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Abstract

We analyse the carbon monoxide (CO), ethane (C2H6) and hydrogen cyanide (HCN)
partial columns (from the ground to 12 km) derived from measurements by ground-
based solar Fourier Transform Spectroscopy at Lauder, New Zealand (45◦ S, 170◦ E)
and at Arrival Heights, Antarctica (78◦ S, 167◦ E) from 1997 to 2009. Significant neg-5

ative trends are calculated for all species at both locations: CO (−0.90±0.31 % yr−1)
and C2H6 (−3.10±1.07 % yr−1) at Arrival Heights and CO (−0.87±0.30 % yr−1), C2H6

(−2.70±0.94 % yr−1) and HCN (−0.93±0.32 % yr−1) at Lauder. The uncertainties re-
flect the 95 % confidence limits. The dominant seasonal trends of CO and C2H6 at
Lauder, and to a lesser degree at Arrival Heights, occur in austral spring when the cor-10

relations between CO and C2H6 and between CO and HCN maximize. Tropospheric
columns of all three species are characterised by minima in March–June and maxima
from August to November; this season is the southern-hemisphere tropical and sub-
tropical biomass burning period. A tropospheric chemistry-climate model is used to
simulate CO and C2H6 columns for the period of 1997–2009 using interannually vary-15

ing biomass burning emissions; the model simulated tropospheric columns of CO and
C2H6 compare well with the measured partial columns of both species. However, the
model does not re-produce the significant negative trends of observed CO and C2H6
partial columns at both locations. Weak negative trends are calculated from model
data. The model sensitivity calculations indicate that long-range transport of biomass20

burning emissions from Southern Africa and South America dominate the seasonal
cycles of CO and C2H6 at both Lauder and Arrival Heights. Interannual variability of
these compounds at both locations is largely triggered by variations in biomass burn-
ing emissions associated with large-scale El Nino Southern Oscillation and prolonged
biomass burning events, e.g. the Australian bush fires.25

6186

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/6185/2012/acpd-12-6185-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/6185/2012/acpd-12-6185-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 6185–6204, 2012

Tropospheric CO,
C2H6 and HCN

columns

G. Zeng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1 Introduction

In the mid- and high latitudes of the Southern Hemisphere (SH), measurements of
trace gases are sparse. Mid-infrared solar Fourier Transform Spectroscopic measure-
ments (FTS) made by the National Institute of Water and Atmospheric Research at
Lauder (45◦ S, 170◦ E, 370 m a.m.s.l.) and Arrival Heights (78◦ S, 167◦ E, 220 m a.m.s.l.)5

constitute the most comprehensive multi-year time series of trace gases in the South-
ern Hemisphere (http://www.ndsc.ncep.noaa.gov/). Measured species include not only
those of significance to stratospheric ozone depletion, but also compounds crucial to
understanding tropospheric pollution and transport (e.g., CO, C2H6, and HCN).

CO and C2H6 are among the most abundant ozone precursors in the troposphere10

and play a crucial role in controlling its oxidizing capacity. They are emitted primarily
by anthropogenic sources and their main sinks in the troposphere are through reac-
tion with the hydroxyl radical (OH) (e.g., Levy, 1971). The lifetimes of both species
are around 50–60 days (Hough, 1991); hence they are influenced by vertical mixing
and long-range transport. This makes them suitable indicators for transport of air pol-15

lutants. In the absence of major industrial sources of CO and C2H6 in the Southern
Hemisphere, biomass burning emissions occurring in the southern tropics and subtrop-
ics are the main sources of both species (Watson et al., 1990; Fishman et al., 1991).
For HCN, it is well established that biomass burning is the major source (Lobert et al.,
1990); however, its sinks are not well quantified. It has a lifetime of around 2–4 months20

with the main sink suggested to be uptake by the ocean (e.g., Li et al., 2000). There-
fore, measurements of these species made in the clean SH mid- to high latitudes are
particularly useful in interpreting influences from the southern tropical and sub-tropical
biomass burning through long-range transport.

Time series of CO, C2H6 and HCN columns at Lauder measured from mid-infrared25

FTS have been reported previously for various periods (e.g., Rinsland et al., 1998,
2002; Jones et al., 2001; de Laat et al., 2010). Rinsland et al. (1998) showed signif-
icant year-to-year variations in both CO and C2H6 partial columns (surface to 12 km)
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measured at Lauder but the trends over the period 1993–1997 for both species are
not significant. Rinsland et al. (2002) reported partial columns of the two species for
the period of 1993–2000, as well as HCN for 1998–2000, at Lauder; again no signif-
icant long-term trends were found for CO and C2H6. However, Rinsland et al. (2002)
reported a downward trend for HCN over this very short time period.5

In this paper, we report extended time series of CO, C2H6, and HCN tropospheric
columns from FTIR (Fourier Transform InfraRed) measurements at Lauder from 1997
to 2009, and CO and C2H6 columns at Arrival Heights for the same period that have
not been presented in detail before. We calculate the trends of these species at both
locations based on the 13-yr time-series and analyse their seasonal and interannual10

variability using a chemistry-climate model (CCM). In the following sections, we briefly
describe the measurement technique, which has been extensively described before
(e.g., Rinsland et al., 1998, 2002), and describe the CCM used for simulations and the
comparison between modelled and observed time series of CO and C2H6 (we do not
simulate HCN here as it requires more detailed information on its sources and sinks15

which is not the focus of this study). Furthermore we assess the main processes that
contribute to seasonal and interannual variations of these species at the two stations
that are representative of mid- and high latitudes of the Southern Hemisphere.

2 Description of measurements and model simulations

The measurement sites are both part of the Network for the Detection of Atmospheric20

Composition Change (NDACC) (http://www.ndsc.ncep.noaa.gov/). Measurements are
possible only on clear days and, at Arrival Heights, there is a period of 4–5 months of
polar night each year when solar measurements are not possible. The measurements
were made at Arrival Heights with a Bruker model 120M Fourier Transform Spectrom-
eter. The measurements at Lauder were initially made with a similar 120M but were25

changed to a 120HR Bruker model in September 2001. Both instrument models have
the same maximum path difference of 257 cm, resulting in a spectral resolution of
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0.0035 cm−1. Mirror tracking systems were used to record direct sun spectra in the
mid- infra-red (2–14 µm), using liquid nitrogen cooled detectors. The retrieval of trace
gas information from these recorded spectra was performed using version 3.93 of the
profile retrieval algorithm SFIT2 and is largely similar to that described by Rinsland
et al. (1998, 2002).5

The tropospheric chemistry-climate model, UM-CAM, is used to perform the sim-
ulations. The model was evaluated and used in a number of previous studies (e.g.,
Zeng et al., 2008, 2010), and is based on the UK Met Office Unified Model version
4.5 (atmosphere only) coupled with a detailed tropospheric chemistry scheme. It has
19 levels from surface to 4.6 hPa with 6 levels above 150 hPa. Its horizontal resolution10

is 3.75◦ by 2.5◦. The model uses prescribed sea surface conditions following AMIP II
(http://www-pcmdi.llnl.gov). The chemistry module includes gas phase reactions de-
scribing O3-NOx-VOC (volatile organic compounds) chemistry, dry and wet deposition,
and tabulated photolysis rates as described by Zeng et al. (2008). Daily concentra-
tions of NOy above 50 hPa are prescribed using the output from a 2-D model (Law15

and Pyle, 1993). We also prescribe stratospheric ozone with a present-day ozone cli-
matology that is for use in IPCC AR5 simulations (Cionni et al., 2011). The UM-CAM
ozone fields are overwritten in the model domains above 50 hPa between 60◦ S–60◦ N
and above 100 hPa poleward of ±60◦. As the model is not nudged towards obser-
vations, its day-to-day variations do not follow the observed weather. However, the20

seasonal-scale variability in the biomass burning emissions is captured, as well as
major meteorological features such as ENSO which are present in the ocean-surface
forcing.

We include surface emissions of NO, CO, C2H6, C3H8, HCHO, CH3CHO,
CH3COCH3 and isoprene, as well as NO emissions from aircraft in the model.25

Lightning-NOx emissions are calculated online as a function of model-calculated cloud
top height, as described by Zeng et al. (2008) and references therein. Methane mix-
ing ratio is kept as a global constant (appropriate to year 2000 value, i.e. 1760 ppbv)
to minimize the spin-up time of the simulations. Emissions of ozone precursors from
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sources other than biomass burning have no year-to-year variations. The industrial
sources of the species are adopted from the newly released emission scenarios for
IPCC AR5 (Lamarque et al., 2010) for year 2000 conditions. For biomass burning
emissions, we use the interannually varying Global Fire Emissions Database version 3
(GFED3) covering the years 1997 to 2009 (van der Werf et al., 2010). Total emissions5

of NMVOCs (non-methane volatile organic compounds) for both industrial and biomass
burning sources are partitioned among the NMVOCs represented in the model to ac-
count for higher NMVOCs that are not included in the model. However the total global
annual emissions for C2H6 are specified as 11.5 Tg yr−1 from industrial sources and
around 5.2 Tg yr−1 from biomass burning (varying from year to year) in order to achieve10

more realistic atmospheric mixing ratios. We also scale the total isoprene emissions
from 560 Tg yr−1 (Guenther et al., 1995), as used by Zeng et al. (2008) to 390 Tg yr−1

in this study; this produces a better match of modelled and measured CO and C2H6
columns, and is close to the estimates of Müller et al. (2008). There are large uncer-
tainties in estimating global total annual isoprene emissions and the implementation of15

isoprene emissions in global models (Arneth et al., 2011).

3 Trends in tropospheric columns of CO, C2H6 and HCN between 1997 and 2009

Figure 1 shows measured instantaneous partial columns of CO, C2H6, and HCN at
Lauder and CO and C2H6 at Arrival Heights in Antarctica (at both locations integrated
between the surface and 12 km), displayed in black symbols (referred to in the fol-20

lowing as “tropospheric columns”). The tropospheric columns of all 3 species show
distinct seasonal cycles with low values during February–April and peaks over August–
November at both locations. This indicates that in the absence of industrial sources in
the Southern Hemisphere mid- to high latitudes, tropical biomass burning in the south-
ern tropics is the main factor shaping the annual cycle (e.g., Rinsland et al., 1998;25

Matsueda et al., 1999). The annual cycle and variability of both C2H6 and CO tropo-
spheric columns are larger at Lauder than at Arrival Heights, presumably due to the
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larger transport times between the source regions and Arrival Heights, i.e. Antarctic air
has experienced more mixing and photochemical removal than air above Lauder.

We form linear trends for each month separately. To account for different measure-
ment densities, for every month covered by the time series, we perform a linear regres-
sion through the measurements taken during this month, and then evaluate the linear5

regression at the middle of the month to define one representative data point for each
month. The multiannual trend is then calculated in a second step by linearly regressing
through the representative mid-month values of each month. The result is referred to
as the month-by-month linear regression. In a separate calculation, we also calculate
multiannual trends by subtracting the mean annual cycle and calculating a linear trend10

from the remainder, following Rinsland et al. (2002). This analysis gives regression
coefficients A0 (a constant offset) and A1, a linear trend term, and A1/A0 is the relative
trend discussed below.

The multiannual relative trends and the uncertainties calculated for CO tropo-
spheric columns are −0.90±0.31 % yr−1 at Arrival Heights and −0.87±0.30 % yr−1 at15

Lauder. For C2H6, the calculated trends are −3.10±1.07 % yr−1 at Arrival Heights and
−2.70±0.93 % yr−1 at Lauder. Note the substantially larger relative trends of C2H6 than
that of CO at both locations. Such larger trends of C2H6 relative to those of CO have
also been detected at Northern Hemisphere locations (e.g., Angelbratt et al., 2011).
Aydin et al. (2011) attribute the decline in global C2H6 levels since the 1980s to the20

decrease in C2H6 based fossil-fuel use in the Northern Hemisphere. They also specu-
late that atmospheric levels of chlorine atoms (Cl∗) might have increased which could
potentially contribute significantly to the C2H6 decline. However, the magnitude of this
sink is not well known. Measurements at Wollongong, Australia, also show negative
trends of C2H6 (C. Paton-Walsh, personal communication, 2011). For C2H6, the main25

processes determining its abundance are its primary emission sources and its principal
atmospheric sinks through the reaction with OH. Therefore understanding not only the
changes in its primary sources but also the changes of OH in the past two decades
is crucial to understanding its long-term trends. We speculate that in the absence of
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industrial sources in the southern mid- to high latitudes, changes in OH could play an
critical role in controlling trends in C2H6 in this clean environment. By comparison,
sources of CO not only comprise emissions by primary sources; its chemical produc-
tion also includes methane oxidation and degradation of higher hydrocarbons including
C2H6. We note that relative trends in both CO and C2H6 are slightly larger at Arrival5

Heights than at Lauder. Although the relative trends are not significantly different at
95 % confidence level, this might indicate a systematic impact of transport or oxidizing
capacity changes associated with climate change and/or stratospheric ozone changes.
Considering expected further changes in both climate and stratospheric ozone, contin-
ued operation of observational platforms will be needed to detect such changes.10

Rinsland et al. (2002) found no significant trends for either CO or C2H6 at Lauder
between 1994 and 2000, but then these periods are very short for establishing sig-
nificant trends. The 1997–1998 El Niño Southern Oscillation (ENSO) has influenced
trends over that period, both directly by affecting transport and meteorology, and indi-
rectly by causing major fires in Indonesia (Matsueda et al., 1999). However, Rinsland15

et al. (2002) report a large negative trend for HCN tropospheric columns at Lauder
for 1998–2000 (−8.06±1.06 % yr−1), presumably due to the 1997–1998 ENSO at the
beginning of the time series. Here the calculated annual relative trend of HCN tropo-
spheric columns at Lauder from 1998 to 2009 is −0.93±0.32 % yr−1, which is compa-
rable to the trends of CO tropospheric columns over this period.20

Seasonal trends for the three species are shown in Fig. 2. The monthly trends from
August to November are distinctly larger, in absolute terms, than at other months for
both CO and C2H6 tropospheric columns at Lauder. This may indicate a downward
trend of tropical biomass burning, although this is less apparent for HCN which is
thought to also be produced by biomass burning, albeit with supposedly longer life-25

time. At Arrival Heights, C2H6 and CO also exhibit largest negative trends over August
to November. Note that the large negative trend for C2H6 tropospheric columns in
February at Lauder is caused by persistent high levels recorded during February 1997,
the beginning of the time series; this substantially affects the seasonal trend. Also note
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that the slightly positive trend for CO tropospheric columns in February at Lauder, due
to low values observed for February 1997. This is in contrast to the large amounts of
C2H6 during this period. However, these anomalies do not play a significant role in
determining annual trends for the whole period (1997–2009).

4 Seasonal and interannual variations5

Figure 3 shows the correlation between the tropospheric columns of CO and C2H6, as
well as CO and HCN in the four seasons for Lauder. The correlation coefficients vary
with season for both sets of data and the largest correlation occurs during September–
November when southern tropical biomass burning peaks (i.e. Pearson’s correlation
coefficients r = 0.91 for CO/C2H6 and r = 0.88 for CO/HCN). There are also consid-10

erably large correlations between CO and C2H6 during other seasons (r = 0.70–0.76).
The correlation between CO and HCN is smallest during March–May (r = 0.48) when
there is almost no southern sub-tropical biomass burning.

The seasonal and interannual variations of these species are compared with sim-
ulations from the UM-CAM CCM described in Sect. 2. Here we do not account for15

averaging kernels used in data retrievals (i.e. the difference in vertical resolutions and
associated sensitivities) when comparing modelled and observed partial columns. The
focus of the simulation is on characterizing the seasonal and interannual variations
rather than improving the comparison between the modelled data and the observed
data. Figure 4 shows the simulated daily mean CO and C2H6 tropospheric columns20

(integrated from the surface to ∼150 hPa) between 1997 and 2009 at Lauder and Ar-
rival Heights, respectively. The seasonal cycles are well reproduced by the model and
clearly follow the cycle of the southern tropical biomass burning that peaks in austral
spring (Hao and Liu, 1994). At Lauder, the observed CO and C2H6 partial columns
both have larger variability in the observations than in the model. Note that individual25

and extreme events are generally not captured by the model, and the likely reasons for
this include insufficiently variable emissions and excessive model diffusivity. At Arrival
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Heights, however, the model data are much smoother owing to the longer transport
distance from the emission source regions. The model underestimates the amplitude
of the annual cycle of the species at Arrival Heights, especially for C2H6.

While the seasonal cycle and some of the interannual variability are well represented,
the model simulations do not capture the significant observational trends for both CO5

and C2H6 tropospheric columns (Model shows weak negative trends for all species:
−0.2 % in CO and −0.45 % in C2H6 at Arrival Heights and −0.3 % in CO and −0.65 %
in C2H6 at Lauder). We speculate that a few factors might contribute to the lack of
significant trends in our simulations: (1) the industrial sources used in the model have
no temporal variations. This is however more of an issue in the Northern Hemisphere10

because most of these sources are from there, although they might affect SH through
inter-hemispheric transport; (2) There may be trends in OH that the model does not
capture (in particular, we do not consider stratospheric ozone changes over the simu-
lation period, which might impact tropospheric ozone and its’ oxidizing capacity; Zeng
et al. (2010). However, these stratospheric changes were also generally small dur-15

ing this period.); (3) Biomass burning emissions might have trends that are not fully
reflected in the database.

To examine the effect of biomass burning on the year-to-year variations of CO and
C2H6 tropospheric columns, we contrast the model simulation described above (re-
ferred to as BBVAR) to a simulation that uses annually periodic biomass burning emis-20

sions, namely the GFED v3.0 dataset averaged over 1997 to 2009 (BBAVE). Figure 4,
right panel, shows the daily mean percentage deviations of CO and C2H6 tropospheric
columns due to variations in biomass burning (i.e. 100× (BBVAR−BBAVE)/BBAVE)
at Lauder and Arrival Heights. At both stations and for both species, the most sub-
stantial anomaly occurred during the 1997–1998 ENSO event which caused sustained25

burning in Indonesia. The anomalies at both locations are well correlated, indicating
a persistent influence of transport of biomass burning pollutants over a large distance.
For both CO and C2H6, the Lauder signal contains more short-lived spikes than the
Arrival Heights series, suggesting either that the short-lived spikes disappear over the
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few weeks of transport and mixing which separate the two sites, or possibly that there
is an occasional influence of local emissions on the Lauder signal. Relative variations
associated with C2H6 are larger than CO for both locations.

5 Impact of tropical biomass burning emissions

We also assess the impact of biomass burning emissions from different SH tropical5

and sub-tropical regions on tropospheric CO columns at mid- and high latitudes. A set
of 4 sensitivity simulations is performed, consisting of repeating the BBVAR simulation
but reducing by 50 % the biomass burning emissions from sub-equatorial Africa, South
America, South-East Asia, and Australia, respectively. Figure 5 shows differences in
the CO columns at Lauder and Arrival Heights in the 4 simulations, relative to BBVAR.10

The results indicate that African biomass burning dominates the background seasonal-
ity of SH CO columns, followed by emissions from South America. For most years, the
contributions from South-East Asia and Australia are smaller in comparison, but they
dominate the large peaks in 1998 and 2007, presumably as a result of the Indonesian
fires in 1998 and Australian bush fires in late 2006 (the Great Divide Fires of 2006–15

2007 in Victoria), respectively. The 2006 Indonesian fires that contributed to elevated
CO columns at Darwin (Paton-Walsh et al., 2010) does not have a significant influence
on CO columns at Lauder and Arrival Heights from our sensitivity simulation. The sim-
ulation also indicates that the 2006 peak shown in Fig. 5 is caused by anomalously
intensive burning in South America in late 2005.20

6 Conclusions

We have analysed the Lauder and Arrival Heights CO, C2H6 and HCN tropospheric
column time series from mid-infrared FTS measurements from 1997 to 2009. Statis-
tically significant negative trends have been recorded for all three compounds at both
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locations (ranging from −0.87 % to −3.1 % per year). These results supersede ear-
lier results using data up to 2001, which did not have any significant trends. For CO
and C2H6, relative trends at Arrival Heights are slightly larger than those at Lauder.
C2H6 trends are significantly larger than CO trends at both locations. Maximum ab-
solute trends occur in August to November for CO and C2H6 and June to September5

for HCN. The model reproduces well the year-to-year variability at both locations but
underestimates the long-term trends. This may reflect either the absence of trends
and interannual variability in the non-biomass burning emissions used in the model, or
the omission of processes in the model that might affect trends, such as stratospheric
ozone changes.10

CO and C2H6, and CO and HCN tropospheric columns correlate highly, particularly
during austral spring which is the primary SH tropical biomass burning season. All
three species have similar seasonal variations peaking in austral spring. Stronger year-
to-year variability is observed at Lauder, compared to Arrival Heights. This variability is
largely caused by variations in SH tropical biomass burning. Model simulations indicate15

that biomass burning in Southern Africa and South America contributes substantially
to the background seasonal variations of CO and C2H6 at Lauder and Arrival Heights.
However, Indonesian fires triggered by the 1997–1998 ENSO and the prolonged 2006
Australian bush fires cause peaks in CO and C2H6 columns observed at Lauder for
these periods. These peaks propagate efficiently to high latitudes.20
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Fig. 1. Time series of CO, C2H6 and HCN tropospheric columns (molecules cm−2) recorded at Lauder and

Arrival Heights (black symbols), month-by-month linear regression (red line) and the multiannual linear trends

(black line)
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Fig. 1. Time series of CO, C2H6 and HCN tropospheric columns (molecules cm−2) recorded
at Lauder and Arrival Heights (black symbols), month-by-month linear regression (red line) and
the multiannual linear trends (black line).
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Fig. 2. Month-by-month trends (molecules cm−2 yr−1) with associated 95% confidence limits
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Fig. 2. Month-by-month trends (molecules cm−2 yr−1) with associated 95 % confidence limits.
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Fig. 3. Tracer-tracer correlative scatter plots for C2H6 and CO, and for HCN and CO, respectively, at Lauder

for the four seasons. r indicates Pearsons correlation coefficient.
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Fig. 3. Tracer-tracer correlative scatter plots for C2H6 and CO, and for HCN and CO, respec-
tively, at Lauder for the four seasons. r indicates Pearson’s correlation coefficient.
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Fig. 4. Left panel: observed (black symbols) and modelled (red lines) CO and C2H6 tropo-
spheric columns at Lauder and Arrival Heights. Right panel: percentage differences of corre-
sponding CO and C2H6 columns simulated with interannually varying biomass burnings, rel-
ative to a simulation with annually periodic biomass burning emissions, taken as the average
emissions over 1997–2009.
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Fig. 5. Percentage differences of CO columns at Lauder and Arrival Heights, caused by 50 %
reductions of biomass burnings from Southern Africa (blue), South America (red), South-East
Asia (blue), and Australia (green).
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