant, VPD remains significantly high near the
surface (Ramarao et al. 2019). When the flora is stressed, its
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capacity of fixing the atmospheric CO, under high tempera-
tures is reduced due to stomatal closure.

Consequently, the atmospheric CO,_instead of getting
fixed by flora, tends to remain in the atmosphere, leading
to higher than the average atmospheric CO, concentra-
tions near the biosphere. Thus, the above analysis shows
that the biospheric sink capacity is severely affected in the
presence of high temperatures. Such high temperatures
are also observed during a heatwave period. To study the
biospheric response to the heatwave, data from Barkaccha
is not available during MAM months when most of the
heatwave occurs. Data from another site Pichavaram were
utilized further in this study.

The data shown in Fig. 3 is from the Pichavaram site of
the MetFlux India Project for the MAM months of 2018.
During this season, a transition from the post-monsoon
or winter season (of this region) to summer occurs, and
the average temperature of this area goes beyond 30 °C.
Figure 3a shows the variation of NEE with the temper-
ature during the heatwave and non-heatwave periods.
During MAM, NEE values become more negative with
the increase in temperature, signifying more exchange
between flora and the environment, resulting in more CO,
fixed by the biosphere; hence, the ecosystem acts as a sink
to the atmospheric CO,. However, at temperatures around
32-33 °C, NEE stabilizes and tends towards positive at
further higher temperatures (more than 36 °C). It is to
be noted that MAM is a period of availability of the least
amount of rainfall and the highest amount of photosyn-
thetically active radiation (PAR) in this region (Fig. 3c,
d). PAR is a part of the solar electromagnetic radiation
spectrum in the range of 400-700 nm and is used as a
source of energy for the photosynthesis of green plants. As
PAR’s availability is abundant during these MAM months,
NEE tends to decrease initially, indicating active photo-
synthesis by the biosphere resulting in more atmospheric
CO, fixation (Fig. 3b). However, the tendency towards
positive values of NEE was seen for the higher amount of
PAR. The correlation between NEE and PAR also reduces
(R? changes from 0.53 to 0.36, p < 0.05) during the heat-
wave condition, indicating the role of limiting factors for
photosynthesis, even in the presence of high PAR. This
tendency towards positive NEE values may be due to pre-
vailing higher temperatures but the reduced soil moisture
due to a lack of rainfall during these periods at this loca-
tion during the MAM months. The biosphere stress results
in a weak sink of CO, under high temperatures, mainly
due to stomatal closure. Consequently, the atmospheric
CO,, instead of getting fixed by flora, tends to remain in
the atmosphere leading to higher than the average atmos-
pheric CO, concentrations near the surface. Our finding
is similar to the work done by Geddes et al. (2014) (over
Canadian mixed forest) and Wohlfahrt et al. (2018) (for

Mediterranean forest ecosystems), who report carbon
uptake by natural ecosystems to be severely affected by
the heatwaves.

These observations from two different sites demonstrate
the biosphere’s behavior in the presence of extreme tem-
perature limited by various climatic factors. Rainfall is the
limiting factor for the Pichavaram site in the pre-monsoon
months and VPD being the limiting factor for the Barkac-
cha site. It depicts that, in the presence of extremely high
temperatures, the carbon uptake by the biosphere is severely
compromised in an ecosystem. The magnitude of biosphere
response to carbon sequestration process in the presence of
extreme temperature may vary according to the type of bio-
spheric constituents, such as the type of biomes, climatic
conditions, and intensity and duration of prevailing tempera-
tures. However, the biosphere response towards extremely
high temperatures can be understood with the help of this
analysis. This study suggests that high-temperature events
such as those observed during heatwaves and the summer
season reduce carbon sink by the biosphere.

3.3 Distribution of CO, concentration
in the atmosphere

Considering the relation between temperature and surface
fluxes of CO, that we perceive from Figs. 2 and 3 and also
in the studies discussed above, an attempt is made in this
section to study the variation in atmospheric CO, concen-
trations, i.e., XCO, from the OCO-2 satellite and free trop-
osphere CO, concentrations from the AIRS satellite during
the heatwave period of 2015. The distribution of detrended
XCO, (OCO-2) and detrended free troposphere CO, con-
centration (AIRS) over the Indian region during the heat-
wave period of the year 2015 is shown in Fig. 4a and c,
respectively. Both XCO, and CO, concentrations were
high (positive values in the red shade) during the heat-
wave period over a major part of the Indian region. CO,
concentrations during the heatwave period are compared
with the non-heatwave period of the same MAM season of
the year 2015 in Fig. 4b (of OCO2-XCO, concentrations)
and Fig. 4d (of AIRS-CO, concentrations). Figure 4b
shows the increase in XCO, concentration by 2-3 ppm
or more, and Fig. 4d also indicates an increase in free
troposphere CO, (even up to 8 ppm over certain regions)
during the 2015 heatwave period in comparison to the non-
heatwave period of the same year over a significant part
of India. Both Fig. 4b and d showed an increase in CO,
concentrations within a season, suggesting a contribution
of the sub-seasonal variation to such observed increased
concentrations. The average difference in CO, concentra-
tions between a heatwave and a non-heatwave period for
the long-term period of 2004-2015 was also analyzed and
found to be lower than the difference seen during 2015
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Fig.4 a Spatial distribution of detrended XCO, (OCO-2) aver-
aged during heatwave period of the year 2015, b difference in XCO,
between heatwave and non-heatwave period of 2015, ¢ spatial distri-

(figure not shown). This higher sub-seasonal increase in
atmospheric CO, concentration for a year with significant
heatwaves (2015) was seen to be pronounced spatially
and in magnitude (Fig. 4d). The increase in both XCO,
and atmospheric CO, clearly shows that the enhancement
of CO, occurred during heatwave conditions over India.
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bution of detrended free troposphere CO, concentration (AIRS) aver-
aged during heatwave period of the year 2015, d difference in CO,
concentration between heatwave and non-heatwave period of 2015

Figure 4c, d also shows elevated CO, over certain southern
parts of India. Vidarbha, Telangana, and Andhra Pradesh
regions reportedly observed longer spells of heatwave con-
ditions during 2015, as mentioned in Sect. 3.1. As dis-
cussed in the previous section, this increase in XCO, and
CO, concentration in the atmosphere could be related to
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extra CO, concentration near the surface due to weaker
absorption by the biosphere. The transport mechanism of
the near-surface CO, to the upper levels in the troposphere
is discussed next.

3.4 Atmospheric circulation patterns

Any fluctuation in the observed atmospheric CO, concen-
trations reflected up to the higher levels in the atmosphere
results from the change in surface emissions acted upon by
the active vertical transport processes. Kumar et al. (2014)
have studied the CO, variability during different seasons and

its association with the climatic parameters over India from
2004 to 2011 to understand transport mechanisms. Further,
Revadekar et al. (2016) have examined the intra-seasonal
variability of CO, and suggested its association with anoma-
lies in mid-tropospheric CO,. During the pre-monsoon sea-
son (MAM), the country experiences heatwave conditions
and thus leads to more vigorous convection and transport of
atmospheric constituents in the vertical direction. Therefore
circulation patterns are examined during the heatwave period
of the year 2015. Figure 5 shows the spatial distribution of
zonal (u), meridional (v), and vertical components (w) of
surface winds at 925 hPa during the heatwave period of the
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Fig.5 Spatial distribution of wind a—c all three components u,v,w during heatwave period of 2015, d—f difference between heatwave period of

2015 and 2004-2015 (mean)
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year 2015 (Fig. 5, upper panel) and the difference of heat-
wave period of 2015 with the mean of the years 2004-2015
(Fig. 5, lower panel). The distribution of the zonal compo-
nent of wind (Fig. 5d) shows positive anomalies over central
parts of India and negative anomalies over the southernmost
and northernmost parts of the country, indicating strong
westerly over central parts and easterlies over the rest of
the country. The distribution of the meridional component
of wind (Fig. 5e) shows positive anomalies over the south-
ern part of India, indicating a strengthening of southerlies
over the region. Similarly, the vertical components (Fig. 5f)
suggest strengthening vertical transport over a wide area of
Indian landmasses. Thus, it indicates the strengthening of
circulation pattern with strengthening of upward wind dur-
ing the heatwave due to convection, supported by advection
due to strengthening surface wind.

Spatial distribution of the difference in zonal, meridional
and vertical components of surface winds during the heat-
wave period with the non-heatwave period (at 925 hPa) of
the year 2015 is also examined in Fig. 6 (upper panel). The
lower panel of Fig. 6 shows the difference in the heatwave

and non-heatwave periods in the mean period of 2004-2015.
This pattern indicates the strengthening of westerlies over a
large part of India and the enhancement of southerlies over
the northeast region as convective activities being set over
the northeast and central Indian region. Moreover, as shown
in the upper panel, further enhancements in all three zonal,
meridional, and vertical wind components indicate the more
robust transport processes during heatwave conditions.

Thus, during the heatwave period, wind circulation pat-
terns become more substantial concerning mean circulation
during the long period of 2004-2015. It is also more robust
than the non-heatwave period of the same season of MAM.
Thus, the strengthening of circulation patterns associated
with the heatwave, causing vertical transport of excess near-
surface atmospheric CO,, supports the increase in CO, lev-
els in the upper atmosphere as seen in Fig. 4a, c of the spatial
distribution of CO, over the Indian region.

An increase in CO, concentration during the drought
years of Indian summer monsoon months JJAS, primar-
ily driven by higher surface temperature, was already
reported in the Indian context by Tiwari et al. (2014). They
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Fig.6 Spatial distribution of wind a—c all three components u,v,w; difference during the heatwave and non-heatwave period of 2015, d—f differ-

ence between heatwave and non-heatwave period of 2004-2015 (mean)
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suggested the weaker circulation during decreased rainfall
season aided by reduced NDVI due to the reported increase
in CO,. Though there is an increased temperature anomaly
during drought years, it is in the range of 0.2-0.6 °C, while
heatwaves are extreme temperature events with temperature
anomalies at least 4-5 °C in general. In addition, the circu-
lation parameters associated with such high temperatures
are found to be different. It is observed that circulation is
strengthened during the heatwave period, while the drought
years are associated with weaker atmospheric circulation
patterns.

4 Conclusions

The seasonality observed in CO, concentrations in India
peaks during MAM months. These months observe intense
heatwaves in India. The biosphere, being a carbon pool,
removes a substantial amount of CO, from the atmosphere.
Still, the removal process is affected mainly by the occur-
rence of high temperatures events in the atmosphere.

The biosphere is a significant sink of atmospheric CO,;
however, we see that the variabilities associated with atmos-
pheric processes affect the sinking capacity of the biosphere.
Previous studies reported monsoon droughts as one of the
reasons for decreased biospheric sink capacity. There is
not much information about CO, variability during heat-
wave conditions in India due to the limited coverage and
frequency of observation in the Indian region. In the pre-
sent study, we explored the mechanism behind heatwaves
and extreme temperature episodes being other causes of
the decrease in the biospheric sink. We elaborated with the
help of observations that a reduction in the biospheric sink,
acted upon by prevailing anomalous atmospheric circulation
occurring during the heatwaves, may lead to the observed
increase in atmospheric CO, concentrations. In this study,
we used eddy-covariance-based surface CO, flux (NEE)
observations, satellite observations, and meteorological
parameters to examine columnar CO, and atmospheric CO,
variability during anomalous temperature rise in India. Our
study reveals:

e NEE in a forest ecosystem was reduced during heatwave
conditions, leaving excess CO, in the atmosphere. In
addition, NEE in an agricultural ecosystem was reduced
owing to very high temperatures.

e Strengthening of circulation parameters associated with
the heatwave supports the increase in CO, levels in the
upper atmosphere

e Satellite observed CO, concentrations during the heat-
wave conditions are elevated by 2-3 ppm compared to
the non-heatwave period.

The satellite observed CO, concentration elevated dur-
ing heatwave conditions over the Indian region. These are
mainly due to high surface temperature, weak terrestrial
biospheric CO, sink, and strong vertical airmass transport
over the Indian region. With the projected increase in the
frequency of heatwaves worldwide, this might enhance
atmospheric CO, concentrations globally, leading to a fur-
ther rise in projected atmospheric CO, values observed at
monitoring stations. This study signifies the importance of
combining heatwave impacts in the biospheric component
of global carbon cycle studies. To quantify these findings,
surface observations network and continuous satellite data
with the high-resolution biospheric model are prerequisites.
The quantification of CO, emissions during heatwave condi-
tions will help us understand the CO, intra-seasonal varia-
tions in India. In addition, it will be an essential factor in
understanding CO, emission estimates using a top-down
modeling approach. This study advocates an accurate and
robust surface CO, monitoring network with a high-resolu-
tion modeling framework in India.
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