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Abstract. Concentrations of trace gases CO2, CH4, CO, N2O and H2, and the stable carbon and oxygen isotopic
composition of CO2 have been measured in air samples collected from Cape Rama, a coastal station on the west
coast of India, since 1993. The data show clear signatures of continental and oceanic air mass resulting in
complex seasonal variation of trace gas characteristics. The regional atmospheric circulation in the Indian Ocean
and Arabian Sea undergoes biannual reversal in low-level winds associated with the yearly migration of the
inter-tropical convergence zone (ITCZ). From June to September, the wind is from the equatorial Indian Ocean
to the Indian subcontinent (southwest monsoon) and brings in pristine marine air. From December to February,
dry continental winds blow from the northeast and transport continental emissions to the ocean (northeast
monsoon). Detailed transport and chemical modelling will be necessary to interpret these records, however the
potential to identify and constrain the regional trace gas emissions appears to be high.

1. INTRODUCTION

The large-scale atmospheric circulation in the Indian Ocean and Arabian Sea region is
characterized by biannual reversal in low-level winds associated with the Indian monsoon [1].
This flow pattern is largely driven by the temperature gradient between the land mass (Indian
subcontinent) and the ocean as a result of differential solar heating, which changes seasonally
[2]. In the winter months, the atmosphere over the continent cools faster relative to the ocean,
forming a region of general subsidence, which causes a dry northeasterly flow (NE monsoon).
In contrast, the intense heating in summer months (April-May) results in the development of
heat lows over the northern landmass reversing the circulation; this causes a moisture rich
south-westerly flow that brings torrential rains over India during June to September (SW
monsoon). During the transition period between the NE monsoon (December-February) and
the SW monsoon (June-September), zonal temperature gradients and easterlies in the tropical
Indian Ocean are weak and the inter-tropical convergence zone (ITCZ) is located typically at
about 10° S. At this time, the cross-equatorial monsoon flow from the continent meets the
Southern Hemisphere air at the ITCZ. The effect of these two monsoons on the
biogeochemistry of the Arabian Sea and the Bay of Bengal is well known [3, 4]. The
productivity on the land also changes drastically in response to the monsoon system. It is
therefore expected that the two monsoon systems must have an important effect on the
concentration and isotopic composition of atmospheric CO2, and the concentration of other
trace gases. Air sampling at Cape Rama contributes to a global atmospheric composition
study [5] and, given the potential for global impacts originating in the poorly sampled
tropical/sub-tropical regions, data from this site provide valuable constraints on global forcing
from these regions. Preliminary results of this study are presented here.
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2. SAMPLING SITE

After some preliminary exploration we were able to find an excellent site at
Cape Rama on the west coast of India (Figure 1) about 80 km south of Panaji, Goa. The
sampling location is on flat rocky terrain, about 60 m above sea level and overlooks the sea.
The site is devoid of any vegetation over a scale of 50 m on all sides and is at least a few
hundred metres away from sparse habitation.
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Figure 1. Locations of the Cape Rama and Seychelles air sampling stations. The general
direction of wind flow during the SW monsoon is from Seychelles to Cape Rama.

The meteorological data from Panaji show that on this part of the west coast, the wind
in the afternoon (sampling time) is onshore all year round. In the summer (SW) monsoon
period, this flow direction matches the general large-scale flow and, therefore, air samples
collected during this period (June to September) represent tropical oceanic air mass averaging
a large-scale equatorial regime. In the winter (NE) monsoon period, the zonal wind direction
is offshore and matches with the morning local wind. However, the same air mass recirculates
as a sea breeze in the afternoon after mixing over a large oceanic fetch. Therefore, air samples
collected in the afternoon during the winter monsoon period (December to February)
represent an air mass with integrated continental signatures. The wind speed at the time of
sampling is moderate, generally about 4 to 6 ms"1 but increasing to 10 to 12 ms" at the peak
of SW monsoon.

3. EXPERIMENTAL METHOD

Air samples are collected in 500 ml glass flasks at a pressure of 190 kPa (absolute)
using a specially designed portable flask pump unit that chemically dries the air using
MgClO4, and incorporates digital wind speed and wind direction monitors. The air-intake is
6 metres above ground and two flasks are pressurised, one after another, during each site visit.
Each flask is flushed with dried air for about 10 minutes before filling. After filling, the flasks
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are returned to CSIRO Atmospheric Research's GASLAB (Global Atmospheric Sampling
LABoratory) in Aspendale for determination of the concentrations of trace gases CO2, CH4,
CO, N2O and H2 by gas-chromatographic methods. Subsequently, the carbon and oxygen
isotopic ratios in CO2 are determined using an automatic cryogenic extraction system coupled
to a Finnigan Mat 252 mass-spectrometer with external precisions of 0.015 %o and 0.050 %o
for 813C and 818O measurements respectively. Further details of GASLAB operation are given
in Francey et al. [5].

4. RESULTS AND DISCUSSIONS

Regular sampling at Cape Rama started in February 1993 and, since then, continuous
bi-monthly samples have been collected. The data from 1993 through 1998 are presented here
in the form of time series plots (Figures 2 to 9). For each species, we produced a smooth fit to
the data by applying a Fast Fourier Transform (FFT) routine to convert data into the
frequency domain, applying a low-pass filter and then applying an inverse FFT to get back to
the time domain [6]. The filter effectively removes variations with periods less than 80 days.
Smoothed data from Cape Rama (15.1°N, 73.8°E) are compared to smoothed CSIRO data
from Mauna Loa (19.5°N, 155.6°W, representing zonal Northern Hemisphere marine-air), and
smoothed NOAA-CMDL measurements [7, 8] from Seychelles (4.7°S, 55.2°E), which is
directly upwind of Cape Rama during SW monsoons, and downwind in NE monsoons. For
the purpose of our discussion, the data from the two networks are assumed to be on
comparable scales.

4.1 Carbon dioxide and its isotopes

In Figure 2, the Cape Rama CO2 mixing ratio (thick line) is compared to a smooth curve
fitted to CSIRO Mauna Loa data (thin line) and to the Seychelles data (grey line). The
Seychelles data exhibit small seasonality and a relatively low overall growth rate from 1993
through 1995 with stronger growth from 1995 through 1999. The Cape Rama trends are
consistent with this but exhibit a strong seasonal variation with peak-to-peak amplitude of 10-
15 ppm. The Cape Rama seasonality appears particularly large in 1993/94 and 1997/98,
although this is not reflected in either the Mauna Loa or Seychelles curves.
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Figure 2. Measured concentration ofCO2 (diamonds) in air samples collected at Cape Rama,
along with the smoothed fit to the data points (thick line). Periods ofSW monsoon and NE
monsoon are indicated. Smoothed fits to the Seychelles (grey line) and Mauna Loa (thin line)
data are given for comparison.
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Annually, the highest mixing ratio is observed in February-March, towards the end of
the NE monsoon, while the lowest mixing ratio occurs in October, soon after the end of the
SW monsoon. During the SW monsoon, the CO2 concentrations observed at Cape Rama agree
well with those observed at Seychelles. This is expected as the air mass reaching Cape Rama
at that time is from the equatorial zone carrying pure marine air from the direction of
Seychelles [2]. The wind speed is also moderately high during the SW monsoon, which
minimizes any possible effect due to the upwelling in the Arabian Sea at this time.

hi October-November, Cape Rama CO2 concentrations are generally close to those at
Seychelles, although in 1993, 1994 and 1997, the Cape Rama concentrations are lower than
those at Seychelles. From October-November until February-March, Cape Rama values
increase sharply to values much higher than the Seychelles, particularly in 1993-94 and
1997-98. During this period, Northern Hemisphere values are also increasing (as shown in
the Mauna Loa record), however the Cape Rama increases are more rapid and of larger
amplitude. These increases to well above Southern Hemisphere values are generally
consistent with increases observed in the Northern Hemisphere. This transport of Northern
Hemisphere continental air towards the equator has also been observed during ship-based
studies of tropospheric trace constituents over the Indian Ocean [9]. The Cape Rama
/Seychelles differences are also consistent with regional net (photosynthetic) uptake in
October-November, followed by net winter respiration, which may explain the year-to-year
variability observed in the CO2 record. Late 1994 and late 1997 have been identified as
periods of enhanced biomass burning in tropical regions [10] that may have contributed to the
Cape Rama seasonality in these years, although full transport modelling with global network
data will be necessary to more accurately separate regional causes from long-range transport.

The anti-correlation between the Cape Rama 8I3C-CO2 (Figure 3) and CO2 mixing
ratio on the seasonal timescale favours a strong biogenic contribution, and excludes a strong
oceanic contribution. Regression analysis of each year's data from 1993 to 1998 yields
coefficients of -0.0433, -0.0478, -0.0476, -0.0467, -0.0551 and -0.0408 %o ppm'1,
respectively. While the magnitudes of the year-to-year differences in coefficients are of
marginal significance, it is suggestive that the largest values (most negative) occur in 1994
and 1997, the years of enhanced biomass burning, and the lowest values (most positive) occur
in the immediately following years. Such a pattern would be expected if a higher proportion
of C3 photosynthetic material were involved in global exchange in 1994 and, particularly,
1997 followed by an increased C4 proportion in the subsequent year. This pattern is expected
if wild fires convert tropical forest to savannah. Climatic-induced changes in the
photosynthetic fractionation factors might also contribute.

The 8 O-CO2 values (Figure 4) exhibit a complex seasonal behaviour, with relatively
steady values, close to Southern Hemisphere values observed at other GASLAB sites, during
the SW monsoon. A small decrease in 8 O-CO2 is observed at the end of the SW monsoon
and is followed by a rapid increase to a maximum value at the beginning of the NE monsoon.
This seasonal pattern breaks down in 1998, possibly an artefact due to deteriorating flask
storage (under further investigation).

The 818O-CO2 values in the SW monsoon period show a general decline of around
0.5 %o from 1993 to 1996, followed by a flattening/reversal that has been observed elsewhere
in the CSIRO global network. The sharp positive peak in the NE monsoon period is most
easily explained by an isotopic exchange with leaf water, which is significantly enriched
compared to soil water, particularly in conditions of high evapotranspiration (low relative
humidity).
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Figure 3. Measured $3C~CO2 (diamonds) in air samples collected at Cape Rama, along with
the smoothed fit to the data points (thick line). Periods ofSW monsoon and NE monsoon are
indicated. Smoothed fits to the Seychelles (grey line) and Mauna Loa (thin line) data are
given for comparison.
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Figure 4. Measured S O-CO2 (diamonds) in air samples collected at Cape Rama, along with
the smoothed fit to the data points (thick line). Periods ofSW monsoon and NE monsoon are
indicated. A smoothed fit to the Mauna Loa data (thin line) is given for comparison.

4.2 Methane, Carbon monoxide and Hydrogen

Variations in mixing ratios of CH4 and CO at Cape Rama are shown in Figures 5 and
6, along with smooth curves fitted to the Mauna Loa and Seychelles data. As expected, the
Cape Rama and Seychelles values are quite similar for both gases during the SW monsoon
period for all years, 1993 to 1998, but the Cape Rama data show significant increases during
the NE monsoon period. Over the whole season, Cape Rama growth rates for CH4 and CO are
remarkably similar (Figure 7).
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Figure 5. Measured concentration ofCH4 (diamonds) in air samples collected at Cape Rama,
along with the smoothed fit to the data points (thick line). Periods of SW monsoon and NE
monsoon are indicated. Smoothed fits to the Seychelles (grey line) and Mauna Loa (thin line)
data are given for comparison.
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Figure 6. Measured concentration of CO (diamonds) in air samples collected at Cape Rama,
along with the smoothed fit to the data points (thick line). Periods of SW monsoon and NE
monsoon are indicated. Smoothed fits to the Seychelles (grey line) and Mauna Loa (thin line)
data are given for comparison.
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Figure 7. Growth rates ofCH4 (thick line) and CO (thin line) in air samples collected at Cape
Rama. Periods of SW monsoon andNE monsoon are indicated.
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The mixing ratios start to increase strongly just after the SW monsoon when the origin
of the air mass is from the northwest or north-northwest direction, carrying partly continental
air. CH4 peaks at the beginning of the NE monsoon and then steadily decreases through to the
beginning of the next SW monsoon. The highest CO values are obtained throughout the NE
monsoon, characterizing high emission from Indian subcontinent.

The post SW monsoon increase in CH4 and CO is also clear in the Seychelles data but
occurs later, in early December (i.e. during the NE monsoon in India), when the continental
air first arrives at Seychelles. At this time, the ITCZ position probably coincides with the
Seychelles latitude (4°S) and the winter continental air starts to flow over it. Subsequently,
during the northward migration of the ITCZ as it moves past Seychelles, the supply of
continental air is cut off and the equatorial marine value is returned there. Cape Rama
continues to have higher mixing ratios until June as it still continues to receive the continental
air. The net result is that the peaks in CH4 and CO at Seychelles are flanked on both sides by
the peaks at Cape Rama, and the peak value observed at Seychelles is less, due to dilution by
marine air.

Again, modelling of atmospheric transport and chemistry will be required to understand
the contributions of these interacting species from large-scale transport, local surface sources
and sinks and chemical modification within the atmosphere.

During the NE monsoon, H2 steadily increases at Cape Rama (Figure 8), before
returning to relatively steady values at the beginning of the SW monsoon. Since continental
regions are usually considered a sink for H2, this is surprising behaviour, suggesting that the
increasing H2 and decreasing CH4 are linked.
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Figure 8. Measured concentration ofH2 (diamonds) in air samples collected at Cape Rama,
along with the smoothed fit to the data points (thick line). Periods of SW monsoon and NE
monsoon are indicated. A smoothed fit to the Mauna Loa data (thin line) is given for
comparison.

4.3 Nitrous oxide

The N2O mixing ratio (Figure 9) does not show a consistent significant seasonal cycle at
the available measurement precision. From 1993 to mid-1995, the mean value remained close
to 313 ppb, but after that it increased steadily reaching 318 ppb in 1998. The interannual
variation of the N2O is very similar to that observed for CO2, although the sources and sinks
for these two gases are thought to be quite different.
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Figure 9. Measured concentration ofN2O (diamonds) in air samples collected at Cape Rama,
along with the smoothed fit to the data points (thick line). Periods of SW monsoon and NE
monsoon are indicated. A smoothed fit to the Mauna Loa data (thin line) is given for
comparison.

5. FUTURE PERSPECTIVES

Atmospheric trace gas studies initiated by the Physical Research Laboratory (PRL),
Ahmedabad and the National Institute of Oceanography, Goa, in collaboration with CSIRO
Atmospheric Research, Aspendale, and with the help and sponsorship of the International
Atomic Energy Agency (IAEA), are providing important time series for the first time in a
monsoonal zone of the equatorial belt. Enhanced levels of methane during the NE monsoon
period are thought to be due to various continental sources and, considering the agricultural
practices in the Indian subcontinent, it seems that rice cultivation and cattle rumination are the
main sources. To estimate the relative contribution of these sources, we have set up a methane
extraction line at PRL to convert methane to carbon dioxide for isotopic analysis. This line
has recently become operational and the first measurements to characterize the source
signatures are being planned. As an offshoot of these initiatives, some important
investigations of oxygen isotopic anomalies in atmospheric CO2 have been made and further
investigations are being planned. These combined efforts are expected to be of great value in
understanding the budget of the greenhouse gases in the earth's atmosphere.
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