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Abstract. High spectral resolution (0.004 cm™!) infrared solar absorption measurements
of CO, C,H,, and HCN have been recorded with the Fourier transform spectrometer
located at the Network for the Detection of Stratospheric Change complementary station
at the University of Wollongong, Australia (34.45°S, 150.88°E, 30 m above sea level). The
time series covers March 1997 to February 1998. Profile retrievals with maximum
sensitivity in the upper troposphere show distinct seasonal cycles for all three molecules
with maxima during October-December 1997. Best fits to the time series of daily averages
yield peak 0.03-14 km columns (molecules cm~2) of 1.54 X 10*® for CO, 8.56 X 10*° for

C,H,, and 6.56 X 10 for HCN during austral spring. Mixing ratio profiles of all three
molecules during this time show maxima in the upper troposphere. Isentropic back
trajectories suggest the elevated CO, C,Hg, and HCN columns above Wollongong
originated from southern Africa or South America with no significant contribution from
the intense tropical Asian emissions during the strong El Nifio event of 1997-1998.

1. Introduction

In this paper we report and interpret a time series of CO,
C,Hg, and HCN vertical profile measurements with maximum
sensitivity in the upper troposphere. The observations were
obtained between March 1997 and February 1998 at the Uni-
versity of Wollongong, Australia (34.45°S, 150.88°E, 30 m
above sea level (asl)). The three molecules selected for analysis
have infrared absorption features that are sufficiently strong
that they may be measured globally from such spectra and are
important indicators of tropospheric pollution and transport.
Southern hemispheric emissions of these molecules result al-
most entirely from tropical biomass burning [e.g., Watson et al.,
1990; Fishman et al., 1991; Rudolph, 1995; Li et al., 2000].
Lesser emission sources in the southern hemisphere include in
situ production of CO from CH, nonmethane hydrocarbon
oxidation during transport, and oceanic emissions of C,Hg
[e.g., Rudolph, 1995; Manning et al., 1997].

Enhanced middle and upper tropospheric columns of these
molecules may originate from multiple tropical source regions
because of their relatively long lifetimes (global lifetime of 2
months for CO [Novelli et al., 1998], 2-3 months for C,Hg
[Blake and Rowland, 1986; Hough, 1991], and 2—-4 months for
HCN [Li et al., 2000]). Analysis of over 24,000 ten-day kine-
matic back trajectories in the tropical and subtropical western
Pacific for August—October 1996 showed rapid transport of
emission outflow from source regions to the middle and upper
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free troposphere by common deep convection followed by
rapid west-to-east transport by high-speed winds (30 m s~*) of
the subtropical jet stream [Fuelberg et al., 1999, Figure 4] near
30°S latitude. These high-altitude plumes of pollution travel
thousands of kilometers in a few days and are not detected by
surface in situ sampling measurements [e.g., Novelli et al.,
1998].

Biomass burning regularly occurs in tropical regions of Af-
rica, South America, Australia, and Indonesia at the beginning
of the dry season with timing that varies depending on the
location [Hao and Liu, 1994]. Burning over southern Africa
and South America is usually much greater than over Australia
and Indonesia [Board et al., 1999], though the magnitude of the
burning in a region varies depending on the prevailing weather
conditions and rainfall patterns, which control the availability
of fuel. Fire statistics for 1997/1998 relative to 1996/1997 and
1993/1994 indicate relatively mild burning over Australia [Ol-
son et al., 1999, section 3.1] during the time period of our
observations. Measurements during several aircraft campaigns
[Fishman et al., 1996; Lindesay et al., 1996; Hoell et al., 1999;
Blake et al., 1999] have documented the outflow of biomass
burning pollutants and aerosols from southern hemisphere
tropical regions during the dry season. Although these obser-
vations provide precise sampling and represent some of the
few observations of middle and upper tropospheric chemistry
in this remote region, mission duration was limited to a few
weeks, and spatial coverage was sparse.

A multiyear time series of solar spectroscopic measurements
of CO and C,H, with maximum sensitivity in the upper tro-
posphere has been reported from Lauder, New Zealand
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(45.0°S, 169.7°E, 0.37 km altitude), for July 1993 to November
1997 [Rinsland et al., 1998a). An earlier set of C,H, measure-
ments from Lauder was also reported for December 1992 to
March 1994 [Rinsland et al., 1994]. Both sets of measurements
show elevated columns each year above the station during the
tropical dry season. High variability is observed near the aus-
tral spring maximum [e.g., Rinsland et al., 1998a, Figure 10], as
the Lauder station is sufficiently far south that tropical or clean
midlatitude air are sampled alternately with sampling changes
that occur irregularly on a timescale of several days [Pou-
gatchev et al., 1999].

Although in situ gas chromatographic measurements of CO,
CH,, and other trace gases have been obtained for several
years from the station at Cape Grim, Tasmania (40.7°S,
144.7°E), [Prinn et al., 2000; Pak, 2000], few free tropospheric
measurements have been reported above Australia. Enhanced
levels of CO, O, and other pollutants were measured over
northern Australia near the tropopause during October 1994
[Folkins et al., 1997, consistent with Measurement of Air Pol-
lution From Satellites (MAPS) measurements during the same
time period [Connors et al., 1999]. A field campaign in austral
spring of 1998 showed the presence of large horizontal layers
of enhanced free tropospheric aerosols highly correlated with
excess ozone over Mildura, Australia (34°S, 140°E) [Rosen et
al., 2000].

The infrared remote sensing measurements of CO, C,Hg,
and HCN reported here were recorded with the high spectral
resolution Fourier transform spectrometer (FTS) at a comple-
mentary station of the Network for the Detection of Strato-
spheric Change (NDSC) [Kurylo, 1991; Kurylo and Zander,
2000, URL: http://www.ndsc.noaa.gov]. They represent a
unique time series of solar absorption measurements for as-
sessing the impact of tropical biomass burning emissions on
tropospheric chemistry at southern midlatitudes. The measure-
ments were recorded from the NDSC station with a FTS lo-
cated closest to the southern hemisphere tropical biomass
source regions. They are the first ground-based midlatitude
southern hemisphere measurements of HCN, a sensitive indi-
cator of biomass burning emissions [Li et al., 2000] as demon-
strated from shuttle-borne [Rinsland et al., 1998b] and ground-
based infrared spectroscopic measurements [Rinsland et al.,
1999, 2000, 2001; Notholt et al., 2000; Zhao et al., 2000a, 2000b].

The measurements reported here have maximum sensitivity
in the upper troposphere and were recorded during one of the
two most intense El Nifio-Southern Oscillation (ENSO)
events since 1970 [Chandra et al., 1998; Rinsland et al., 2001].
Intense and widespread wildfires occurred in the tropical Pa-
cific rain forests of Sumatra and Borneo during 1997-1998 as
a result of abnormal dryness in the region [e.g., Liew et al.,
1998; Levine, 1999]. Air samples at 8-13 km collected on board
a commercial airliner during flights between Australia and
Japan between April 1993 and December 1997 showed an
anomalous CO increase during September to December 1997
in the southern hemisphere tropics [Matsueda et al., 1999].
Peak CO mixing ratios of 320-380 ppbv (1 ppbv = 10~° parts
per unit volume) were measured during October 1997 at 20°S
latitude. The elevated CO levels were first observed between
14°S-28°S during late October and disappeared in the begin-
ning of December. We report back trajectory calculations per-
formed for days with elevated CO, C,H,, and HCN tropo-
spheric columns above the Wollongong station to determine
the origin of the emissions.
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2. Measurements and Analysis

The infrared solar absorption spectra were recorded with a
Bomem model DA-8 Fourier transform spectrometer oper-
ated by the Atmospheric Chemistry Research Group of the
University of Wollongong on the Australian east coast
(34.45°S, 150.88°, 30 m asl). The station is located 56 km south
of the main Sydney airport. While the site is usually free of
local pollution, there are occasional episodes of elevated CO
levels originating from traffic or local industry. The emissions
influence only the lowermost atmospheric layers. Days with
observed local CO pollution did not correlate with the CO,
C,H,, and HCN time series reported here, which sample the
atmosphere with high sensitivity in the upper troposphere and
low sensitivity near the surface.

The Wollongong FTS is routinely operated with a maximum
optical path difference of 250 cm corresponding to a maximum
resolution of 0.004 cm™! [Griffith et al., 1998]. Spectra are
recorded unapodized with either an InSb or a HcCdTe detec-
tor in combination with one of a set of optical filters that limit
the band pass to intervals 650-1000 cm ™~ wide. We focus here
on measurements recorded with the InSb detector, which pro-
vided a higher signal-to-noise ratio. Observations with this
instrument have been recorded from the University of Wol-
longong station since May 1996. The standard observing pro-
cedure is to coadd four interferograms requiring approxi-
mately 11 min for full resolution scans. Absolute accuracy of
the measurement timings is better than 1 s.

Temperature profiles adopted for the analysis are based on
pressure-temperature-geopotential altitude radiosondes
launched from the main Sydney airport. A profile from a morn-
ing or evening radiosonde flight was spline-fitted into daily
mean National Centers for Environmental Prediction (NCEP)
profiles calculated for the location of the Wollongong station.
The temperature profile was extended above the upper alti-
tude limit of the NCEP measurements (~65 km) by smoothly
connecting it to a climatological profile for the appropriate
season of the observation. Further, daily water vapor volume
mixing ratios were calculated from the relative humidity data
provided by the radiosonde data and spline-fitted into a clima-
tology above the tropopause.

Tropopause altitudes have been derived from the Sydney
airport radiosondes. A fit to the measurements between Jan-
uary 1995 and December 1999 shows the average tropopause
altitude varies with season from a maximum of 16 km in Jan-
uary to a minimum of 12 km in June. On this basis we adopted
an annual mean tropopause height of 14 km for calculation of
tropospheric columns from the present measurements. In this
paper we use the term “tropospheric columns” to denote par-
tial column abundances obtained in the 0.03-14 km altitude
range, irrespective of the actual tropopause altitude on a par-
ticular day.

The Wollongong measurements have been analyzed with
SFIT2, an algorithm developed at NASA Langley Research
Center and the New Zealand National Institute of Water and
Atmospheric Research (NIWA) (see Pougatchev et al. [1995]
and Rinsland et al. [1998a] for an overview). Inversions are
based on a semiempirical application [e.g., Connor et al., 1995]
of the optimal estimation formalism [Rodgers, 1990].

A priori volume mixing ratio profiles for CO, C,H,, and
HCN were adopted from several sources. The covariance ma-
trix for each target species was assumed to be diagonal with the
uncertainties expressed relative to the a priori mixing ratio in
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the layer. Relative uncertainties were set to 0.2 for CO, 0.2-0.5
for C,Hg, and 0.5 for HCN in the 29 forward model layers,
which extended from the surface to 100-km altitude. Signal-
to-noise ratios of 200, 200, and 500 were adopted in the re-
trievals for CO, C,Hg, and HCN, respectively. The strategy for
the a priori profile and other parameter selections was to
adjust them to achieve very similar vertical sampling of the
troposphere based on averaging kernels while achieving excel-
lent fits to the measured spectra. Vertical layer thickness in the
forward model increases from less than 1 km in the first layer
to 1 km below 10 km and 2 km for altitudes between 10 and 30
km. Higher-altitude layers are broader. Refractive ray tracing
was performed with an improved version (A. Meier et al,
manuscript in preparation, 2001) of FSCATM [Gallery et al.,
1983]. Air mass distributions, density-weighted temperatures,
and density-weighted pressures were calculated for each layer.

The tropospheric portion of the CO a priori profile was
computed from the mean of April and October profiles mea-
sured over Bass Strait and Cape Grim, Tasmania. Both profiles
[Pougatchev et al., 1998, Figure 3] peak in the upper tropo-
sphere with higher mixing ratios measured during October
than April. The average profile was smoothly connected to a
distribution with a minimum of 10 ppbv at 25-km altitude
increasing above due to CO production from CO, photolysis.
The assumed a priori CO profile is consistent with the mea-
surements reported by Pak [2000].

The tropospheric C,Hg a priori profile is an average of
March, June, and December profiles computed for the latitude
of Wollongong with a global two-dimensional model [Ka-
nakidou et al., 1991, Figure 7). The mean profile also peaks in
the upper troposphere. An exponential decrease with a 3-km
scale height was assumed above the tropopause [Rinsland et al.,
1987].

Retrievals of HCN were performed with two different a
priori profiles. The first, which we refer to as the “standard”
profile, assumes a distribution with a peak of 190 pptv (10~ 12
per unit volume) at the surface, decreasing to mixing ratios of
180 pptv at 12 km and 155 pptv at 30 km. This distribution is
similar to those adopted in previous studies [Rinsland et al.,
1998, 1999, 2000, 2001]. It is based on model calculations which
predict a 5% mixing ratio decrease between 0 and 12 km with
a more rapid decline in the stratosphere due to HCN reaction
with OH and O('D) [Cicerone and Zellner, 1983, Figure 3].
The model-predicted lifetime of 2.5 years is significantly longer
than the recent 3-D model estimate of 2-4 months that as-
sumes an ocean sink for HCN to account for the observed
variability in the troposphere [Li et al., 2000]. The second HCN
a priori profile, referred to as the “model2000” profile, as-
sumes the annual mean, zonal-average profile calculated for
the latitude of Wollongong [Li et al., 2000, Figure 2]. This
distribution increases from 120 pptv at the surface to a broad
maximum of 220 pptv in the upper troposphere with a decline
above. A decrease at higher altitudes is due to HCN reaction
with OH and O('D).

Microwindows and interfering molecules are listed in Table
1. The two windows adopted for the CO analysis and the single
window for the C,H, retrievals are the same ones as used in a
previous study of solar spectra recorded from several stations
[Rinsland et al., 1998a, 1999].

The retrieval of HCN was more difficult than in our previous
studies due to the very High water vapor columns above the
Wollongong site as compared to those above high-altitude
stations as a result of both the low elevation (30 m) and the
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Table 1. Microwindows and Interferences®

1

Target Molecule Microwindows, cm™ Interfering Molecules

co 4274.62-4274.82, solar CO, CH,, HDO
4284.75-4285.18
C,H, 2976.65-2976.92 H,0, CH,, O,
HCN 3268.18-3268.27 H,0
3287.15-3287.35
3299.46-3299.58

*Notes: Each target molecule was fitted for profile retrieval. The
profile of CH, was also retrieved from the fittings of the two CO
windows at 4274.62-4274.82, 4284.75-4285.18. Interfering molecules
were fitted by multiplicative scalings of the a priori volume mixing ratio
profile by a single value. Isotopic H,'’O and H,'¥0 were fitted sepa-
rately in the HCN analysis. Spectra with astronomical zenith angles
above 85° were excluded.

humid coastal location. Low signal to noise in the HCN region
has been reported for measurements from other low-altitude
stations [Zhao et al., 2000a]. We compensated for the lower
signal to noise achievable from the Wollongong observations
by adding two additional HCN microwindows to the microwin-
dow for the P(8) v, band line at 3287.25 cm ™. To our knowl-
edge, the microwindow for the P(14) HCN line at 3268.2229
cm~?! has not been used in previous ground-based studies.
Molecule-by-molecule simulations of the transmission in this
microwindow are available from the authors as a yet unpub-
lished update to an atlas of infrared microwindows [Meier et al.,
1997].

Spectroscopic parameters for the CO, C,Hg, and HCN tar-
get lines were the same as reported previously [Rinsland et al.,
1998a, 1999, 2000, 2001]. Parameters for the two additional
HCN v, band windows were adopted from HITRAN 1996
[Rothman et al., 1998] to achieve consistency in the retrievals
from the three microwindows. Recently reported (2-0) band
room temperature measurements of CO-N, widths and shifts
[Predoi-Cross et al., 2000] and CO-O, and CO-N, (2-0) band
room temperature pressure shifts [Bouanich et al., 1996] were
not considered to maintain consistency with respect to the
previous analyses.

The standard deviation of the residuals was plotted against
the depth of target line in each of the measured spectra. These
two parameters were used to select criteria to identify noisy
observations and measurements of weak absorption by the
target spectral line. Such observations were deleted from the
database [Rinsland et al., 1998a, section 5].

3. Error Analysis

Table 2 presents estimates of the effects of random and
systematic sources of error on the retrieved tropospheric col-
umns. The analysis followed procedures adopted in previous
studies [Rinsland et al., 1998a, 1999, 2000, 2001] with each
parameter offset by its 1-sigma uncertainty for one or more
typical cases to quantify the errors.

Sources of random errors considered are the uncertainty in
the assumed temperature profile, errors in the effective solar
zenith angles of the individual spectra, and random instrumen-
tal noise. Profiles from the Sydney airport and NCEP temper-
atures were offset by 2 K in all atmospheric layers. This offset
is larger than the quoted sonde errors in the troposphere, but
it is less than the NCEP temperature uncertainties in the upper
stratosphere. The calculated tropospheric CO, C,H,, and



20,916

RINSLAND ET AL.: TROPOSPHERIC CO, C,H,;, AND HCN FROM AUSTRALIA

Table 2. CO, C,Hg, and HCN Tropospheric Column Measurement Uncertainties

Relative Error, %

Error Source CO C.Hg HCN
Random Error Budget
Temperature 0.5 0.2 13
Instrument noise® 0.7 1.2 15
Zenith angle <1 <1 <1
Interfering lines <1 <1 <1
RSS total random error 0.9 12 2.0
Systematic Error Budget
Spectroscopic parameters 2 5 5
A priori profile 6.1 20.4 40.7
Forward model approximations® 4 2 2
Instrument line shape function 0.1 0.2 <0.1
Zero level offsets 0.9 0.4 0.7
RSS total systematic error 7.6 211 41.0

*Based on the typical standard deviation of spectra satisfying the objective criteria for valid fits.
®Includes the uncertainty in the retrieval due to errors in computing the absorption by overlapping solar CO lines.

HCN column changed by <1% with respect to the unper-
turbed values. Errors in the effective solar zenith angles of the
spectra are negligibly small as discussed in section 2. The
largest source of random error was instrumental noise, partic-
ularly for CO and HCN. These errors are reduced significantly
by averaging of the retrievals from multiple spectra on a day.
The number of measurements per day satisfying the objective
selection criteria ranged from 1-6 for CO, 1-11 for C,Hg,
and 1-5 for retrievals with both the HCN “standard” and
“model2000” a priori profiles.

Sources of systematic error considered in the analysis were
uncertainties in the spectroscopic parameters, the relative con-
tribution of the a priori profile to the retrieval, forward model
approximations, errors in modeling the instrument line shape
(ILS) function, and zero level offsets in the spectra. The most
important sources of systematic error are attributed to inaccu-

racies in the simulation of solar CO lines in the forward model,
potential bias from the a priori profile (particularly for HCN),
and possible errors in the HCN air-broadening coefficients
(see Rinsland et al. [2000, section 4.5] for a discussion). Total
estimated root-sum-square (RMS) random and systematic er-
rors are 1 and 8% for CO, 1 and 21% for C,H,, and 2 and 41%
for HCN, respectively. The relatively large systematic tropo-
spheric column uncertainties can be attributed to the limited
sensitivity of the CO, C,Hg, and HCN measurements in the
lower troposphere. However, sensitivity is good in the upper
troposphere, the primary focus of this investigation.

4. Results and Discussion

Figure 1 presents the tropospheric column averaging kernels
for CO, C,Hg, and HCN profile retrievals based on the micro-
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Figure 2. Sample spectral fit for the three HCN microwindows. The solar spectrum is displayed normalized
to the peak value in each interval. The astronomical zenith angle and date of observation date are identified.
Residuals (measured minus calculated values) are displayed above each fit.

windows and parameters described in section 2. The maximum
sensitivity occurs at altitudes of 9.0 and 12.5 km for CO and
C,Hy, and at 11.9 and 11.8 km for the “standard” and
“model2000” HCN a priori profiles, respectively.

Figure 2 presents a sample spectrum and fit for HCN to
illustrate the consistency of the simultaneous analysis with the
three HCN microwindows. The measured spectrum was ana-
lyzed assuming the standard HCN a priori profile. The spectral
fit achieved with the model2000 profile is nearly identical.
Although a previous study [Mahieu et al., 1995] suggested a
bias between total columns retrieved from the P(4) and P(8) v,
band lines, we found the windows and retrieval parameter
selections yielded residuals from the simultaneous microwin-
dow fits with no discernible bias in the residuals to the simul-

taneous fits to the three lines. Retrievals for CO and C,H are
similar to those shown previously [e.g., Rinsland et al., 1999,
Figures 2 and 4].

Figure 3 presents the time series of daily average CO, C,H,
and HCN tropospheric columns retrieved from the Wollon-
gong observations. Open circles show retrievals obtained for
CO, C,H, and the standard HCN a priori profile. Triangles
in the bottom panel show HCN retrievals obtained with the
model2000 a priori profile.

The daily average tropospheric columns C, have been fitted
with the expression

C,=ag+a(t —ty) +a,cos 2a[(t — to) — @],

€y
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Figure 3. Time series of daily average tropospheric columns retrieved for CO, C,H,, and HCN from the
Wollongong time series. Open circles with error bars represent the daily mean and standard deviation,
respectively. Solid curves or dashed curves display fits to the daily averages with equation (1). Approximate
average volume mixing ratios are illustrated on the right vertical axis.
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Table 3. Coefficients From Fits to the Daily Average CO, C,H, and HCN Tropospheric Column Time Series With

Equation (1)*

Parameter co C,H, HCN (std) HCN (Model)
a, 1.14676 7.86999 5.57461 5.44507
a, 0.115085 (0.0670395) —1.17170 (0.471889) —3.11448 (0.909031) —3.25812 (0.897592)
a, 0.254748 (0.0286513) 1.45266 (0.151801) 2.62039 (0.198606) 2.66753 (0.195928)
] —0.184444 (0.0159272) 0.156611 (0.0151704) 0.539815 (0.713025) 0.542664 (0.712666)
to 1997.0220 1997.1940 1997.3992 1997.3992
Nin 392/144 617/129 262/104 262/104

#Units for a,, a,, and a, are 0.03-14 km columns in 10> molecules cm™2 for C,Hs and HCN and 10'® molecules cm ™2 for CO. Parentheses
show 1-sigma uncertainties. The total number N of valid measurements and the number of days # with one or more valid measurements are
reported. The coefficients labeled “std” and “model” refer to results obtained with the “standard” and “model2000” a priori profiles.

where a, is the mean value, ¢ is the observation time in calen-
dar years, ¢, is the time of the first observation in calendar
years, a, is the long-term trend, a, is the amplitude of the
seasonal cycle (assumed to be sinusoidal), and ¢ is the fraction
of the calendar year corresponding to the seasonal cycle max-
imum. The best fits to the daily averages are shown in Figure
3 with solid curves except for the fit to the HCN daily averages
retrieved with the model2000 a priori profile, which is illus-
trated with a dashed curve. The ratio and standard deviation of
the model2000 to the standard daily average tropospheric pro-
files are 0.95 and 0.02, respectively. Hence there is only a small
difference between the two sets of tropospheric columns.

The coefficients obtained with (1) are reported in Table 3.
The trends are not reliable due to the short time period of the
measurements. All three molecules show distinct seasonal vari-
ations with maximum tropospheric columns and upper tropo-
spheric mixing ratios during austral spring and a minimum
during austral autumn. Unfortunately, observations with the
optical filter most suitable for measuring HCN did not begin
until May 1997, though the quality of the observations after
that time was quite good despite the low altitude of the station.
As shown in the plot, HCN variations exceeded those of CO
and C,Hg with best fit maximum and minimum tropospheric
HCN columns of 6.56 and 2.78 (in 10'° molecules cm™2) re-
trieved with the standard a priori profile, respectively.

Figure 4 displays HCN volume mixing ratio versus altitude
profiles retrieved with the standard and model2000 a priori
profiles for the February—July (top) and August-December
(bottom) time periods. Although emissions from biomass
burning vary considerably by location and from year to year,
the selected time periods correspond roughly to background
and biomass-enhanced time periods in the southern hemi-
sphere tropical Africa and South America. Solid circles with
error bars represent the mean and standard deviation of the
profiles, respectively. Average profiles for the two time periods
show striking differences. The dry season profiles (bottom
panel) show maximum average mixing ratios of 0.4 ppbv at 11
km altitude as compared to mixing ratio of 0.2 ppbv or less for
the background time period (top panels). The agreement be-
tween the retrieved profiles in the upper troposphere is con-
sistent with the good sensitivity indicated by the averaging
kernels in Figure 1. The reduced sensitivity of the measure-
ments near the surface can be noted by comparing the retriev-
als with the a priori profiles at low altitudes. The retrievals are
close to the corresponding standard or model2000 a priori
profiles. Hence we conclude the Wollongong retrievals have
insufficient sensitivity in the lower troposphere to confirm or
disprove the HCN ocean sink hypothesis [Li et al., 2000].

Our measurements with their good sensitivity in the upper

troposphere provide further evidence for the importance of
HCN in that region. Upper troposphere total reactive nitrogen
(NO,) levels calculated by summing the mixing ratios of indi-
vidual components during recent airborne Global Tropo-
spheric Experiment (GTE) field missions (HNO; + NO +
NO, + PAN) are on average slightly less than half the mixing
ratio measured by an NO, detector on board the same aircraft
[Bradshaw et al., 1998]. The “missing” NO, is likely to result
primarily from HCN surface emissions from fires lofted by
deep convection and transported long-distances, but unmea-
sured by the GTE instrumentation used at the time [Smyth et
al., 1996; Rinsland et al., 1999; Li et al., 2000].

Figure 5 presents a plot of the tropospheric daily average
C,H, column versus the daily average tropospheric CO col-
umn. The dashed line indicates a best fit to the measurements.
The correlation coefficient is 0.88, suggesting a very similar
lifetime for both molecules with a common source for their
emissions, namely, tropical biomass burning emissions from
southern hemisphere source regions. A tight positive correla-
tion between CO and C,Hy tropospheric columns has been
reported previously from ground-based solar absorption spec-
tra recorded from stations in both hemispheres [Rinsland et al.,
1998a, 1999, Table 6 and Figure 5, 2000, Figure 6]. In situ
aircraft measurements also show a tight correlation between
CO and C,H, tropospheric mixing ratios [e.g., Blake et al.,
1996, Figure 3, 1999, Figures 2 and 6]. The ground-based
spectroscopic data sets show the C,H¢/CO slope is higher at
northern hemisphere middle to high latitudes than in the
southern hemisphere.

The positive correlation of tropospheric HCN with CO in
both hemispheres has been cited as evidence for a dominant
HCN biomass burning source [L: et al., 2000]. Figure 6 pre-
sents the correlation between the HCN and CO tropospheric
columns from the Wollongong time series. The retrievals were
obtained with the standard HCN a priori profile and daily
average February—July (top) and August-December (bottom)
measurements displayed separately, consistent with our selec-
tions of these periods as characteristic background and tropical
biomass burning seasons, respectively. The tropospheric col-
umns from the biomass burning time period show a wider
range of variations, a higher HCN/CO slope, and a more com-
pact correlation relative to the corresponding measurements
from the background time period. The slope of the HCN/CO
tropospheric columns ratio is well within the range of previous
ground-based tropospheric column measurements [Rinsland et
al., 1999] and field emission measurements of 0.0049-0.0581
[Lobert et al., 1991]. Correlation coefficients of HCN and CO
from 0.34 to 0.95 have been derived from other ground-based
observation sets [Rinsland et al., 1999, 2000; Zhao et al., 2000a].
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Figure 4. HCN vertical profiles retrieved for (top) background and (bottom) biomass burning enhanced
time periods in tropical Africa and South America. Dashed lines identify the “standard” or “model2000” a
priori profiles (see text). Average profiles are shown with solid circles. Horizontal error bars represent the
standard deviation of the daily mean mixing ratios measured in each forward model layer.

The highest correlation coefficient and highest HCN/CO tro-
pospheric columns slope were measured above Mauna Loa in
air that recently originated from the intense trepical Asian fires
of 1997-1998 [Rinsland et al., 1999]. The Wollongong
HCN/CO columns ratio for the biomass burning period is
lower than the ratio from those measurements by a factor of 2.
The lower correlation coefficients between HCN and CO typ-
ically measured above northern hemisphere sites are due to the
significant contributions of urban and industrial emissions to
the CO tropospheric budget.

The Wollongong infrared spectra contain spectral regions
suitable for detection of spectral features of shorter-lived bio-
mass burning products such as C,H, with losses determined by
a combination of OH photochemistry and turbulent mixing
during transport [e.g., McKeen et al., 1996; Smyth et al., 1999].
In general, these processes cannot be distinguished. Absorp-
tion by the C,H, v, + v, + v5 band P13 line at 3250.6633 cm !
was near or below the detection limit in the Wollongong spec-
tra. Simulations for a solar zenith angle of 80° were performed
assuming the spectroscopic parameters from the HITRAN
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Figure 5. CO versus C,H, tropospheric columns from the Wollongong time series. Measurements from all
seasons are included. The dashed line shows the best fit slope derived from an unweighted fit to the column
measurements. The correlation coefficient is also reported.
1996 compilation [Rothman et al., 1998] with a constant mixing
ratio assumed in the troposphere and zero above. The simu- ¢ 12T 1|> ' ' '
lations indicate a tropospheric upper limit of 200 pptv, consis- E 10 - Au_g C e +
tent with observations of no local biomass burning events on g "o [FIF 0831436, slope= 4.44e-03 ]
any solar observation days and the absence of this C,H, ab- s 8fF h
sorption feature in the solar spectra. iﬁ ¥ ]
o r 3
g °f ]
5. Back Trajectory Calculations L 4L ]
and Their Implications Ot ]
Figure 7 illustrates 7-day isentropic back trajectories com- z 2F - p
puted beginning at the 340 K potential temperature 8 (~11 km = ot el ‘ , ‘ ]
altitude) level above Wollongong on selected days between 0.0 0.5 1.0 1.5 20 25
October and December 1997 obtained with the NASA God- CO x 10" molecules cm™
dard automailer. The selected 6 level is close to the maximum
sensitivity of the CO, C,H,, and HCN tropospheric column
averaging kernels, as illustrated in Figure 1. The trajectory v, 12] ' i ‘ ’
) . g L Feb — Jul
analyses assume meteorological fields from the National Cen- S 10F = 0323101  slopes 116603 b
ters for Environmental Prediction (NCEP) analyses with bal- n P =0 . slopes Llbe ]
ance equation computed winds. If the NCEP analyses were not S gl 3
available, forecast fields were used according to the recom- § A
mended documentation for the trajectory model [Schoeberl g 6 -
and Sparling, 1994] and the Goddard Assimilation data [Takacs a r L
et al., 1994]. Although individual trajectories are uncertain for S 4r M ]
a variety of reasons [Merrill, 1996], especially after several days <, LT TE T
in remote regions, our results for an ensemble of cases suggest Z r ]
the measured elevated upper tropospheric columns originated T or . . , s ]
from near-zonal west-to-east transport. Most trajectories 0.0 0.5 1.0 1.5 2.0 2.5

passed over southwest Australia after crossing land over south-
ern Africa and/or South America, where already noted, the
most intense fires normally burn during this time period. The
photochemical lifetimes of CO, C,H,, and HCN are suffi-
ciently long for air parcels to traverse the globe multiple times
with minor losses. The upper tropospheric trajectories in Fig-

CO x 10" molecules cm™

Figure 6. Daily average CO versus HCN tropospheric col-
umns (pluses) for (top) background and (bottom) biomass
burning enhanced time periods in tropical Africa and South
America. The retrievals were performed with the “standard”
HCN a priori profile.
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Figure 7. Seven-day back trajectories computed beginning at the 360 K potential temperature level for
sample Wollongong measurements obtained during the October-December 1997 time period when the
highest tropospheric CO, C,H,, and HCN columns were measured. Symbols represent 1-day time intervals

along the trajectory path. A short-dashed line shows the equator.

ure 7 passed significantly south of the western Pacific equato-
rial regions where intense fires [Chandra et al., 1998; Liew et al.,
1998; Levine, 1999] burned during October-December 1997
and CO upper tropospheric mixing ratios as high as 380 ppbv
were measured [Matsueda et al., 1999]. Hence we conclude the
intense western Pacific tropical fires from the strong El Nifio of
1997-1998 had no significant impact on the Wollongong ob-
servations.

6. Summary and Conclusions

We have analyzed a time series of 0.004-cm™' resolution
infrared solar absorption spectra recorded over 100 days be-
tween March 1997 to February 1998 at the Network for the
Detection of Stratospheric Change complementary station at
the University of Wollongong, Australia (34.45°S, 150.88°E,
30 m asl). Retrievals of CO, C,Hg, and HCN were performed
with the SFIT2 algorithm with microwindows selected to
achieve maximum sensitivity in 'the upper troposphere. The
time series show a seasonal maximum for all three molecules
during October-December 1997 with best fit peak tropo-
spheric columns of 1.54 X 108, 8.56 X 10%°, and 6.56 X 10'°
molecules cm ~Z, respectively. The period of high columns cor-
responds with the dry season in the southern hemisphere trop-
ics. Tropospheric CO and C,Hy columns were highly corre-
lated throughout the year with a C,Hg/CO slope of 0.00355

1

close to that measured above Lauder, New Zealand (45.0°S,
169.7°E, 0.37 km altitude), of 0.00338-0.00504. Both values
are much lower than measured from northern hemisphere
sites, for example, 0.0142 from Kitt Peak at 31.9°N latitude
[Rinsland et al., 1998b]. The HCN and CO tropospheric col-
umns also show a positive correlation with a higher slope and
more compact relation during the burning season than during
the background time period. Seven-day isentropic back trajec-
tory calculations performed for upper tropospheric levels on
selected observation days during the October-December max-
imum show rapid west-to-east near-zonal transport over trans-
continental distances often passing over Africa and/or South
America. On this basis we conclude the elevated tropospheric
columns measured during this time period likely originated
primarily from active biomass burning regions in these conti-
nents, where the most intense fires are typically observed dur-
ing austral spring. Although geographically closer, the back
trajectories did not pass close to the more northerly New
Guinea-Borneo-Indonesia tropical region. Hence we conclude
the elevated CO, C,H,, and HCN tropospheric columns ob-
served above Wollongong were not significantly impacted by
the intense El Nifio—related tropical Asian emissions from the
same time period. This conclusion is consistent with in situ
aircraft measurements of a sharp decline in CO upper tropo-
spheric mixing ratio between 20°S and 30°S latitude and nearly
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the same longitude during this time period [Matsueda et al.,
1999, Figure 2 and Plate 1]. The absence of C,H, absorptions
above the noise level on days with elevated CO, C,H, and
HCN tropospheric columns confirms observations that indi-
cate local fires were not the source of the pollution. Analysis of
Wollongong spectra from other time periods is planned to
quantify interannual variations and provide measurements of
additional species.
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