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Abstract: The paper validates the atmospheric absorption of solar radiation due to carbon dioxide (CO2) by
comparing the average wavelengths of maximum absorption obtained from ground-based spectroradiometric
measurement with those derived from the hyperspectral image of Next Generation Airborne Visible Infrared
Spectrometer (AVIRIS-NG) procured by SAC-ISRO and that of Hyperion downloaded from USGS website for urban
areas of Kolkata, India. The field spectrometry of atmospheric irradiance was carried out at 1 nm resolution of spectral
data over the range of 400-2400 nm with ASD spectroradiometer fitted with remote cosine receptor. The effects of
the changes in CO2 concentration due to change of altitude, airmass and urban congestion were reflected on the
measured spectra. The spectral radiance over the same wavelength range derived from the airborne and the spaceborne image were of 5 and 10 nm resolution, respectively. The CO2 absorption wavelengths detected at around 2 µm
from AVIRIS-NG and Hyperion images were found to deviate by less than 1% from that obtained from the ground
data.
Keywords: Hyperspectral, CO2, AVIRIS-NG.

1. Introduction
Carbon dioxide (CO2), the most remarkable
anthropogenic greenhouse gas has enhanced its
existence in the atmosphere from a pre-industrial
average level of 280 ppm to more than 388 ppm as of
June 2010 (Boesch et al., 2011). The main reasons are
human activities, such as burning of fossil fuel and
change of land use. Therefore, the global monitoring
of CO2 abundance has been realized as an event of
prime importance (Etheridge et al., 1996; Bousquet et
al., 2000; Canadell et al., 2007). In order to develop
worldwide effort of controlling the CO2 emission,
accurate monitoring systems have been set up for CO2
production and sinking through ground-based (Wunch
et al., 2011; Buschmann et al., 2016), airborne (Gao et
al., 2009; Tadic et al., 2014; Tanaka et al., 2016) and
satellite-based (Bovensmann et al., 1999; Hamazaki et
al., 2004; Boesch et al., 2011; Crisp et al., 2012; Kuze
et al., 2014; Wei et al., 2014; Watanabe et al., 2015;
Frankenberg et al., 2015) observations.
The significance of field-based hyperspectral CO2
monitoring may be realized as a validation system for
the airborne and satellite-borne hyperspectral sensors
and also as a primary step toward establishing groundbased CO2 monitoring network similar to Total
Carbon Column Observing Network (TCCON)
(Wunch et al., 2011) and others (Buschmann et al.,
© Indian Society of Geomatics

2016) that can provide accurate local data and identify
the different reasons, such as human activities, burning
of fossil fuel and running vehicles and industries for
enhancing the atmospheric abundance of CO2 in high
precision. Installation of such ground-based carbon
observation system in tropical countries like India is
recommended in recent work (Raychaudhuri, 2017).
This work analyses a field survey on atmospheric
irradiance measurement with spectroradiometer at
around 1 nm of spectral resolution. It detects the
radiation absorption due to atmospheric gases closer to
the actual physical phenomenon of sub-nanometer
level change whereas the airborne or satellite-based
measurements yield only a gross average over 5-10
nm. However, the later ones alone are the practical
techniques for observation over large areas.
Considering these, the present work intends to
standardize the wavelengths of carbon dioxide
absorptions retrieved from the hyperspectral images
and its extent of deviation from the actual ground
condition. It validates the absorption wavebands for
CO2 on the spectral reflectance of solar radiation by
comparing the ground spectra with that derived from
recently procured AVIRIS-NG images of Kolkata,
India and Hyperion images for similar regions. This is
actually based on a pilot work (Raychaudhuri and
Chaurasia, 2017) that has conceived ideas on assessing
the atmospheric CO2 content and its spatial variation
for further studies.
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2. Materials and method
The work contains data procurement from both field
spectrometry and airborne sensor data analysis, as
follows.

2.1 Image analysis
For the first time, Space Applications Centre, Indian
Space Research Organization (SAC, ISRO) conducted
flight of the airborne hyperspectral optical sensor
named Next Generation Airborne Visible Infrared
Spectrometer (AVIRIS-NG) in 2016 over India and
procured hyperspectral images over ultravioletvisible-near-infrared-shortwave-infrared wavelength
ranges for different sites as indicated in Figure 1.

Figure 2: Part of Howrah and Kolkata as captured
by AVIRIS-NG image
curves for AVIRIS-NG were readily available because
the images were pre-processed for stack layering. The
Hyperion image layers were stacked using ENVI 4.7
image processing software and the DN values were
converted to reflectance following conventional
technique (Griffin et al., 2005).

2.2 Ground-based hyperspectral
measurement
Figure 1: AVIRIS-NG science campaign site over
India
The AVIRIS-NG campaign over selected areas of two
adjacent cities, namely Howrah and Kolkata was
executed between February 24 and March 06, 2016.
Figure 2 shows a part of the densely populated areas
of Howrah and Kolkata accommodated to the
AVIRIS-NG image. The regions ‘A’ and ‘B’ denote
two densely populated areas of Howrah and Kolkata,
respectively. The zone marked as ‘Vg’ corresponds to
the vegetated area and the region ‘C’ points out water
body. It is actually part of river Hooghly. Since the
images were available for some portions of urban
areas of Kolkata city (around 22° 32′ 30′′ N, 88° 19′
30′′ E), the ground-based spectroradiometric data were
collected at different urban places of Kolkata at almost
the same season (spring) of AVIRIS-NG image
procurement. Two Hyperion images downloaded from
USGS website were also used, which comprised the
regions nearby our study region. Spectral reflectance
values were derived from the images. The radiance

The incident solar irradiance was measured with
Analytical Spectral Devices (ASD) FieldSpec
spectroradiometer at high spectral resolution (1 nm)
throughout the ultraviolet-visible-near-infrared and
shortwave infrared wavelengths. The ASD FieldSpec
spectroradiometer has sampling interval of 1.4 nm for
the wavelength range of 350 - 1000 nm and that of 2
nm for the range of 1000 - 2500 nm. It has Full Width
at Half Maximum (FWHM) spectral resolution of 3
nm and 10 nm for the wavelength ranges of 350 -1000
nm and 1000 - 2500 nm, respectively. Interpolating the
above wavelength-channels it produces data points of
1 nm resolution over the wavelength range of 350 –
2500 nm. The range of 400–2400 nm is reported here.
All the measurements were carried out in open air
under cloud-free solar illumination. In order to
integrate the incident solar radiation for both direct
and diffused components, the measurements were
executed by fitting a remote cosine receptor on the 25
degree field-of-view fibre. The instrument was kept
vertically sky-facing with the help of the attached
spirit level irrespective of the solar elevation. Data
were collected for two consecutive days at different
places of the urban area of varying population and
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altitude. Variation of solar elevation, illumination and
the time of the day were included in the measurement.
Table 1 summarizes the type of the measurement sites
and the modes of data collection. Table 2 compiles the
data procured at a single site (Site 1) throughout the
morning up to solar noon so as to correspond to the
change in solar elevation. Along with the spectral
measurements, the atmospheric CO2 concentrations

(in ppm) at the ground surface were measured
simultaneously with handheld carbon dioxide meter
Model GCH-2018 at each site. It provided ancillary
data for developing some model for the possible
vertical profiles of CO2 concentration and spatiotemporal variation. The solar illumination
corresponding to each irradiance recording was
measured with Metravi light intensity meter.

Table 1: Solar irradiance measurement with ASD spectroradiometer and CO2 concentration for different
sites over Kolkata
CO2 conc. at
Solar
Site
Ambient condition
Approx. Time
the spot
illumination
No.
(ppm)
(klux)
1
Less population and vehicle
9 AM
410
48-49.2
10.30 AM

386

58-63

2

Densely populated, busy road

11:30 to 11:45 AM

540

67.2

3

Grass field

11:45 to 12 noon

404

61.1

4

Car park

12 to 12:10 PM

504

58-58.2

5

Grass field of another zone

1:15 to 1:30 PM

450-453

62.5

6

7th floor rooftop, windy atmosphere

1:30 to 1:45 PM

370-395

55-57.2

Table 2: Solar irradiance measurement with ASD
spectroradiometer at site 1 at different times of
morning
CO2 conc. at
Solar
Approx. Time
the spot
illumination
(ppm)
(klux)
7:00 AM
381
7.38-7.42
7:10 AM

392

6.9-7.02

7:30 AM

383-391

7.59-7.62

8:00 AM

383

14.02-14.28

8:05 AM

397-399

13.02-12.89

8:35 AM

394-395

16.0-16.23

9:10 AM

393-395

29-29.5

9:50 AM

387-388

53-54

9:52 AM

383-388

53-54

10:30 AM

390-392

61.6-61.9

11:00 AM

391-399

60.8-63.2

11:20 AM

363-365

60.4-61.3

3. Results and discussion
The radiation absorption by atmospheric gases is a
molecular vibration phenomenon that involves subnanometer resolution of absorption spectrum. The

ground-based spectroradiometer detects it by
averaging over 1 nm whereas the AVIRIS and
Hyperion sensors do the same over 5 nm and 10 nm,
respectively. Obviously the first one is closest to the
actual physical process and free from the effect of
surface reflectance. Considering the ground-based
measurement of absorption through the atmospheric
column as the standard one, the AVIRIS-NG data are
compared with it.
The atmospheric irradiance spectra over the visibleinfrared range of wavelength for sites 1, 4 and 6, as
measured with ASD spectroradiometer are shown in
Figure 3. The wavelength is expressed in micrometer
in order to make the scale similar to that of AVIRISNG images. The CO2 absorption is noted at around 2
µm on the spectral curve, as denoted in the figure. It is
in good agreement in terms of absorption wavebands
with the radiance spectrum obtained from AVIRISNG image (thick line and marked as ‘Av’) over the
same wavelength range of 0.4 to 2.4 µm depicted in
Figure 4 compared with similar radiance spectra
obtained from Hyperion images marked as H1 (for
July 2002) and H2 (for January 2010), respectively.
Figure 5 and Figure 6 display the magnified views of
the O2-A and CO2 absorptions on the spectral curves
obtained from AVIRIS-NG (Figure 4) and
spectroradiometer (Figure 3), respectively.
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Figure 3: Atmospheric irradiance measured with
ASD
spectroradiometer
plotted
against
wavelength. CO2 absorption at around 2 µm is
indicated against the curves

Figure 4: Radiance spectrum derived from
AVIRIS-NG image of densely populated urban
regions (thick line and marked as ‘Av’) compared
with similar radiance spectra obtained from
Hyperion images (marked as H1 and H2,
respectively). CO2 absorption is noted at around 2
µm
Table 3: Comparison of the absorption maxima for atmospheric oxygen (O2-A) and carbon dioxide (CO2-1
and CO2-2) obtained from ground-, air- and space-based data

Date Source

Sensor
altitude
in km

Wavelength (µm) for absorption
maximum

Deviation (%) from
ground-based result

O2-A

CO2-1

CO2-2

0 – 0.023

0.761

2.0032.006

2.0532.057

0

AVIRIS-NG

6–7

0.762 (band centre
of ±0.005 µm)

2.004

2.054

0.3 – 0.8

Hyperion H1 monsoon
season

705

0.762 (band centre
of ±0.01 µm)

2.002

2.052

0.6 – 0.7

Hyperion H2 winter
season

705

0.762 (band centre
of ±0.01 µm)

2.002

2.052

0.6 – 0.7

ASD spectro radiometer

Figure 5: Expanded view of portions of the spectral curves of Fig. 4 to expose (a) the oxygen absorption
(O2-A) band; and (b) the carbon dioxide absorption (CO2-1 and CO2-2) bands
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suburban region as well as at different elevation was
picked up prominently in the ASD irradiance
measurement as shown in Figure 7.
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Figure 7: Variation of CO2 absorption depth of
spectroradiometric irradiance with its expected
change in concentration with location and altitude

A comparison of the wavelengths corresponding to
O2-A and CO2 absorption maxima obtained from the
above three sources is presented in Table 3. It
quantifies the effects of sensor altitude and spectral
resolution on the detection of absorption wavelength
for atmospheric gases.
Irradiance observations at different locations indicate
a wide variation of CO2 due to population and
automobile emission. It is observed from Table 1 that
the CO2 concentration at ground level at site 1, a
suburban region, is around 400 ppm in comparison to
more than 500 ppm at site 2 of dense population and
vehicular emission. It is also observed that at ground
level the CO2 concentration (site 5) is nearly 450 ppm
whereas that is 370-390 ppm at the roof top of a 7th
floor building (site 6) at the same place, which
indicates the vertical distribution of columnar CO2 in
the atmosphere. The variation of CO2 at urban-

1.0

Normalized Irradiance

Figure 6: Expanded view of portions of the spectral
curves of Fig. 3 to expose (a) the oxygen absorption
(O2-A) band and (b) the carbon dioxide absorption
(CO2-1 and CO2-2) bands

This work also investigates the change in absorption
depth with solar elevation. The ground-level CO2
concentration, as noted from Table-2, does not
undergo any regular variation with solar elevation. It
might be due to the fact that the local production of
CO2 at ground level due to vehicular emission or other
reason masked the effect of solar elevation. Also the
CO2 absorption depth may not be strong enough to be
detectable with weaker solar radiation, such as that in
the early morning. Any way the effect of the change in
solar elevation was not prominent in the CO2
absorption on the spectral curves procured at different
time (not shown). In such a condition, an alternative is
suggested with oxygen (O2-A) absorption, as
indicated with Figure 8.

11:20 AM
9:11 AM
7:15 AM

0.8
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0.4

0.2
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0.70

0.75

0.80
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Figure 8: Variation of spectroradiometric O2-A
absorption depth with solar zenith angle at a
particular location (site 1) for different time of the
day
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As is apparent from the figure, the strong O2-A
absorption depth decreases regularly with increase of
solar elevation. The principle of differential optical
absorption spectroscopy (DOAS) (Platt and Stutz
2008) is to estimate the extent of radiation absorption
through a certain atmospheric gaseous species by
comparing the radiance at the absorbed and nonabsorbed wavelengths on the spectral curve itself. The
same principle is applied here. Assuming the
wavelengths 755 nm and 778 nm as non-absorbing
wavelength on either side of 761 nm, the wavelength
of maximum absorption in Fig. 8, the average O2-A
absorption depth is found to change through 32%
during four hours. Since the CO2-1 and CO2-2
absorptions are part of the same spectral curve, these
absorption depths may be assumed to undergo similar
variation. The ‘white’ solar radiation containing all the
wavelengths corresponding to O2-A, CO2-1 and CO22 passes through the same airmass at a certain instant
of time and the radiation component of each
wavelength undergoes absorption up to a certain
fraction; different for different wavelength. When two
such measurements taken at different solar elevations
are compared, the absorption ratios are effectively
multiplied by some proportionality constant.

5. Conclusion

The above discussed absorption depths for
atmospheric gases may be affected by surface
reflectance in the case of image-derived spectra and
radiation scattering due to atmospheric aerosols for
both
image-derived
and
spectroradiometric
measurements. However, it is mentioned earlier that
the absorption depth is estimated from the principle of
DOAS making use of the ratio of the radiance values
at the absorbed and non-absorbed wavelengths
obtained from the spectral curve itself. Since the span
of the wavelengths for comparison is very short (e.g.
0.04 µm for CO2 and 0.024 µm for O2-A), the effects
of perturbations like surface reflectance and
atmospheric aerosol are expected to remain almost
constant over the short range of wavelength and to be
cancelled out in the ratio.

Boesch, H., D. Baker, B. Connor, D. Crisp and C.
Miller (2011). Global characterization of CO2 column
retrievals
from
shortwave-infrared
satellite
observations of the Orbiting Carbon Observatory-2
mission.
Remote
Sensing,
3,
270-304.
doi:10.3390/rs3020270.

ASD measurements record only atmospheric
phenomena whereas AVIRIS-NG records ground
reflectance also causing difference in reflectance for
different pixels. Figure 8 shows that the variation of
O2-A absorption depth is quite uniform. Assuming
oxygen concentration as one-fifth of that of air, the
absorption depth ratio of CO2 to that of O2-A can be
used for quantifying CO2. The spatial distribution of
CO2 can be determined from the image by estimating
the absorption depth at each pixel. The vertical
distribution of atmospheric CO2 is expected to be
estimated with respect to its measured value at ground
level.

The signature of CO2 absorption is clearly detected in
both ground based (ASD) and airborne (AVIRIS-NG)
hyperspectral measurements. The effect of change in
CO2 concentration is reflected in the data, e.g. with
height and urban congestion. This work opens the
possibility of further work on standardization of the
CO2 absorption depths near 2 µm in terms of absorbing
and non-absorbing wavebands and calibration with
respect to O2-A band around 762 nm.
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