
HAL Id: hal-02098041
https://hal.univ-reunion.fr/hal-02098041

Submitted on 12 Apr 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Study on carbon dioxide atmospheric distribution over
the Southwest Indian Ocean islands using satellite data:

Part 1 – Climatology and seasonal results
Xolile Ncipha, Venkataraman Sivakumar, S. Rakotondraompiana, Hassan

Bencherif

To cite this version:
Xolile Ncipha, Venkataraman Sivakumar, S. Rakotondraompiana, Hassan Bencherif. Study on carbon
dioxide atmospheric distribution over the Southwest Indian Ocean islands using satellite data: Part 1
– Climatology and seasonal results. Journal of Atmospheric and Solar-Terrestrial Physics, 2018, 179,
pp.569-579. �10.1016/j.jastp.2018.07.017�. �hal-02098041�

https://hal.univ-reunion.fr/hal-02098041
https://hal.archives-ouvertes.fr


Study on carbon dioxide atmospheric distribution over 
the Southwest Indian Ocean islands using satellite data: 
Part 1 – Climatology and seasonal results
X.G. Nciphaa,b,∗, V. Sivakumarb, S. Rakotondraompianac, H. Bencherifb,d
a South African Weather Service, Private Bag X097, Pretoria, Gauteng, 0001, South Africa
b School of Chemistry and Physics, University of KwaZulu-Natal, Durban, 4000, South Africa
c Remote Sensing and Environmental Geophysics Laboratory, Institute & Observatory of Geophysics, Antananarivo (IOGA), University of Antananarivo, P.O. Box 3843, 101, Antananarivo, 
Madagascar
d Université de la Réunion, Laboratoire de l'Atmosphère et des Cyclones, UMR 8105, 15 Avenue René Cassin, CS 92003, 97744, Saint-Denis, Cedex, Réunion, France

A B S T R A C  T

The forests of the Southwest Indian Ocean (SWIO) islands States are large carbon sinks. Rapid population 
growth in these islands is responsible for deforestation, which in turn is the main source of carbon dioxide 
(CO2) emissions. This study is divided into two parts: The present study (Part 1) describes the seasonal vertical 
and surface spatial distribution of CO2 over the SWIO islands and the temporal variation of surface CO2 con-
centrations using data measured by the Tropospheric Emission Spectrometer (TES) on board the Aura 
Satellite. The CO2 hotspots over these islands were identified and assessed to determine if they were 
associated with deforestation and forest degradation anthropogenic activities. Areas of minimum or low CO2 
atmospheric loading were also identified, and investigated to determine if they coincided with strong sink 
areas. Atmospheric CO2 concentration was building-up from summer to spring. The spatial extent of CO2 
hotspots was found to increase from summer to spring. Over the study region, semi-permanent stable layers at 
700 hPa and 500 hPa were shown to separate the troposphere into three layers of CO2. Furthermore, surface 
CO2 levels over all the study areas were found to be increasing during the period of the investigation. Part 2 of 
this study demonstrates the influence of meteorology and associated air transport on atmospheric CO2 
distribution over the study region.

1. Introduction

The Southwest Indian Ocean (SWIO) islands states are vulnerable to
natural hazards. These environmental threats are intensified by the
changing climate caused by pressure on the environment to satisfy the
socio-economic needs of a growing human population (Agence
Universitaire de la Francophonie (AUF), 2015). One of the important
natural terrestrial ecosystems that are affected by this anthropogenic
pressure in this region is its tropical forests. The human pressure on the
tropical forests leads to their removal and degradation (Vieilledent
et al., 2013; Goodman and Herold, 2014).

Forests cover approximately 28% of global land surface and contain
77% of all terrestrial above ground carbon (Baccini et al., 2012;
Goodman and Herold, 2014). They play a crucial role in the global
carbon cycle by exchanging trace gases between the atmosphere and
biosphere (Rodda et al., 2016) and they are large atmospheric carbon
sinks (Malhi and Grace, 2000; Saleska et al., 2003; Tan et al., 2010; Pan
et al., 2011; Baccini et al., 2012; Vieilledent et al., 2013; Rodda et al.,

2016). They sequester about a third of the total anthropogenic carbon
emissions (Saleska et al., 2003; Rodda et al., 2016). Tropical forests are
the biggest forests with the largest carbon density and are the most
diverse forests on Earth. They constitute just over 50% of the world's
remaining forests (Malhi and Grace, 2000; Goodman and Herold,
2014). Intact tropical forests store more carbon per unit area than
forests in temperate or boreal zones (Goodman and Herold, 2014). The
capacity of forests to capture atmospheric carbon has a seasonal and
interannual variation. During the wet summer season, tropical forests
have a maximum capacity to sequester atmospheric carbon. However,
in the dry season they are weak atmospheric carbon sinks. A meteor-
ological event such as El Niño/Southern Oscillation which results in
warm and drier conditions over some regions of the globe, can cause
tropical rain forests to change from behaving as carbon sinks to carbon
sources. This results in an interannual variation in the capacity of for-
ests to capture or release carbon (Tian et al., 1998; van der Werf et al.,
2003; Saigusa et al., 2008; Tan et al., 2010).

The disturbance of forests through natural or anthropogenic means
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source followed by the waste sector (MESD, 2010). Similarly to Maur-
itius, energy related CO2 emissions dominate the overall GHGs emis-
sions of Reunion and in 2012 the energy sector accounted for 94.6% of
CO2 emissions (Praene et al., 2011).

Though the SWIO region plays an important role in the carbon
cycle, there is a lack of operational long-term monitoring of atmo-
spheric chemical constituents including CO2 in the SWIO region. More
recently, a new observatory for atmospheric study was commissioned in
2012, at Reunion Island. This observatory is located on the summit at
∼2200m above sea level, at the western part of the Reunion Island and
is intended for long-term observations of the chemical constituents of
the atmosphere, including CO2. Due to its altitude, the station is sea-
sonally exposed to biomass burning plumes transported at the free
troposphere level (Baray et al., 2013).

Earlier results from authors (Ncipha et al., 2016) have reported
vertical and spatial distribution of CO2 over the SWIO islands but were
limited to summer and spring seasons. The current study focussed to
provide a valuable insight into the seasonal vertical and surface spatial
distribution of CO2 over the SWIO islands and the temporal variation of
surface CO2 concentrations at these islands using TES on-board the
Aura Satellite. This study also aims to identify or locate CO2 hotspots
over the SWIO islands, and assess if they are associated with defor-
estation and forest degradation anthropogenic activities. Areas of
minimum or low CO2 atmospheric loading will also be identified and
investigated to determine if they coincide with strong sinks areas. Part 2
of this work reports on the influence of meteorology and the associated
air transport on CO2 atmospheric levels over the SWIO islands.

2. Materials and methods

2.1. TES instrument

In this study, CO2 data collected by the TES instrument on board the
Aura satellite is employed. This satellite was launched on 15 July 2004
into a near polar, sun synchronous, 705 km altitude orbit with equator
crossing at 1:45 p.m. local solar time. Aura makes near same location
observations every two days and a repeat cycle every 16 days. Its ob-
jective is to make comprehensive global stratospheric and tropospheric
composition measurements using the four instruments on board. Aura's
design life span is five years with an operational goal of six years
(Schoeberl et al., 2006). TES is an infrared, high resolution Fourier
transforms spectrometer (FTS) which operates in both nadir (downward
view) and limb (side view) modes to measure the vertical distribution
of atmospheric composition and surface parameters. Each mode of view
consists of a 16 detector array. The combined horizontal resolution of
the detector array for limb view is 37× 33 km and 2.3×23 km for
each detector. For nadir view the foot print of the combined detector
array is 5.3× 8.5 km and 0.5×5 km for each detector. TES covers the
spectral range 650–3050 cm at a spectral resolution of 0.1 cm (nadir
viewing) or 0.025 cm (limb viewing) (Beer et al., 2001; Jones et al.,
2003, 2009; Worden et al., 2004; Beer, 2006; Rinsland et al., 2006;
Schoeberl et al., 2006). Sampling of TES CO2 observations is sparse,
approximately one measurement every 100 km (Kuai et al., 2013). The
thermal infrared radiance from TES between 10 and 15 μm contains
significant information on CO2 levels, however, the CO2 signal must be
separated from the radiative interference due to other atmospheric
parameters (Kulawik et al., 2013). The instrument is more sensitive to
CO2 in the altitude range 2.5–12 km, with peak sensitivity at approxi-
mately 5 km (Kuai et al., 2013; Kulawik et al., 2013).

2.2. Study sites locations and description

TES nadir view data was analysed within the SWIO region, bounded
by (42.04°–60.13°) E longitude and (9.04°–26.93°) S latitude. Five areas
of interest within this domain were selected in order to characterise the
seasonal vertical distribution and the surface temporal variation of CO2.

is a major source of atmospheric carbon. Biomass burning and wild fires 
play a crucial role in the carbon cycle in many environments. 
Furthermore, they are important sources of atmospheric CO2 particu-
larly in tropical regions. This is because tropical forests contain large 
amounts of fuel. The Southern Africa and SWIO regions experience peak 
biomass burning in the austral spring. The susceptibility and frequency 
of different vegetation to burning varies. Savannas burn every year 
while tropical rainforests rarely combust except under extremely dry 
climatic conditions. The El Niño/Southern Oscillation also cause in-
terannual variation in CO2 emissions from biomass burning (van der 
Werf et al., 2003).

Anthropogenic forest clearing, particularly in the tropics, is also a 
key contributor to atmospheric CO2 (Baccini et al., 2012). Deforestation 
in tropical regions is considered the second largest source of anthro-
pogenic greenhouse gas (GHG) emissions and this is expected to remain 
a major emission source for the foreseeable future (Rademaekers et al., 
2010). From the 1990s to the present, most of the deforestation has 
occurred within the tropics (Goodman and Herold, 2014). Tropical 
forest deforestation and degradation accounted for 12–20% of global 
anthropogenic GHG emissions in the 1990s and early 2000s and these 
processes also affect the future potential of forests to absorb additional 
carbon from the atmosphere (Saatchi et al., 2011). In the tropics, po-
pulation density is identified as one of the key factors that influences 
the intensity of deforestation. Its increase results in a stronger pressure 
on forests due to harvesting of wood for construction and fuel, or 
through slash-and-burn for castle grazing and agricultural purposes 
(Vieilledent et al., 2013). In 2005, the eleventh Session of the Con-
ference of Parties (COP 11) to the United Nations Framework Con-
vention on Climate Change (UNFCCC) initiated a process for con-
sidering a policy that outlined reduction of emissions from 
deforestation and forest degradation. The principle of Reduction of 
Emissions from Deforestation and Forest Degradation (REDD) focuses 
chiefly on the maintenance of carbon stocks through compensation of 
potential direct or indirect economic benefits of deforestation and forest 
degradation on a national level (Plugge et al., 2010; Harris et al., 2012). 
In Madagascar, REDD is an important part of the national conservation 
strategy. The REDD program was introduced into the country through 
four pilot projects and was led by large conservation non-governmental 
organisations (Chappelle, 2013). The program is now managed by 
Madagascar's Ministry of the Environment, Ecology, Sea, and Forests 
with technical support from the World Bank's BioCarbon Fund and 
Conservation International (World Bank, 2015).

Although tropical forest deforestation and degradation is an im-
portant source of atmospheric CO2 over the SWIO islands, there are 
other contributing emitters of this GHG, each with varied relative 
strength in each island (Ministry of Development, Infrastructure, Post 
and Telecommunications and International Transports (MDIPTIT), 
2002; Ministry of Environments and Forests (MEF), 2010; Ministry of 
Environment and Sustainable Development (MESD), 2010; Climalia, 
2015; Praene et al., 2016). In 2000, Madagascar emissions represented 
0.2% of total global emissions, and the country was a net carbon sink 
with a capacity of 13 Mt CO2 per capita. It is projected that by 2030, 
this country may be turned into a CO2 source if emissions increase and 
the forest absorption capacity is not increased (Climalia, 2015). The 
land use and land change source sector is an important source of CO2 

emissions in Madagascar (MEF, 2010; Praene et al., 2016). Both the 
1994 and 2000 Comoros emissions inventory reports indicated that the 
country was a net sink with a capacity of 0.71 tons and 5.05 tons per 
capita, respectively. In both inventory computations, CO2 dominated 
the GHGs emissions. The inventories of 1994 and 2000 also indicated 
that land use and land change sector dominated the GHGs emissions in 
Comoros with a relative contribution of 59% (MDIPTIT, 2002). The last 
two GHGs inventory computations in Mauritius for the period 
1990–1999 and 2000–2006 indicated that emissions have increased 
and this island is a net source. In both inventory analysis periods, CO2 

dominated GHGs emissions with the energy sector being the largest



Table 1 and Fig. 1 show the selected areas and their demarcations. The
selected areas include the Comoros (C), Madagascar (M), Mauritius and
Reunion (RM). The Madagascar island is divided into three study areas,
namely, North Madagascar (NM), Central Madagascar (CM) and South
Madagascar (SM).

2.3. Data and method of analysis

TES CO2 data from December 2004 to December 2009 was analysed
in this investigation. This time period was selected as outside this range
instrument scans were less frequent and irregular. This may be attrib-
uted to the fact that this instrument was designed to have a life span of
five years (Schoeberl et al., 2006). Ncipha and Sivakumar (2015) es-
tablished that TES CO2 ground level data was in good agreement with
data from the ground based Global Atmospheric Watch (GAW) station
in Cape Point, South Africa. Average CO2 vertical profiles over the five
selected areas of interest (Fig. 1) were constructed by averaging at-
mospheric CO2 horizontally at different altitudes up to 18 km altitude
during the austral summer (DJF) 2004–2009, autumn (MAM)
2005–2009, winter (JJA) 2005–2009 and spring (SON) 2005–2009.
Geographic Information System (GIS) was used to construct five year
seasonal surface spatial distribution maps. These maps were generated
using CO2 data that was collected from a column representing the
boundary layer with the top at 700 hPa (approximately 3400m alti-
tude) the level of the first semi-permanent stable layer (Garstang et al.,
1996; Tyson et al., 1996; Swap and Tyson, 1999). The CO2 column data
was initially averaged vertically from the surface to 700 hPa and the
averaged data at different locations mapped. Gaps in spatial data were
interpolated and the inverse distance weighted (IDW) tool was used
with its default interpolation setting. The inverse of the distance was

raised to the power 2, the number of data points used to determine the
interpolated value was fixed at 12 and the distance radius was treated
as variable. The temporal variation of surface CO2 at annual intervals
for the five selected study areas from 2005 to 2009 was also in-
vestigated. This was achieved by spatially averaging the vertically
averaged CO2 data (from surface to 700 hPa level) within the confines
of the study area for each month. Then the monthly means were
averaged into annual means. Lastly the CO2 growth rates were de-
termined from trend based upon CO2 annual mean.

3. Results and discussion

3.1. Seasonal CO2 relative surface loading in the study areas

Tropical forest deforestation and degradation is an important source
of atmospheric CO2 over the SWIO islands. However, there are other
contributing emitters of this greenhouse gas with varied relative
strength for each island. Reunion and Mauritius islands are net sources
of CO2 and their emissions are dominated by the energy sector.
Madagascar and Comoros islands are net sinks of CO2 and its emissions
are dominated by land use and land change sector (MEF, 2010; MESD,
2010; Praene et al., 2011; Praene et al., 2016).

Fig. 2a to d show the vertical distribution of CO2 in austral summer
(DJF) 2004–2009, autumn (MAM) 2005–2009, winter (JJA)
2005–2009 and spring (SON) 2005–2009 over selected study areas in
the SWIO islands (Fig. 1). The horizontally averaged CO2 data (used for
profiles) at different altitudes and associated standard deviations for all
four seasons is provided in tables A1 to A4 in the appendix. Fig. 2a to d
show that the surface (between ground level and 3400m altitude the
level of 700 hPa stable layer) atmospheric loading of CO2 gradually
increased from summer to spring during the period of the analysis. This
behaviour is due to the seasonal variation in rainfall and biomass fire
occurrence over this region. During the wet season (December–March)
carbon is reduced in the atmosphere through wet deposition and ve-
getation uptake through photosynthesis (Malhi and Grace, 2000;
Saleska et al., 2003; MEF, 2010; MESD, 2010). During the dry season
(April–November) carbon is released to the atmosphere by biomass
burning. Biomass fires generally show a low occurrence in winter and
reach peak occurrence in spring (van der Werf et al., 2003). In all
seasons, there was no particular order in the relative CO2 surface

Study area Latitude range (°S) Longitude range (°E)

Comoros (C) 10.9 to 13.02 42.8 to 46.21
North Madagascar (NM) 11.75 to 17.96 48.88 to 49.75
Central Madagascar (CM) 15.55 to 20.12 44.12 to 51.36
South Madagascar (SM) 21.27 to 25.46 43.51 to 48.56
Reunion-Mauritius (RM) 19.82 to 21.91 54.39 to 58.40

Fig. 1. Map of SWIO islands showing study areas analysed in this investigation.

Table 1
SWIO study areas and their spatial demarcations.



loading among the study areas, except for SM which had the highest
concentrations for all four seasons (Fig. 2). This is due to the fact that
the SM area is covered by dry xerophytic forests (growing on a carbon
bearing limestone surface) that are susceptible to burning (Sussman
et al., 1994; MEF, 2010; Plugge et al., 2010). Coupled with this, there
was a relatively dense activity of artisanal mining for gemstones and
gold which is a major contributor of deforestation in Madagascar (Cook
and Healy, 2012). The difference of CO2 averages amongst the study
sites varied from ground level to the top of the troposphere in all sea-
sons. At the ground level it was within 3 ppm, between the 3400 and
5500m stable layers it grew to within 4 ppm, then it narrowed to
within 1 ppm at the top of the troposphere. Though the layer between
3400 and 5500m altitude had the greatest difference in all seasons, the
difference of the averages was small throughout the column of the
troposphere (Fig. 2). This was due to CO2 having a long atmospheric
lifetime and hence mixing-out uniformly over time (Intergovernmental
Panel on Climate Change (IPCC), 2006). The standard deviations in
tables A1 to A4 show that the surface concentration of CO2 within the
study sites was more spatially variable, this variation decreased with
altitude up to the top of the troposphere. The higher variation at the
surface was due to the sources perturbation. As the released CO2 was
uplifted in the atmosphere it became more uniformly mixed. The re-
latively stronger CO2 source areas SM and CM had the highest surface
CO2 spatial variation, which can be seen in the CO2 spatial distribution
maps (Fig. 3).

3.2. The influence of stable layers in CO2 vertical distribution over the
SWIO islands

In all seasons, the influence of semi-permanent stable layers at ap-
proximately 3400m (700 hPa) and 5700m (500 hPa) on the vertical
tropospheric loading of CO2 over the SWIO region was visible (Fig. 2).
These stable layers separated tropospheric CO2 into three bands of
layers, (a) between the surface and 700 hPa stable layer, (b) between
the 700 hPa and 500 hPa stable layers and (c) the layer above 500 hPa
stable layer. However, during the winter and spring only the 500 hPa

stable layer's influence was easily notable, except at SM where it was
the 700 hPa stable layer's influence that was easily discernible (Fig. 2c
and d). The spatial extent of these stable layers covers South Atlantic
Ocean, Southern Africa and South Indian Ocean. They exert control on
the vertical motion of air over the subcontinent by effectively inhibiting
the mixing of air parcels between the different atmospheric layers
(Garstang et al., 1996; Tyson et al., 1996; Swap and Tyson, 1999).

During summer over C, CO2 increased slightly with altitude between
the 3400 and 5500m layer. It then increased significantly with altitude
above 5500m and continued to the top of the troposphere (Fig. 2a).
During autumn and winter, CO2 concentration decreased less with al-
titude between 3400 and 5500m layer than at the surface layer (ground
to an altitude of 3400m). Then CO2 increased with altitude above
5500m and continued to the top of the troposphere (Fig. 2b and c).
During spring, CO2 decreased with altitude from the ground to the
5500m stable layer. It then decreased with a shallower gradient to the
8000m stable layer and above this altitude it did not show any sig-
nificant change with an increase in altitude (Fig. 2d).

During summer and in a similar manner seen at C, CO2 at NM in-
creased slightly with altitude between the 3400 and 5500m layer,
followed by a significant increase above 5500m altitude which con-
tinued to the top of the troposphere (Fig. 2a). During autumn, CO2

decreased with altitude from the surface to the 5500m stable layer. It
then decreased less markedly up to the 8000m stable layer. Above this
layer it increased slightly with altitude (Fig. 2b). During winter and
spring, CO2 decreased with altitude from the ground to the 5500m
stable layer and then it increased significantly up to the top of the
troposphere (Fig. 2c and d).

In all four seasons, the surface CO2 profile at CM increased from the
ground up to just above 1000m altitude, it then decreased with altitude
up to the 5500m stable layer. During summer and autumn, the CO2

increased moderately with altitude above the 5500m stable layer and
continued to the top of the troposphere. During winter and spring, CO2

continued to decrease with attitude above the 5500m stable layer, but
with a shallower gradient than from ground to an altitude of 5500m.
This decrease with altitude from the surface to the top of the

Fig. 2. Seasonal CO2 vertical profiles for selected areas over the SWIO islands: Fig. 2a to d are averaged profiles recorded during summer (DJF), autumn (MAM),
winter (JJA) and spring (SON), respectively.



troposphere is an indication of the strong strength of surface emissions
observed at CM during the dry season (Fig. 3 c and 3d), particularly in
spring which is the peak season for biomass burning (van der Werf
et al., 2003).

Over SM during summer, CO2 decreased with altitude between the
3400 and 5500m layer at a slightly steeper gradient than that from
ground to an altitude of 3400m. Above the 5500m stable layer the
profile did not show any meaningful change with altitude (Fig. 2a).
During autumn, winter and spring, CO2 levels decreased sharply with
altitude above the 3400m stable layer, with the strongest decrease
occurring in spring. This decrease with altitude from the surface to the
top of the troposphere is an indication of the strength of surface
emissions at SM, particularly during the dry season (Fig. 3).

During summer and in a similar manner to C and NM, CO2 at RM
increased slightly with altitude between the 3400 and 5500m layer.
This was then followed by a significant increase above 5500m altitude
which continued to the top of the troposphere (Fig. 2a). During autumn
and winter, CO2 levels decreased with altitude from the ground up to
the 5500m stable layer and then increased significantly to the top of
the troposphere (Fig. 2b and c). During spring, CO2 decreased with
altitude from the ground up to the 5500m stable layer and above this
layer it did not show any marked change with altitude (Fig. 2d). The
differences in the profiles of CO2 at different layers separated by the
700 hPa and 500 hPa stable layers were indicative of the restriction in
the mixing of air parcels between the layers (Garstang et al., 1996;
Tyson et al., 1996; Swap and Tyson, 1999).

3.3. CO2 seasonal surface spatial distribution over SWIO islands

Fig. 3a to 3(d) show the surface spatial distribution of CO2 over the
SWIO islands in austral summer, autumn, winter and spring, respec-
tively. There was a gradual shift to higher CO2 concentrations from
summer to spring during the period of the analysis. In all four seasons
there was no clear pattern in spatial concentration distribution of CO2

over Comoros, Mauritius and Reunion. This is because of the small size
of these islands. In Madagascar there was an easily discernible spatial
concentration variation over the island in all four seasons. There were
several CO2 hotspots over the island, with the southern region (SM)
having the largest number of hotspots followed by the central part
(CM). These hotspots coincided with the location of gemstone and gold
artisanal mining activities reported by Cook and Healy (2012). These
anthropogenic activities involve deforestation and forest degradation, a
major source of CO2 over the SWIO islands (MDIPTIT, 2002; MEF,
2010; MESD, 2010; World Bank, 2015; Praene et al., 2016). These
hotspots were easily visible during the summer and autumn season as
the background CO2 concentrations were relatively low (Fig. 3a and b).
There were also areas of low CO2 concentrations along the coastal areas
of Madagascar, most occurring along the north and east coast coin-
ciding with the wet rainforests along both coasts (Plugge et al., 2010).
Low concentrations of CO2 can be attributed to CO2 sequestration by
forests, as intact wet rainforests are large atmospheric carbon sinks
(Malhi and Grace, 2000; Saleska et al., 2003; Tan et al., 2010; Pan et al.,
2011; Baccini et al., 2012; Vieilledent et al., 2013; Rodda et al., 2016).
Areas of low CO2 concentration diminished in size from summer to
spring (Fig. 3a to d). During the wet summer season, forests have a

Fig. 3. Seasonal CO2 surface spatial distribution over the SWIO islands: Fig. 3a to d illustrate spatial distribution during the austral summer (DJF), autumn (MAM),
winter (JJA) and spring (SON), respectively.



maximum capacity to sequester atmospheric CO2, while in the dry
season forests are weak atmospheric carbon sinks. Warm and dry con-
ditions can cause tropical rain forests to change from behaving as
carbon sinks to carbon sources. Contrary to areas of low CO2 con-
centration, the spatial extent of CO2 hotspots expanded from summer to
spring (Fig. 3a to d). This is because the shift from wet to dry conditions
transforms the forests from being CO2 sinks to sources, especially in the
spring season which is the peak period for biomass burning in this re-
gion (Tian et al., 1998; van der Werf et al., 2003; Saigusa et al., 2008;
Tan et al., 2010).

3.4. Temporal variation of surface CO2 loading at study areas

Fig. 4a to e show the annual variation of surface CO2 loading from 2005
to 2009 over the C, NM, CM, SM, and RM study areas, respectively. The
regression slopes (R2) obtained using linear trend estimation for all the
selected study areas are positive. This implies that the surface CO2 levels at
the study areas increased during the period of analysis. Table 2 shows
values of the slopes (R2) of the trend lines for all the study areas. The CM
area had the greatest growth in CO2 surface loading and it was followed by
NM, RM, C and SM. The growth in surface CO2 concentration at the SM
study area was the smallest. However, the general surface loading of CO2 in

this area was the highest throughout the period of analysis. The growth rate
of CO2 at all the study sites was below the global growth rate (background
stations), which was reported to be 2 ppmyr−1 from 2007 to 2008 (World
Meteorological Organization (WMO), 2009), and 1.6 ppmyr−1 from 2008
to 2009 (WMO, 2010). The Cape point GAW station in South Africa re-
ported the growth rate (background air) of CO2 to be varying from 1.6 to
2.1 ppmyr−1 from 1993 to 2008 (Brunke et al., 2011). Labuschagne et al.
(2017) determined a growth rate of 0.77 ppmyr−1 from 1993 to 2016 for
continental-urban (non-background) air reaching the Cape Point GAW
station. This growth rate is comparable to the ones determined at the study
sites.

Fig. 4. Annual variations of surface CO2 loading from 2005 to 2009. Fig. 4a to e illustrate the annual variations at C, NM, CM, SM, and RM, respectively.

Table 2
Determined trend values based on linear trend analysis over the
study locations.

Area R2 (ppm/yr)

Comoros (C) 0.8913
North Madagascar (NM) 0.9783
Central Madagascar (CM) 0.9924
South Madagascar (SM) 0.8844
Reunion-Mauritius (RM) 0.9643



4. Conclusions

This study analysed the seasonal vertical and surface spatial dis-
tribution of CO2 over the SWIO islands. The temporal variation of
surface CO2 concentrations at these islands using data recorded by the
TES instrument on board the Aura Satellite was also investigated. The
locations of CO2 hotspots over these islands were determined and were
found to be associated with deforestation and forest degradation an-
thropogenic activities. Areas of minimum or low CO2 atmospheric
loading were also identified and were found to coincide with strong
sink areas. This study established that surface CO2 atmospheric loading
gradually increased from summer to spring in this region. During the
investigation period there was no particular order in the relative CO2

surface loading among the study areas, except for SM which had the
highest concentrations in all four seasons. Stable layers separated the
troposphere into three bands of layers of different atmospheric CO2

loading in this region. Because of the small size of Comoros, Mauritius
and Reunion, a clear pattern in surface spatial concentration distribu-
tion of CO2 could not be established for all four seasons. However,
Madagascar had an easily discernible spatial concentration variation for
all seasons. There were several CO2 hotspots over the island, with most
spread over the south (SM) and then followed by centre of Madagascar
(CM). These hotspots coincided with the location of artisanal gemstone
and gold mining activities. These anthropogenic activities involve de-
forestation and forest degradation, a major source of CO2. Hotspots in
Madagascar were easily visible during the summer and autumn season
as background CO2 concentrations were relatively low. There were
areas of low CO2 concentrations along the coastal areas of Madagascar
with most occurring along the north and east coasts. These areas co-
incided with wet rainforests along the north and east coasts. The low
concentrations can be attributed to forest CO2 sequestration as intact
wet rainforests are large atmospheric carbon sinks. Areas of low CO2

concentration diminished in size from summer to spring as the capacity
to sequester atmospheric CO2 decreases from the wet to dry season.
Conversely, the spatial extent of the CO2 hotspots expanded from
summer to spring. This is because the shift from wet to dry conditions

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.org/10.1016/j.jastp.2018.07.017.

Appendix

Table A.1
Summer (DJF) horizontally averaged CO2 data (for all study areas) and associated standard deviations at different altitudes used for vertical profiles.

Altitude (m) C NM CM SM RM

CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm)

89.43 382.76 ± 7 383.36 ± 8
257.86 382.36 ± 7
331.14 385.45 ± 9
606.78 384.65 ± 5
928.37 382.48 ± 7 385.11 ± 6 382.56 ± 7 385.39 ± 9 383.13 ± 8
1755.26 382.20 ± 8 384.99 ± 7 382.51 ± 8 385.24 ± 9 382.91 ± 8
2569.48 381.92 ± 8 384.88 ± 7 382.35 ± 8 385.10 ± 10 382.68 ± 9
3370.32 381.64 ± 8 384.77 ± 8 382.20 ± 8 384.96 ± 10 382.45 ± 9
4158.92 381.57 ± 8 384.58 ± 7 382.09 ± 8 384.62 ± 9 382.31 ± 9
4936.58 381.51 ± 8 384.40 ± 7 381.99 ± 8 384.29 ± 9 382.16 ± 8
5702.08 381.45 ± 7 384.22 ± 6 381.89 ± 7 383.96 ± 8 382.02 ± 8
6454.50 381.59 ± 7 384.15 ± 6 381.91 ± 7 383.80 ± 8 382.08 ± 7
7194.07 381.73 ± 7 384.07 ± 6 381.94 ± 6 383.64 ± 7 382.14 ± 6
7920.94 381.87 ± 6 383.99 ± 5 381.97 ± 6 383.49 ± 6 382.21 ± 6
8635.14 382.05 ± 6 383.98 ± 5 382.03 ± 5 383.41 ± 6 382.31 ± 5

(continued on next page)

transforms the forests from CO2 sinks to sources. This is particularly 
true in spring which is the peak period for biomass burning, a strong 
source of CO2 emissions. Surface levels of CO2 for all study areas in-
creased during the period of the analysis. The CM area showed the 
greatest growth in CO2 surface loading, it was followed by NM, RM, C 
and SM. The growth in surface CO2 concentration at SM was the 
smallest. However, the general surface loading of CO2 in this area was 
the highest throughout the period of analysis.

This study serves as a baseline in terms of atmospheric distribution 
of CO2 and its temporal variation in this region. The study period extent 
was limited by the availability of complete or adequate data for the 
purpose of these analyses. A future study is planned to understand the 
evolution and recent atmospheric CO2 loading at this region using the 
latest satellites data.

The CO2 atmospheric distribution over the SWIO is not only de-
termined by the sources in this region. Meteorology and air transport 
over this region plays a central role in the distribution of this gas ver-
tically, spatially and seasonally. Part 2 of this study explores the in-
fluence of meteorology and air transport in the atmospheric distribution 
of CO2 over the SWIO islands.
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Table A.1 (continued)

Altitude (m) C NM CM SM RM

CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm)

9335.75 382.22 ± 5 383.96 ± 4 382.09 ± 5 383.32 ± 5 382.41 ± 5
10021.7 382.40 ± 5 383.94 ± 4 382.16 ± 5 383.24 ± 5 382.51 ± 5
10692.79 382.55 ± 5 383.95 ± 4 382.22 ± 4 383.21 ± 4 382.61 ± 4
11349.07 382.70 ± 4 383.96 ± 3 382.29 ± 4 383.18 ± 4 382.71 ± 4
11990.05 382.84 ± 4 383.97 ± 3 382.35 ± 4 383.14 ± 4 382.81 ± 4
12615.91 382.94 ± 4 383.99 ± 3 382.40 ± 3 383.13 ± 3 382.88 ± 3
13227.12 383.05 ± 4 384.01 ± 3 382.44 ± 3 383.12 ± 3 382.96 ± 3
13824.21 383.15 ± 3 384.03 ± 3 382.49 ± 3 383.10 ± 3 383.03 ± 3
14407.97 383.22 ± 3 384.05 ± 3 382.53 ± 3 383.11 ± 3 383.09 ± 3
14980.90 383.28 ± 3 384.07 ± 3 382.56 ± 3 383.11 ± 3 383.15 ± 3
15545.78 383.35 ± 3 384.09 ± 3 382.60 ± 3 383.11 ± 3 383.20 ± 3
16102.33 383.41 ± 3 384.12 ± 2 382.63 ± 3 383.13 ± 3 383.25 ± 3
16650.53 383.46 ± 3 384.15 ± 2 382.67 ± 3 383.14 ± 3 383.30 ± 3
17195.81 383.52 ± 3 384.18 ± 2 382.71 ± 3 383.16 ± 3 383.35 ± 3
17743.33 383.54 ± 3 384.20 ± 2 382.73 ± 3 383.18 ± 3 383.38 ± 3
18293.14 383.56 ± 3 384.22 ± 2 382.74 ± 3 383.20 ± 3 383.41 ± 3

Table A.2
Autumn (MAM) horizontally averaged CO2 data (for all study areas) and associated standard deviations at different altitudes used for vertical
profiles.

Altitude (m) C NM CM SM RM

CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm)

126.89 381.88 ± 7 382.58 ± 7
629.39 382.32 ± 5
961.96 381.65 ± 7 382.50 ± 5 382.87 ± 8 384.54 ± 7 382.35 ± 7
1781.26 381.40 ± 7 382.43 ± 6 383.29 ± 8 384.46 ± 7 382.11 ± 7
2589.10 381.16 ± 8 382.19 ± 6 383.32 ± 9 384.38 ± 7 381.87 ± 7
3385.76 380.91 ± 8 381.97 ± 6 383.25 ± 9 384.30 ± 8 381.64 ± 8
4171.27 380.96 ± 7 382.01 ± 6 383.18 ± 9 384.13 ± 7 381.64 ± 8
4944.82 381.00 ± 7 382.05 ± 6 383.09 ± 8 383.96 ± 7 381.63 ± 8
5705.44 381.05 ± 7 382.09 ± 6 382.99 ± 8 383.79 ± 6 381.63 ± 7
6452.58 381.29 ± 6 382.29 ± 6 382.91 ± 7 383.74 ± 6 381.84 ± 7
7186.06 381.54 ± 6 382.49 ± 6 382.93 ± 6 383.70 ± 5 382.05 ± 6
7906.00 381.78 ± 5 382.69 ± 5 382.95 ± 6 383.66 ± 5 382.26 ± 6
8612.48 382.06 ± 5 382.92 ± 5 382.97 ± 5 383.67 ± 4 382.48 ± 5
9305.42 382.33 ± 5 383.16 ± 5 383.04 ± 5 383.68 ± 4 382.71 ± 5
9984.57 382.61 ± 4 383.39 ± 4 383.10 ± 5 383.69 ± 4 382.93 ± 5
10649.96 382.85 ± 4 383.60 ± 4 383.17 ± 4 383.72 ± 3 383.12 ± 4
11301.81 383.08 ± 4 383.80 ± 4 383.24 ± 4 383.75 ± 3 383.31 ± 4
11940.22 383.32 ± 4 384.01 ± 3 383.31 ± 4 383.78 ± 3 383.50 ± 4
12565.46 383.50 ± 3 384.17 ± 3 383.39 ± 3 383.82 ± 3 383.65 ± 3
13177.92 383.69 ± 3 384.33 ± 3 383.46 ± 3 383.87 ± 3 383.79 ± 3
13778.31 383.87 ± 3 384.49 ± 3 383.53 ± 3 383.91 ± 3 383.94 ± 3
14367.01 383.98 ± 3 384.59 ± 3 383.60 ± 3 383.94 ± 3 384.03 ± 3
14946.43 384.09 ± 3 384.69 ± 3 383.64 ± 3 383.97 ± 3 384.12 ± 3
15518.50 384.20 ± 3 384.78 ± 3 383.69 ± 3 383.99 ± 3 384.20 ± 3
16083.16 384.23 ± 3 384.81 ± 3 383.73 ± 3 383.99 ± 3 384.23 ± 3
16640.52 384.26 ± 3 384.84 ± 3 383.73 ± 3 383.99 ± 3 384.25 ± 3
17195.38 384.29 ± 3 384.87 ± 2 383.72 ± 3 383.98 ± 3 384.28 ± 3
17752.89 384.30 ± 3 384.87 ± 2 383.72 ± 3 383.98 ± 3 384.28 ± 3
18312.96 384.30 ± 3 384.88 ± 2 383.71 ± 3 383.97 ± 3 384.283



Table A.3
Winter (JJA) horizontally averaged CO2 data (for all study areas) and associated standard deviations at different altitudes used for vertical profiles.

Altitude (m) C NM CM SM RM

CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm)

0.10 384.67 ± 7
181.47 384.60 ± 6 384.64 ± 7
320.91 385.18 ± 8 386.36 ± 8
603.93 384.40 ± 5
1003.56 384.34 ± 6 383.63 ± 5 385.49 ± 8 386.46 ± 8 384.47 ± 7
1810.28 384.07 ± 6 383.28 ± 5 385.39 ± 8 386.42 ± 8 384.33 ± 8
2607.30 383.81 ± 7 382.73 ± 6 385.20 ± 8 386.38 ± 9 384.19 ± 8
3395.06 383.54 ± 7 382.19 ± 6 385.00 ± 9 386.35 ± 9 384.04 ± 8
4173.05 383.38 ± 6 381.96 ± 6 384.68 ± 8 386.09 ± 8 383.96 ± 8
4940.21 383.21 ± 6 381.73 ± 6 384.36 ± 8 385.83 ± 8 383.89 ± 7
5695.78 383.05 ± 6 381.50 ± 6 384.04 ± 7 385.58 ± 7 383.81 ± 7
6439.42 383.12 ± 6 381.65 ± 6 383.95 ± 7 385.42 ± 6 383.85 ± 6
7170.88 383.19 ± 5 381.81 ± 6 383.85 ± 6 385.26 ± 6 383.90 ± 6
7890.10 383.26 ± 5 381.96 ± 6 383.76 ± 6 385.10 ± 5 383.95 ± 5
8596.76 383.36 ± 5 382.25 ± 5 383.73 ± 5 385.00 ± 5 384.03 ± 5
9290.69 383.47 ± 4 382.54 ± 5 383.71 ± 5 384.90 ± 5 384.10 ± 5
9971.71 383.57 ± 4 382.83 ± 5 383.68 ± 4 384.81 ± 4 384.18 ± 4
10639.50 383.67 ± 4 383.12 ± 4 383.69 ± 4 384.76 ± 4 384.25 ± 4
11293.88 383.77 ± 4 383.41 ± 4 383.70 ± 4 384.71 ± 4 384.33 ± 4
11934.54 383.87 ± 4 383.70 ± 4 383.72 ± 4 384.66 ± 3 384.41 ± 4
12561.83 383.95 ± 3 383.93 ± 3 383.74 ± 3 384.64 ± 3 384.46 ± 4
13176.52 384.02 ± 3 384.15 ± 3 383.76 ± 3 384.62 ± 3 384.52 ± 3
13779.26 384.11 ± 3 384.38 ± 3 383.79 ± 3 384.60 ± 3 384.58 ± 3
14370.68 384.15 ± 3 384.52 ± 3 383.80 ± 3 384.58 ± 3 384.62 ± 3
14952.93 384.20 ± 3 384.67 ± 3 383.82 ± 3 384.57 ± 3 384.65 ± 3
15528.29 384.25 ± 3 384.81 ± 3 383.83 ± 3 384.55 ± 3 384.68 ± 3
16096.48 384.25 ± 3 384.87 ± 3 383.82 ± 3 384.52 ± 3 384.68 ± 3
16657.65 384.26 ± 3 384.93 ± 3 383.81 ± 3 384.50 ± 3 384.68 ± 3
17216.79 384.27 ± 3 384.99 ± 3 383.80 ± 3 384.47 ± 3 384.68 ± 3
17779.02 384.26 ± 3 385.00 ± 3 383.79 ± 3 384.45 ± 3 384.67 ± 3
18344.26 384.26 ± 3 385.01 ± 3 383.78 ± 3 384.43 ± 3 384.66 ± 3

Table A.4
Spring (SON) horizontally averaged CO2 data (for all study areas) and associated standard deviations at different altitudes used for vertical profiles.

Altitude (m) C NM CM SM RM

CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm)

0.77 386.01 ± 6 384.98 ± 6
159.01 385.89 ± 6 384.93 ± 6
308.63 385.61 ± 8 387.03 ± 10
664.68 384.94 ± 5
984.76 385.53 ± 6 385.11 ± 6 385.72 ± 10 387.17 ± 10 384.69 ± 7
1795.94 385.15 ± 6 384.69 ± 6 385.44 ± 10 387.07 ± 10 384.49 ± 7
2598.67 384.78 ± 7 384.12 ± 6 385.11 ± 10 386.98 ± 10 384.29 ± 7
3392.13 384.40 ± 7 383.55 ± 7 384.78 ± 10 386.89 ± 10 384.09 ± 7
4175.11 384.04 ± 6 383.25 ± 6 384.38 ± 10 386.56 ± 9 383.97 ± 7
4946.49 383.68 ± 6 382.96 ± 6 383.97 ± 9 386.24 ± 9 383.86 ± 7
5705.48 383.32 ± 6 382.66 ± 6 383.58 ± 8 385.92 ± 8 383.74 ± 6
6451.66 383.25 ± 5 382.74 ± 6 383.44 ± 8 385.66 ± 7 383.73 ± 6
7184.42 383.19 ± 5 382.82 ± 5 383.30 ± 7 385.41 ± 6 383.72 ± 6
7903.46 383.13 ± 5 382.91 ± 6 383.17 ± 6 385.16 ± 6 383.71 ± 5
8608.54 383.12 ± 4 383.05 ± 5 383.10 ± 6 384.97 ± 5 383.73 ± 5
9299.67 383.12 ± 4 383.20 ± 5 383.03 ± 5 384.78 ± 5 383.75 ± 4
9976.85 383.12 ± 4 383.35 ± 4 382.96 ± 5 384.59 ± 4 383.78 ± 4
10640.28 383.14 ± 4 383.48 ± 4 382.91 ± 4 384.45 ± 4 383.80 ± 4

(continued on next page)



Table A.4 (continued)

Altitude (m) C NM CM SM RM

CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm) CO2 ± STD (ppm)

11290.05 383.15 ± 3 383.62 ± 4 382.87 ± 4 384.30 ± 4 383.81 ± 4
11926.47 383.17 ± 3 383.75 ± 3 382.83 ± 4 384.16 ± 3 383.83 ± 3
12549.96 383.16 ± 3 383.82 ± 3 382.78 ± 4 384.04 ± 3 383.82 ± 3
13161.53 383.16 ± 3 383.89 ± 3 382.73 ± 3 383.92 ± 3 383.80 ± 3
13761.96 383.15 ± 3 383.96 ± 3 382.68 ± 3 383.80 ± 3 383.79 ± 3
14351.82 383.16 ± 3 384.02 ± 3 382.66 ± 3 383.73 ± 3 383.79 ± 3
14933.50 383.17 ± 3 384.08 ± 3 382.64 ± 3 383.67 ± 3 383.79 ± 3
15508.98 383.18 ± 3 384.14 ± 3 382.62 ± 3 383.60 ± 3 383.79 ± 3
16078.21 383.25 ± 3 384.24 ± 3 382.68 ± 3 383.63 ± 3 383.86 ± 3
16641.25 383.32 ± 3 384.34 ± 3 382.73 ± 3 383.66 ± 3 383.93 ± 3
17202.47 383.39 ± 3 384.44 ± 3 382.79 ± 3 383.69 ± 3 384.00 ± 3
17766.28 383.43 ± 3 384.48 ± 3 382.82 ± 3 383.71 ± 3 384.03 ± 3
18332.75 383.47 384.53 ± 3 382.85 ± 3 383.73 ± 3 384.06 ± 3
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