Enhanced upper tropical tropospheric COS:

Impact on the stratospheric aerosol layer
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Carbonyl sulphide (COS) is considered to be a major source of the stratospheric sulphate
aerosol during periods of volcanic quiescence. We have measured the COS concentrations
at the tropical tropopause and find mixing ratios 20-50% larger than assumed in models.
The enhanced COS levels are correlated with high concentrations of biomass burning
pollutants like CO and HCN. The analysis of backward trajectories and global maps of fire
statistics suggest that biomass burning emissions transported upwards by deep convection

are the source of the enhanced COS in the upper tropical troposphere.



The main sources of COS are direct emissions at the surface and the conversion of CS,
and DMS (Dimethylsulfide) in the atmosphere (/-3). Biomass burning is assumed to contribute
10-20% to the overall source strength of COS (4-6). Due to its long lifetime, the COS mixing
ratio is relatively constant throughout the troposphere at about 500 pptv (/, 7, §) with a small
decline of -0.25%/y throughout the last 24 years (9). The available data on the vertical profiles of
COS exhibit no significant vertical gradient in the troposphere and a slow decrease above the
tropopause (/). Much of the COS reaches the stratosphere, where photolysis and oxidation leads
to SO, and eventually to sulphate particles (2, 4, 10). The stratospheric aerosol layer has an
important impact on the radiation budget of the stratosphere, its dynamical structure, and
chemistry (/7). With the exception of SO, other sulphur compounds, such as CS, or
dimethylsulphide (DMS), have much shorter lifetimes and are assumed not to contribute
significantly to the sulphur budget in the stratosphere except during volcanic eruptions (2).

Here we present observations of COS and other related trace gases in the upper tropical
tropopause region. The measurements were performed using passive absorption spectrometry in
the infrared with the sun as light source (/2). We discuss ground based observations performed
during two Atlantic cruises onboard the German research vessel Polarstern where the tropics
were passed in October/November 1996 and December/January 1999/2000. These observations
are complemented by space borne observations above the Pacific from the ATMOS instrument
flown onboard the space shuttle in November 1994.

COS and CO have been analysed between 2000 and 2200 cm™. The spectroscopic data for
all molecules were taken from the most recent version of the HITRAN and ATMOS database
(13). The inversion of the cruise spectra to retrieve the trace gas concentrations was implemented
with SFIT2, an optimal estimation method, developed at NASA Langley and NIWA/Lauder (9).

The pressure broadening of isolated spectral lines enables the determination of vertical



concentration profiles up to 30 km, with relatively coarse resolution of 4 km. The initial mixing
ratios for all trace gases for the cruise analysis are based on balloon observations. For the cruise
data we estimate the precision of COS and CO to be in the order of 10-15% for averaged altitude
layers of 4 km (/4). The ATMOS spectra have been recorded in November 1994 during sunset in
occultation geometry, yielding the concentration profiles with an altitude resolution of about 1
km (15). These spectra were analysed using GFIT, a code especially developed for the analysis of
balloon and satellite spectra (/6). The error bars on the ATMOS vmr profiles represent their
precision, which is estimated from the goodness of the fits to the measured spectra.

The cruise data from the Atlantic (Fig. 1) show an unexpected positive gradient of the
mixing ratio of COS between the ground and the tropical tropopause during both cruises.
Enhanced mixing ratios up to 600 pptv were found below the tropical tropopause, at altitudes
between 10 and 18 km. The ship borne observations are supported by the ATMOS observations
from the tropical Pacific (Fig. 2), which also reveal a COS enhancement in the upper tropical
troposphere at 16 km. Although the COS enhancement of the individual profile shown is in the
order of the uncertainty other ATMOS profiles close to the equator show persistantly the same
feature.

Numerous studies of the composition of the tropical troposphere, including observations
of COS, were performed during several campaigns, e.g. PEM-West, PEM-Tropics, Safari, Trace-
A (17-19). However, these COS measurements were limited to altitudes below 12 km. The only
previous COS measurements in the upper tropical troposphere were reported by Leifer (20).

We suggest that the enhanced levels of COS just below the tropical tropopause are related
to biomass burning. For the cruise data this assumption is supported by our observations of CO, a
biomass burning product, also yielding enhanced mixing ratios in the upper tropical troposphere

(Fig. 1). The ATMOS space shuttle observations of COS and CO are in agreement with the cruise



data (Fig. 2). In addition, the ATMOS spectra allow the retrieval of HCN, another biomass
burning product. The mixing ratios of CO and HCN are correlated with COS, confirming that the
source of the enhanced COS is biomass burning. The ratio of the COS/CO enhancement is in
agreement with literature data on biomass burning emission factors of COS/CO (6, 7, 21).

The tropical troposphere above 13 km is termed the tropical tropopause layer (TTL) (22).
Lower tropospheric air enters this layer in vigorous convective overshoots, then slowly ascends
through the layer before fully entering the stratosphere. The ratio of the characteristic horizontal
velocity (~5 m s™) to the global-scale mean vertical velocity (~0.5 mm s) is about 10* near the
tropopause (23). Individual localized deep convection events associated with intense fires rapidly
transport pollutants into the TTL (22).

Our observations yield consistently enhanced concentrations of biomass burning
pollutants in the TTL region. They suggest that pollutants from individual convective events
accumulate in the TTL, are distributed zonally and chemically destroyed during slow ascent.

Both cruises traversed the tropics during periods of intense tropical biomass burning, as
indicated by satellite images of the ATSR World Fire Atlas for the autumns of 1996 and 1999
(24). The ATSR data images for October 1996 and December 1999 show intense fires in Brazil
and Africa. Individual backward trajectories (25) from data points within the broad region of
enhanced COS originated in regions of intense burning. This is shown for two single events in
Fig. 3. Trajectories cannot resolve localized deep convection events, but their rapid fluctuations
in altitude close to the biomass burning plumes (see arrows in Fig. 3) suggest the presence of
unresolved convection in these regions. Hence, further backward trajectory calculations would be
uncertain and we terminated the trajectory calculations at the convective regions. The trajectories

in Fig. 3 illustrate the transport mechanism that has been described above. The overall picture of



enhanced COS is the result of the impact of many individual events like those illustrated in the
two trajectories, accumulated over the period of the burning season.

The trace gas profiles from the ATMOS instrument allow the age of an air mass since
encountering combustion to be estimated by looking at the ratio C;H,/CO (26) (Fig. 2). Both
trace gases have similar emission sources at the ground, but different reaction rates with their
main sink, the OH radical. Large ratios are indicative of a young air mass and vice versa (26).
The ATMOS space shuttle data show a clear maximum in that ratio at 17 km, further supporting
the picture of convective overshoots of biomass burning pollutants and zonal transport in the
TTL.

During the 1999/2000 cruise, CO peaks at lower altitudes than COS, consistent with
chemical conversion in the TTL during the slow ascent. The lifetime of CO, governed by the
reaction with OH, is shorter than that of COS, which is mainly photolysed. Furthermore, HOx
(OH + HOy) concentrations in the upper tropical troposphere are found to be enhanced by a factor
of 2-4 (27), reducing further the lifetime of CO. Hence, during ascent the ratio of CO/COS
decreases. Our observations in 1999/2000 were performed 1-2 months after the main biomass-
burning season. Therefore, CO at the higher levels has already been depleted.

In the lowest troposphere CO mixing ratios north of the equator were enhanced for the
cruise 1999/2000, unrelated to the COS observations. Backward trajectories for December 1999
at 1.5 km altitude (25) indicate that these lower tropospheric air masses probed between 5°N and
30°N passed southern Europe. We conclude that these air masses are from industrial emissions
rich in CO but not in COS.

The results indicate that at the stratospheric entry point a much larger fraction of the
ambient COS comes from biomass burning events than previously thought. Comparing the

maximum values of 600 pptv COS, measured at the tropical tropopause above the Atlantic, with



the 400-500 ppbv, assumed by models (28, 29), increases the contribution of COS as source for
the stratospheric background aerosol layer by 20-50%. However, model calculations indicate that
the production of the stratospheric aerosol layer from COS oxidation is 2-13 times smaller than
required to maintain the stratospheric background aerosol layer (/, 28, 29). Recent isotopic
studies of COS suggest that either COS is a minor contributor to the stratospheric aerosol layer or
that current views about the **S-abundance and atmospheric circulation are seriously flawed (30).
In addition to the processes involving COS, recent findings suggest that direct emissions
of gas-phase sulphate precursors and SO, in connection with deep convection contribute to the
stratospheric aerosol formation to a greater extent than previously assumed (28, 29, 31). Pitari et
al. (37) calculated that 43% of the stratospheric aerosol is formed via COS, the stratospheric SO,
oxidation accounts for 27% and the remaining 30% is upward-transported tropospheric sulphate.
The results presented here could lead to a paradigm change in our understanding of the
composition of air in the upper tropical troposphere. Our observations show that tropical biomass
burning emissions have a stronger impact on the composition of the upper tropical troposphere,
the entry point of air into the stratosphere, than previously assumed. The recent decline of SO,
emissions from Europe and North America and reduced contribution to the anthropogenic
component of stratospheric aerosol may have been compensated by positive emission trends of
tropical biomass burning and anthropogenic SO, emissions from tropical and subtropical
Southeast Asia (32). This might explain why SAGE II data of the stratospheric aerosol layer

show no evident anthropogenic trend over the last 15 years (33).
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Figure captions

Fig. 1. Latitude transects of the retrieved volume mixing ratios of COS (left panel) and CO (right
panel) for the two cruises in 1996 and 1999/2000. In addition, the thermal tropopause altitudes
are given, as determined from the pressure/temperature profiles, measured by balloon sondes

daily during the cruises.

Fig. 2. (A) Upper panel: Volume mixing ratio profiles of COS, CO, and HCN retrieved from solar
occultation measurements recorded on November 14, 1994 above the Pacific (6°N, 151°W) by
the ATMOS instrument flown on the space shuttle. (B) Temperature profile for these occultations
determined from the ATMOS instrument and the ratio C,H,/CO, which is indicative of the age of

the air masses (26).

Fig. 3. Backward trajectories ending at 14 km altitude (25). The lower parts of each panel show
the altitude history of the trajectories in meters. The labels on the trajectories indicate zero UT.
The rapid fluctuations in altitude, indicated by the arrows, suggest the presence of unresolved
convection in these regions. The results of the satellite images of the ATSR World Fire Atlas (24)

from October 1996 and December 1999 have been copied into the two panels.
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