JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. D1, PAGES 1337-1349, JANUARY 20, 2000

Latitudinal variations of trace gas concentrations in the free
troposphere measured by solar absorption spectroscopy
during a ship cruise

J. Notholt,! G.C. Toon,2 C.P. Rinsland,3 N.S. Pougatchev,4
N.B. Jones,5 B.J. Connor,’ R. Weller,6 M. Gautrois,” and O. Schrems 6

Abstract. The latitudinal variations of atmospheric trace gas column abundances have been
measured during a ship cruise between 57°N and 45°S on the central Atlantic. The measurements
were performed in October 1996 using high—resolution solar absorption spectroscopy in the
infrared. The analysis method employed permits the retrieval of the total column densities of 20
different trace gases and for a few compounds the vertical mixing ratio profiles. For CH4 an
interhemispheric difference of 3% was observed. The total columns of the shorter—lived trace
gases CO and C,Hg, analyzed between 57°N and 45°S, reveal a slight maximum in the tropics
and a substantial increase north of 45°N. The total columns of C,H, and HCN, detectable
between 30°N and 30°S, reveal a maximum in the tropics of the Southern Hemisphere. For
CH,0, studied between 57°N and 45°S, a well-pronounced maximum is observed in the tropics.
The profile retrieval gives high mixing ratios for CO, C,Hg, and O5 north of 40°N in the lower
troposphere. In the tropics high concentrations are found for all three compounds in the entire
troposphere, even above 12 km. The measurements have been used to estimate averaged mixing
ratios of the trace gases for the free troposphere between 0 and 12 km. In the tropics the data give
high values: for example, more than 200 pptv for HCN, 750 pptv for CH,O, 100 ppbv for CO and

100 pptv for C;H,. These values are comparable to or higher than what has been observed at
midlatitudes, indicating the importance of biomass burning emissions on the tropospheric

composition.

1. Introduction

Measurements of the latitudinal variations of trace gases are
of great importance for understanding the chemical and
dynamical processes that control the distributions of these gases
in the free troposphere and stratosphere. Observations are
especially needed to understand the global impact of
anthropogenic pollution in the Northern Hemisphere and
biomass burning in the tropical Southern Hemisphere [Graedel
and Crutzen, 1993; Levine, 1996]. Since trace gases enter the
stratosphere primarily in the tropics, this region has an
especially important influence on stratospheric composition.
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Ground-based in situ measurements can yield time series of
local atmospheric trace gas concentrations [e.g., World
Metereological Organization (WMO), 1997]. On the other hand,
satellite  observations provide atmospheric trace gas
concentrations above typically 15 km on a global scale [e.g.,
Russell et al., 1993; Gunson et al., 1996]. However, only a few
data exist for the remote free troposphere. The tropical regions
have been studied during the Southern Tropical Atlantic Region
Experiment (STARE), [see Andreae et al., 1996] and Pacific
Exploratory Mission (PEM) [e.g. Hoell et al., 1996, Hoell et al.,
1997]. Observations at midlatitudes are described by Angeletti
and Restelli [1994].

Spectroscopic remote observations from the surface with the
Sun as light source sample trace gas concentrations of up to 30
different trace gases in the whole atmosphere, including the free
troposphere [e.g., Rao and Weber, 1992]. In addition, for the
altitude range where the pressure broadening of the spectral
lines can be resolved, an analysis can yield concentration
profiles for a few atmospheric layers.

In October—November 1996 we participated in a ship cruise
across the Atlantic on board the German research vessel
Polarstern to perform high-resolution solar absorption
measurements in the infrared by Fourier transform infrared
(FTIR) spectroscopy. From these observations, the
concentrations of up to 20 different atmospheric trace gases
between approximately 57°N and 45°S latitude were
determined. The aim of the FTIR measurements was to study
the latitudinal variations of atmospheric trace gases in the free
troposphere and the impact of anthropogenic emissions and the
tropical biomass burning from the continents on the central
Atlantic.
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2. Experimental Methods

The experiments have been performed using a Bruker 120M
interferometer. The instrument was installed in a thermostated
laboratory container on the helicopter deck in the back of the
ship, 10 m above sea level. The solar tracker was mounted on
the container’s roof. It was driven, under control of a quadrant
diode, to follow the Sun despite all ship movements. In order to
overcome the ship movements, the solar tracker was modified to
move much faster than for ground-based observations. To
reduce the influence of ship rolling (ship movements
perpendicular to the direction of the ship), the scanning arm of
the interferometer had been installed parallel to the ship’s body.
However, later on it was found that pitching of the ship (up and
down movements of the forepart of the deck and quarter—deck)
has a stronger influence than rolling, because the rolling was
sufficiently reduced by the stabilizer fins of the ship.
Unfortunately, it was not possible to rotate the instrument.

For wind velocities of about 15 m/s, the interferometer and
the solar tracker worked satisfactorily. Under stronger wind
conditions the motors of the solar tracker could no longer keep
the image of the Sun on the entrance aperture. Furthermore, for
such wind velocities the recording of spectra yielded erroneous
interferograms, because the scanning mirror had to drive "up
and down" following pitching. However, under these weather
conditions the measurements had to be stopped anyway because
the sea spray splashed against the mirrors of the solar tracker.

The strongest disturbances on the interferometer were
assumed to be due to the vibrations of the ship engines in a
frequency range of 20-30 Hz. The stability of the interferometer
has been tested by studying the variability of the center burst
intensity during the alignment mode, using an artificial light
source. The intensity in the IR was found to vary by 1-2%,
similar to our observations in Spitsbergen. However, in the UV
(at 300 nm) the peak-to—peak intensity fluctuations increased
up to 30%, preventing any measurements. Furthermore, the
alignment of the interferometer was checked daily by studying
the interference fringes using an external HeNe-laser equipped
with a 8 cm diameter telescope to cover the whole beam area.
After the installation the alignment was found to be stable
during the whole cruise. Under normal weather condidtions
(wind speeds less than 15 m/s) the fringes did not visibly change
as a function of the ships movements or motor vibrations.

Spectra were recorded between 750 and 6000 cm-! with an
optical path difference (OPD) of 200 cm, corresponding to an
unapodized resolution of 0.005 cm~1, using the Sun as the light
source. Typically, groups of two to six consecutive single
spectra were averaged, yielding measurement times up to 20
min. In order to increase the signal-to-noise ratio (S/N),
interference filters have been used to narrow the optical
bandwidth. To get a good latitudinal coverage, each spectral
region was recorded in the moming, around noon, and in the
evening. Owing to the use of the band limit interference filters,
not all trace gases could be studied on each day.

The fact that the humidity is high in the tropics, especmlly at
sea level, restricts the number of molecules which can be
analyzed in the IR, due to interfering water vapor absorptions.
Compared to our observations in Spitsbergen (79°N) all trace
gases detected there [see Notholt et al., 1997a, Table 1] could be
measured during the cruise, except NO. For this molecule,
strong interference from nearby water lines prevented the
analysis in the tropics, even at noon for solar zenith angles
(SZAs) around 0°.
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In a remote area like the middle of the Atlantic, the influence
of the ship’s exhaust gases on the spectroscopic results has to be
checked. Any measurement directly through the exhaust plume
was always avioded. However, such situations occurred only on
a few days around noon. Under those circumstances the ship’s
route was changed by around 45° for 1 hour, allowing the
recording of a set of spectra without disturbances from the
exhaust plume. Overall, the exhaust plume was found to have a
negligible influence on the results.

3. Data Analysis

The microwindows used to analyze the trace gases, together
with the interfering gases which have been fitted, are given in
Table 1. The spectroscopic parameters have been taken from the
1996 HITRAN [Rothman et al., 1998] and Atmospheric Trace
Molecule Spectroscopy Experiment (ATMOS) database [Brown
et al., 1996]. Spectral parameters for C,Hg were based on the
measurements of Pine and Stone [1996]. The updated
parameters for C,Hg have been described by Rinsland et al.
[1998a].

The total column densities and the vertical concentration
profiles have been determined using two different line-by-line
least squares algorithms, SFIT2 and GFIT. Both algorithms are
described in the literature and will not be discussed here in
detail.

SFIT2 [Pougatchev et al., 1995; Rinsland et al., 1998a] has
been developed as a profile retrieval algorithm. It is based on
the semiempirical approach to the optimal estimation method
[Rodgers et al., 1976]. The analysis is performed by fitting one
or more windows simultaneously with the profile of one or two
molecules retrieved in 29 atmospheric layers. Additionally, the
a priori profiles of one or more molecules can be scaled by
multiplicative factors to account for interferences. For the
interpretation of the data the results of the individual layers are
summed up to a few thick layers, for example, 0-4 km, 4-12

Table 1. Microwindows Used in the Analysis Together
With the Interfering Trace Gases Fitted

Molecule Spectral Regions Interfering Gases

CHy 2601.71-2604.15 N,O
2903.55-2904.25 H,0, HCl, O3, HDO
4277.61-4278.01 H,0, HDO

N,0 2441.8-2444 4 CO,
2481.20-2482.50
2806.05-2806.55

CFC-12 920.09-923.89 H,0, CO,
1160.13-1162.03 HDO, 03, N,0, H,O

CFC-22 828.80-829.25 05, H0

CcO 2057.70-2057.90 H,0, N70, 05
2069.55-2069.80 H,0, N;0, 05
2157.30-2159.35 H,0, N;0, O3

CyHg 2967.60-2967.94 H,0, CHy, O4

CyHy 3250.43-3250.74 H,0

CH,0 2869.44-2870.33 CHy, 04, NO,, HDO

HCN 3287.10-3287.50 H,0
3299.42-3299.64 H,0
3305.35-3305.60 H,0

COS 2051.15-2055.95 03, CO

O3 1002.58-1003.50 H,O
1003.90-1004.38 H,0
1004.58-1005.00 Hy0

H,0 2870.00-2873.30 CHy
3019.75-3019.95

HDO 2611.50-2613.28 CO,
2640.40-2643.14 CHy, COy
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Figure 1. Example of a fit to a spectrum, measured at 31°N at a resolution of 0.0055 cm™!. All three regions have
been fitted simultaneously using SFIT2 to retrieve the volume mixing ratio (vmr) profile of CO.

km, and above 12 km, which provide partial columns that are
nearly independent, as indicated by averaging kernel
calculations. Figure 1 gives an example of the fits for the three
spectral regions covering CO, which have been analyzed
simultaneously using SFIT2.

Averaging kernels provide the theoretical basis for
determining the altitude sensitivity of a given atmospheric
measurement (see, for example, Rodgers [1990] and Connor et
al. [1995]). Figure 2 presents averaging kernels calculated for
the cruise observations of CO, C,Hg, and O3. They have been
calculated with as many suitable spectral lines as possible with
different optical depths in order to combine the effects of
different altitude sensitivities (three for CO and O3, one for
C,Hg, see Table 1). An attempt was made to use spectroscopic
data from other spectral regions, for example, O3 lines at 3040
cm-!. However, since these lines do not belong to the same
band pass as the ones around 1000 cm~!, a simultaneous fit of
all microwindows from different band passes failed in many
cases, probably because of temporal or spatial variations in the
atmospheric composition.

The altitude borders have been chosen in a way that the
averaging kernels show good sensitivity in the respective
altitude regions and fairly good discrimination outside them. For
CO, partial columns have been retrieved for three layers, 0-4,
4-12, and above 12 km. The profile for C;Hg could only be
retrieved in two atmospheric layers, 0—12 and above 12 km. For
Oj the analysis was performed for the altitudes 0-12, 12-20,
and above 20 km. As can be seen, all averaging kernels overlap
to some degree indicating that the results retrieved for each
layer are to some extent influenced by the other layers. This
must be considered in the interpretation.

Originally, GFIT was developed for the retrieval of total
column densities [e.g., Toon et al., 1992; Notholt et al., 1997a].
The program has been further adapted to retrieve the partial
columns in a few atmospheric layers as will be explained in a
forthcoming paper. Unlike SFIT2 the modified version of GFIT
uses no constraints on the profiles during the analysis; the
different altitude regions are treated as independent.

During the cruise, balloon sondes were launched daily from
the Polarstern, yielding the pressure-temperature (pT) and
ozone profiles up to 30 km together with the profiles of the
relative humidity up to about 10 km. The relative humidity data

served as inputs for the forward models. The initial volume
mixing ratio (vmr) profiles of CO and C,Hg are based on
observations by Talbot et al. [1996] measured during the
Transport and Atmospheric Chemistry Near the Equator—
Atlantic (TRACE A) campaign in September—October 1992
above the Atlantic. For CO, two different profiles have been
used, one for the northern and another for the southern Atlantic.
The initial vmr profiles for all other trace gases, including Os,
were taken from balloon flights, launched at 34°N [Peterson
and Margitan, 1995]. As discussed later, the data of the ozone
sondes, launched daily during the cruise, have only been used
for comparison with the retrieved profiles.

Prior to the analysis the balloon profiles were transformed
vertically above the tropopause by a streching parameter degree
of subsidence (DOS), as explamned in detail by Toon et al.,
[1992] and Notholt et al., [1997a]. This transformation of the
initial vmr—profiles accounts for vertical motions in the
stratosphere, like the difference in the tropopause height or the
subsidence caused by diabatic cooling during meridional
transport.

4. Error Discussion

In the following we will not give a complete error discussion,
but refer only to the main sources of error, which have to be
considered in the interpretation of our data. A detailed error
discussion of similar FTIR observations, performed by using a
Bruker model 120 M interferometer and the SFIT2 or GFIT
analysis are given by Rinsland et al. [1998a] and Toon et al.
[1992].

The uncertainties caused by the limited S/N of the spectra
and interfering spectral lines are given for all molecules in
Table 2. Typical values have been given for single spectra and
for daily averages. Since the temperature profiles have been
measured daily by balloon sondes, the error introduced in the
total columns retrieved is estimated to be about 1%. The
influence of the uncertainties in the vmr profile on the total
columns is estimated to be less than 5%. The consistency of the
forward models and the retrieval programs can be checked by
comparing the total columns derived by SFIT2 with the results
derived by GFIT. The total columns retrieved differ by up to
5%, in agreement with the ™‘‘spectral fitting algorithm
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Figure 2. Averaging kemels for CO, C2Hs and O3. They have
been calculated for the optical path difference (OPD), the field
of view (fov), the solar zenith angle (SZA) and the signal to
noise ratio (S/N), as given on the top of the panels.

intercomparison campaign’® performed within the Network of
Detection of Stratospheric Change (NDSC) [Zander et al.,
1993].

The uncertanties in the profile retrieval are much more
difficult to quantify. The main sources of error are the
following:
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1. One source of error is the vertical profile shape. As already
mentioned, averaging kernels quantify the theoretical sensitivity
of the retrieval for each layer and the overlap of kernels for
different layers. Averaging kernel calculations guided our
selections of the altitude regions we combined to calculate the
partial columns.

2. There is a second source of error in the assumptions on the
initial guess profile and limited S/N. Since the atmospheric vmr
profiles are not known, the influence of the initial profiles on
the partial columns is difficult to quantify. For low S/N ratios
the results will be shifted toward the initial guess profiles. To
test the influence of the initial guess profiles on the partial
columns we have analyzed the spectra using different initial
profiles taken from the literature [e.g., Talbot et al., 1996;
Peterson and Margitan, 1995]. The results differed by 10-20%,
with the higher values for CO and C,Hg in the upper
atmospheric layer and for O3 in the lowest layer. However, the
latitudinal shape of the partial columns was influenced only to a
minor extent.

3. A third source of error is the instrumental line shape
function. The instrument function influences the retrieved
profile to a great extent. During the cruise we checked the
alignment and stability of the interferometer daily by
illuminating the whole beam area and studying the interference
fringes in the visible, as discussed above. Furthermore, profile
retrievals of CO;, known to have a virtually constant vmr
profile, give a good indication of the correctness of the
instrumental line shape.

The comparison with the other correlative data sets allowed
us to test the accuracy of the profile retrieval. In particular, the
comparison with the O; ballon data (Figures 7a-7c) gives a
good indication of the accuracy of the profile retrieval. As can
be seen, the partial columns retrieved differ on the average by
10%, in agreement with the errots discussed above.

Furthermore, comparisons were made of the results retrieved
using SFIT2 with corresponding results using GFIT. The partial
columns retrieved by both methods differed by up to 20%. Most
of this error is artificially introduced due to the fundamental
difference in the methodology of forming the partial columns.
SFIT2 smoothly adjusts the entire a priori profile, while GFIT
treats the summed layers as different surrogate gases. Thus
agreement at this level for a profile retrieval is acceptable and
lies within the errors discussed.

Table 2. Typical Values for the Uncertainties of the Total
Columns Retrieved Caused by the S/N (15) and the
Uncertainties of the Line Parameters

Species Single Spectrum  Daily Averaged Line Parameter
Uncertainty, Uncertainty, Uncertainty,
% % %

CFC-12 1.6 0.7 10.0

CFC-22 50.0 12.0 10.0

co . 50 1.5 50

CyHg 15.0 30 10.0

CyHy 100.0 20.0 10.0

CH,0 10.0 3.0 10.0

HCN 150 5.0 10.0

Cos 25.0 10.0 5.0

0; 2.0 0.5 50

H;0 15 0.7 30

HDO 13 0.5 3.0

The second column from the left gives the 10 uncertainties for a single
spectrum and the third column gives them for daily averages. The right
column gives the uncertainties attributed to errors in the assumed spectral
line parameters.
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Figure 3. Backward trajectories for three pressure levels. The 850 hPa trajectories (~1.6 km) have been
calculated for 48 hours, the ones at 500 hPa (~6 km) for 36 hours, and the ones at 140 hPa (~15 km) for 24
hours. For clarity, only the starting and ending points of the trajectories are plotted.

The differences in the results of both analysis methods are
much higher for the partial columns (20%) than for the total
columns (5%). This is because the partial columns are much
more sensitive to differences in the retrieval methods and,
overall, the compensating effects of the different altitude layers
reduced the variabilities in the total columns.

5. Results
5.1. Characteristics of the Cruise Observations

For interpretation of the shorter-lived trace gases, the origin
of the air masses probed must be considered. Figure 3 shows
backward trajectories for three levels calculated by the German
Weather Forecast. For the lowest level at 850 hPa (~1.6 km) the
48-hour back trajectories are given. The back trajectories for
the 500 hPa level (~5.0 km) are calculated for a 36—hour period.
For the level at 140 hPa (~15 km), only 24-hour back
trajectories were available. For clarity, only the starting and
ending points of the trajectories are plotted. At 850 hPa in the
tropics the winds are coming from Africa (trade winds), while
the trajectories at 140 hPa indicate air masses originating from
South America (anti trade winds). Furthermore, for tropospheric
trace gases the position of the ITCZ (Intertropical Convergence
Zone) must be considered. The ITCZ, located at 7°-8°N in
October 1996 in the Atlantic, visible in the 850 hPa trajectories
by the converging trade wings, represents an efficient
tropospheric border between the air masses from both
hemispheres.

It is important to note that our observations were performed
during the season of intense biomass burning. Biomass bumning,
such as the natural burning of grassland or deforestation, leads

to high levels for several tropospheric trace gases, especially in
the tropics [Andreae et al., 1996; Levine, 1996]. The maximum
intensity is typically found during October—November [Granier
et al., 1996].

The total column densities for all trace gases are given in
Table 3, averaged for latitudinal steps of 5°. In addition to the
total columns, the table gives average mixing ratios for the
tropospheric trace gases for the altitude range 0-12 km, as
derived from the scaled vmr profiles. Furthermore, for CoHg,
CH,0, and COS appropriate in situ data are given for
comparison. For most trace gases the total columns are plotted
in Figure 4a-4g. Furthermore, the tropopause altitudes, as
derived from the balloon sondes, are plotted in Figure 4h.

5.2. Long-Lived Tropospheric Trace Gases

N,0O and CH,4 both have a long lifetime in the troposphere
and relatively constant mixing ratios. The latitudinal decrease in
their total columns (Table 3) is mainly caused by the poleward
decrease of the tropopause altitude (compare with the
tropopause altitude in Figure 4h) and stratospheric descent.
Since both trace gases decrease in their mixing ratio above the
tropopause, the ratio CH4/N,O (Figure 4a) depends mainly on
interhemispheric differences in their mixing ratios, and only to a
minor extent on variations in the tropopause height and
stratospheric descent. The measured ratio is about 3% higher in
the north compared to the south. The gradient in the ratio occurs
at about 10°N, in agreement with the position of the ITCZ.
Since N,O does not show an interhemispheric difference, the
difference in the ratio can be attributed to the interhemispheric
difference in CHy. According to the WMO assessment [WMO,
1995], atmospheric CH4 concentrations in the Southern
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Figure 4. Total column densities of several trace gases measured spectroscopically during the cruise (circles)
together with in situ data for CH20 and COS (lines), converted to total columns as explained in the text, and the

tropopause altitude.

Hemisphere are on the average about 6% lower than in the
Northern Hemisphere. The difference in our observations is
most likely caused by the seasonal variability of CHy.

Total columns of COS are given in Table 3 and Figure 4b.
Mixing ratios have been calculated from the FTIR observations
using the scaled vmr profiles. For comparison, in situ data,
measured during a cruise in October—November 1997 on the
Atlantic (Table 3, X. Xu and H. Bingemer, unpublished results,
1999) have been given. The agreement of the in situ data with

the FTIR ones indicates that COS is uniformly distributed
throughout the tropopause.

To further facilitate comparision with our total column
results in Figure 4b, the in situ data have been converted to total
columns. COS columns (line in Figure 4b) have been calculated
assuming that the mixing ratios at all altitudes equal the in situ
values from the ground. The agreement of the total numbers
calculated in this way with our measured FTIR data suggests
that the COS vmr profile is constant throughout the troposphere
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and lower stratosphere, where total column observations of
tropospheric trace gases are most sensitive. Above about 20 km
the decrease in the molecule number density with altitude limits
the sensitivity of the COS total column measurements. A
constant mixing ratio of COS at least up to 20 km is in
agreement with the observation that the latitudinal variation in
the tropopause altitude (Figure 4h) does not show up in the
FTIR total column measurements of COS.

Qur cruise data, together with the in situ data, do not show
any interhemispheric variability. On the contrary, by using
ground-based FTIR data from a few stations, Griffith et al.
[1998] observed a north/south interhemispheric ratio of 1.1-1.2.
Also, previous in situ measurements on the central Atlantic give
a northward increase of COS, which was tentatively
interpretated as evidence for COS contributions by
anthropogenic sources [Bingemer et al., 1990].

5.3. Shorter-Lived Trace Gases

5.3.1. Total column results. The total columns for a few
shorter—lived tropospheric trace gases are given in Figures 4c—
4g. For comparison with other ground-based total column
measurements, the secular trend must be considered (CO, C;Hg
and CH,0: < 1%/y; C;H; and HCN: < 0.5%/y [WMO, 1995;
Notholt et al., 1997b]). CO and C,Hg (Figures 4c, and 4d) show
maxima in their total columns north of 40°N and in the tropics.
Both trace gases have similar anthropogenic sources at the
ground [Smyth et al., 1996]. In addition, CO is produced by the
photooxidation of CH,; and nonmethane hydrocarbons
(NMHCs). In situ measurements of several NMHCs on board
the Polarstern during the cruise do not indicate any substantial
increase within the tropics (R. Koppmann, personal
communications, 1999). Assuming a weak altitude gradient of
the NMHCs throughout the troposphere, as measured by Talbot
et al. [1996] during the TRACE A campaign in September—
October 1992 above the Atlantic, the in situ data of the NMHCs
allow us to exclude the formation of CO by the oxidation of the
NMHCs.

The lifetimes of both trace gases within the tropics and
subtropics are longer than typical meridional transport times but
shorter than zonal transport times [Attkinson, 1990; Smyth et al.,
1996]. Thus processes at different longitudes are more likely to
influence our observations than processes at different latitudes.
Observations throughout the TRACE A campaign and sattelite
data suggest an impact of biomass burning on the trace gas
concentrations on the tropical south Atlantic [Andreae et al.,
1996; Levine, 1996; Talbot et al., 1996]. The substantial
increase north of 40°N can most likely be attributed to the
anthropogenic combustion, and the high values in the tropics are
probably caused by biomass burning emissions.

Infrared spectroscopic observations were performed between
1970 and 1985 by Dianov-Klokov and Yurganov [1989] and
Dianov-Klokov et al. [1989] during several ship cruises on the
Atlantic and at a few measurement stations on land. The
observations were recorded with a low-resolution grating
spectrometer. They deduced a long~term increase of 1.5-2% in
the Northern Hemisphere and about 0.6% in the Southern
Hemisphere. For the period 1970-1985 they obtained average
total columns of 2.0x10!8 molecules cm=2 north of 40°N, a
weak maximum of about 2.2x10!8 molecules cm=2 in the
tropics, and minimum values of 1.1x10!8 molecules cm~2 at
30°S for comparable autumn periods. Thus their total columns
measured between 1970 and 1985 agree with our observations
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from 1996 (Table 3) and do not indicate any significant long—
term CO trend. However, as mentioned by Dianov—Klokov and
Yurganov [1989] and Dianov—Klokov et al. [1989], any long-
term trend for CO is difficult to quantify due to the strong
seasonal and spatial variability of this species.

The results of CO and C,Hg have been compared with similar
FTIR total column ground-based measurements performed
since 1992 year—round in the Arctic at 79°N, 12°E [Notholt et
al., 1997a] and in the Antarctic at 78°S, 167°S [Notholt et al.,
1997b] in September—October 1986. The cruise data north of
40°N agree with the Arctic observations during October—
November (2.0x1018 molecules cm=2 for CO and 1.8x1016
molecules cm=2 for CoHg, [Notholt et al., 1997a)), indicating a
uniform distribution of both trace gases in the remote Northern
Hemisphere. The Antarctic observations from September—
October 1986 of 0.9x1018 molecules cm~2 for CO [Notholt et
al., 1997b] are lower than our cruise data at southern latitudes,
suggesting a further concentration gradient of CO between
southern mid-latitudes and the pole. For C,Hjy the total columns
of 0.6x1016 molecules cm~2 measured in the Antarctic [Notholt
et al., 1997b] agree with our cruise data at southern latitudes.

The total columns of CyH; are illustrated in Figure 4e. Due to
its spectral interference by strong water lines, C;H; is much
more difficult to detect than CO or C;Hg. Our data give high
values in the tropics. North of 10°N, the total columns are close
to the detection limit. In situ data of C,H;, measured during the
cruise (R. Koppman, preliminary results, 1999) reveal a similar
latitudinal variability. This compound has sources that are
similar to those of CO or C;Hg, but the C,H; lifetime is only a
few days under sunlight [Attkinson, 1990]. Thus the zonal
transport times from the continents on the middle of the Atlantic
are of the same order as the atmospheric lifetime of this species.
Therefore the total columns measured on board the Polarstern
can most likely be attributed to combustion processes on the
surrounding continents, in agreement with observations by
Talbot et al. [1996].

Although only a few data points exist, it is evident that the
latitudinal variability of CyH, is much more pronounced than
that of CO or C;Hg, probably caused by the much shorter
lifetime of this species. This assumption is consistent with our
measurements from the Arctic [Notholt et al., 1997a], where the
seasonal cycle of C;H; is found to be 3 times more pronounced
than for CO and C,Hg. The cruise data are 2—6 times lower than
our observations in Spitsbergen during October—-November
(4x1015 molecules ¢cm~2 [Notholt et al., 1997a)), indicating a
well-pronounced gradient toward the north. In the Southern
Hemisphere the C;H; cruise columns are slightly higher than in
Antarctica (0.8x10!5 molecules cm2 [Notholt et al., 1997b]),
probably because other than tropical biomass burning, no strong
emissions exist.

Figure 4f presents measured total columns of HCN. This
compound is difficult to detect in situ, and so remote
observations in the infrared are one of the few measurement
techniques [Coffey et al., 1981]. HCN is produced at the ground
by agriculture, biomass burning, and production of coke. Its
main loss pathway is its reaction with OH. The estimated
lifetime of HCN is of the order of 1-5 years [Mahieu et al.,
1997]. The latitudinal variation of this trace gas in the
troposphere has not been measured thus far. Our data show a
clear maximum in the tropics of the Southern Hemisphere.
Unfortunately, no spectra in the region where HCN absorbs have
been recorded north of 30°N, which could confirm the measured
increase in the north. Mahieu et al. [1997] derived a mixing
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ratio of 180 pptv for background conditions from IR spectra
recorded at the Jungfraujoch. Qur mixing ratios derived (Table
3) are slightly higher, consistent with the proximity of biogenic
sources at that latitude. The maximum total columns observed
in the tropics are comparable to our October observations from
the Arctic (4-5x10!5 molecules cm~2 [Notholt et al., 1997a])
but higher than our data from the Antarctic (2.6x10!5 molecules
cm~2 [Notholt et al., 1997b)).

The observed total columns of CH,O (Figure 4g) show a
clear maximum in the tropics. The compound is emitted at the
ground or produced by the oxidation of methane or NMHCs.
The short lifetime of only a few hours under sunlight [Attkinson,
1990] allows us to exclude direct emissions from the continents
as a source for our high columns measured. In situ
measurements of several NMHC’s during the cruise do not
indicate any substantial increase within the tropics (R.
Koppmann, personal communications, 1999). Assuming a weak
altitude gradient of the NMHC*s throughout the troposphere [see
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Figure 5. Mixing ratios for CO for three altitude layers as
retrieved from the Fourier transform infrared (FTIR) spectra.
The CO data from the Measurement of Air Pollution From
Satellites (MAPS) satellite experiment for October 1994 at
around 30°E [see Conners et al., 1996] are plotted in Figure 5b
as a line.
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Table 4. Area of Deforestation in South America as Obtained
by Satellite Observations

Deforestation, Area,
Period km?
1978-1988 21130
1988-1989 17860
1989-1990 13810
1990-1991 11130
1991-1992 13786
1992-1994 14896
1994-1995 29059
1995-1996 18161
1996—1997 13227

P. Artaxo, personal communications, 1998; see also
www.inpe.br/Informacoes_Eventos/amz/amz.html

Talbot et al., 1996], the formation via NMHCs can also be
excluded. We therefore attribute the high total columns of
CH,O to the formation via methane oxidation. Since this
process depends on the sunlight intensity, a maximum in the
tropics can be expected, in agreement with these cruise
observations. Our total column data in the tropics are much
higher than our Arctic results of 2x10!5 molecules cm—2
[Notholt et al., 1997a] and our Antarctric data of 0.8x1015
molecules cm~2 [Notholt et al., 1997b], underlining the
importance of the methane oxidation as a source of CH,O.

In addition to our FTIR measurements, CH,O was also
measured on board the Polarstern by in situ techniques. The in
situ data are given in Table 3. To facilitate comparision with our
total column data, the in situ ones have been converted to total
columns. These columns have been calculated assuming the
mixing ratios to equal the in situ data up to a specified altitude,
the “‘layer thickness’’. Above that altitude the mixing ratios are
set to be zero. For a layer thickness of 9 km the columns so
calculated agree with our measured FTIR data (Figure 4g). The
agreement of both curves at all latitudes assuming a constant
layer thickness indicates that the shape of CH,O vmr profile
does not show a strong latitudinal variability. Furthermore, the
use of a layer thickness of 9 km indicates that the concentrations
of this compound are relatively high in the whole troposphere.

5.3.2. Concentration profiles of CO, C,Hg, and Os. In order
to investigate the composition of the free troposphere in more
detail, the mixing ratios for CO, CHg, and O3 have been
determined for a few atmospheric layers. The CO mixing ratios
retrieved from the FTIR spectra for the layer 0—4 km (Figure
5¢) reveal a weak maximum in the tropics and a substantial
increase north of 40°N.

Figure 5b gives the partial columns retrieved for the altitude
layer 4-12 km. In addition, CO data measured by the
Measurement of Air Pollution From Satellite (MAPS)
instrument in October 1994 at around 30°E onboard the space
shuttle [see Conners et al., 1996] have been included in Figure
5b. For a comparision the sensitivities of both instruments must
be considered. The averaging kernels of the satellite instrument
peak at 300 mbar and decrease in the lower troposphere
[Pougatchev et al., 1998]. Therefore the satellite instrument
yields midtropospheric average mixing ratios, comparable to the
results of our profile retrieval for the altitude region 4—12 km
(see Figure 2).

The MAPS data of October 1994 in the tropics are higher by
30% than our cruise data for the same period, which we attribute
mainly to the variability in the tropical biomass burning. As
measured by the MAPS satellite, the highest CO concentrations
on the tropical Atlantic are reported in October—November, the
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season of the most intense biomass burning [Andreae et al.,
1996; Levine, 1996]. Furthermore, observations throughout the
TRACE A campaign suggest an impact of biomass burning on
the trace gas concentrations in the tropical south Atlantic
[Talbot et al., 1996]. A suitable indicator of the variability of
the tropical biomass burning is given by the area of
deforestation, as calculated from fire statistics measured by
satellite [e.g., Thompson et al., 1996]. Table 4 gives the area of
deforestation in South America as obtained by satellite
observations (P. Artaxo, personal communications, 1998; see
also www.inpe.br/Informacoes_Eventos/amz/amz.html). The
data show that in 1994-1995 the deforested area was nearly
double the area in 1996—1997, in agreement with the CO data in
Figure 5b. The layer above 12 km (Figure S5a) reveals a
maximum in the tropics of the Southern Hemisphere, in contrast
to the bottom layer.

For C,Hg (Figure 6) the spectral line shape allows us to
retrieve the partial columns only in one tropospheric layer, 0-12
km (see Figure 2). The retrieval yields a similar latitudinal
variation of the mixing ratio as for CO: high values north of
40°N below 12 km and a concentration maximum in the tropics
for the altitudes above 12 km.

The FTIR data of CO and C,Hg for the bottom layer have
been compared with in situ observations performed during the
cruise variation (R. Koppmann, preliminary results, 1999). For
C,Hg the in situ data are plotted in Figure 6b. In the tropics of
the Southern Hemisphere the total columns of both compounds
are about 30-50% higher than the in situ observations. One
possible explanation might be that in this part of the troposphere
the average mixing ratios are higher than directly at the surface,
where the in situ data have been taken. This result would be
consistent with the observation that the highest concentrations
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Figure 6. Mixing ratios for C2H¢ for two altitude layers as
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data measured at sea level (line).
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Figure 7(a—c). Mixing ratios for O3 for three altitude layers as
retrieved from the FTIR spectra (circles) together with the
results from the Electrochemical Cell (ECC) balloons (line) and
tropospheric  residual climatology data (squares). (d)
Comparison of the total columns derived by the FTIR (squares),
the balloon (circles), Total Ozone Mapping Spectrometer
(TOMS) satellite (line).

of several pollutants, including CO and CyHg, are found not
directly at the surface but at higher altitudes [Talbot et al.,
1996] because in the free troposphere the colder temperatures
and lower OH concentrations increase the lifetimes of these
species. However, it must be considered that with our data sets
we cannot exclude systematic differences between the in situ
data and our FTIR results, which would yield wrong
conclusions.
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In the interpretation of the results for CO, the contribution by
methane oxidation has to be considered, especially for the
higher altitudes, where no direct emissions exist. However,
since CoHg has its main source at the ground and due to the
similarity of the latitudinal variations of CO and C;Hg above 12
km, the mixing ratios for CO above 12 km are assumed to be
mainly caused by emissions at the ground, followed by an
efficient convective uplift and horizontal transport. Thus
compared to the impact by emissions, the contribution from
methane oxidation can be neglected above approximately 12
km.

For O3 (Figures 7a—7d) the spectral line shape allows us to
retrieve the partial columns in only one tropospheric layer, 0—12
km (see Figure 2). The results have been compared with in situ
data from sondes (Figures 7a~7d) and with tropospheric residual
climatology data (Figure 7c), based on Stratospheric Aerosol
and Gas Experiment (SAGE) 1 and 2 and Total Ozone Mapping
Spectrometer (TOMS) V6.0 and V7.0 total ozone data for
September to November [e.g., Fishman et al., 1996]. All three
data sets show reasonable agreement. North of 40°N a strong
increase in the mixing ratios can be observed for the layers 0-12
km and 12-20 km. In the tropics of the Southern Hemisphere
the sondes and the satellite data give enhanced values which are
confirmed by the FTIR data on only one occasion. Furthermore,
the total columns for O3 have been compared with the results of
the Electrochemical Cell (ECC) ozone balloon sondes and the
TOMS satellite data (Figure 7d). Except for two balloon
launches at 30°-36°N and slightly higher TOMS data around
10°N all three data sets agree to within 5% and do not indicate
any systematic differences.

The ozone concentrations measured in the tropical
troposphere of the Southern Hemisphere agree with observations
by Thompson et al. [1996], who measured high O3
concentrations in the free tropical troposphere during the 1992
TRACE A and Southern African Fire—Atmosphere Research
Inititiative (SAFARI) campaigns and attributed them to the
tropical biomass burning. Therefore the high ozone
concentrations measured during the cruise may be the result of
photochemical processes, in agreement with our high
concentrations of CO and CyHg measured there. The increase
north of 40°N for the altitude layer 0-12 km cannot be assigned
to elevated ozone concentrations in the troposphere. Owing to
the decrease in the tropopause altitude, a portion of the high
muxing ratios is probably caused by stratospheric ozone, as can
be seen by comparing the results with the data for the layer 12—
20 km.

The cruise data for the upper altitude levels above 12 km can
be compared with ATMOS/ATLAS satellite observations from
November 1994 [Rinsland et al., 1998b], which covered the
upper troposphere above the minimum tangent altitude of
typically 11 km. The satellite observations of CO, C;Hg, CoHy,
and HCN yielded enhanced mixing ratios in the tropics (5°N to
31°N), which were attributed to biomass burning emissions.

6. Conclusions

The cruise observations have allowed the retrieval of the
latitudinal vanations of the total column densities of several
important trace gases, even in the tropics under high humidities.
In addition, for a few trace gases the vertical distributions were
retrieved. The comparison with in situ values emphasizes the
feasibility of profile retrieval using high—spectral-resolution
ground-based FTIR spectra.

1347

For the long-lived trace gas CH, the analysis gives an
interhemispheric difference of 3%, in reasonable agreement
with in situ observations at the ground. The shorter-lived trace
gases show strong variabilities in their concentrations. North of
40°N, high total columns of CO and C,Hg are found. The
observations in the tropics of the Southern Hemisphere yield
high tropospheric concentrations of CO, C;Hg, C;H;, O3 and
HCN. The peak in the total columns of CH,O in the tropics is
most probably caused by the formation via CHy4 oxidation.

The results for the profile retrieval of CO, C;Hg and O; give
some insight into the transport processes of trace gases in the
free troposphere. The high mixing ratios of CO and C,Hg
northward of 40°N are confined to below 12 km. For CO the
data indicate that the high mixing ratios are evenly concentrated
below 4 km. This means that north of 40° pollutants emitted at
the ground stay in the altitude range below 12 km during the
long—range transport over the central Atlantic. In contrast, in the
tropics relatively high mixing ratios of CO and C,Hg are also
found above 12 km altitude.

This implies that trace gases emitted in the tropics are not
only transported horizontally, but are uplifted by the intense
tropical convection to the upper troposphere, followed by an
efficient zonal transport. The high mixing ratios measured
above 12 km suggest an influence of tropical tropospheric
emissions on stratospheric chemistry. For example, besides
other compounds, biomass burning leads to elevated
concentrations of CH3Cl [e.g., Levine, 1996]. If this compound
15 able to enter the stratosphere, its photodissociation leads to
chlorine atoms, which are directly involved 1in ozone catalytic
destruction cycles.

Since most tropospheric trace gases are destroyed by reaction
with OH, our data set together with an appropriate model, would
provide important constraints on estimates of the oxidation
capacity in the free troposphere [e.g., Granier et al., 1996].
Because ground—based FTIR spectroscopy allows simultaneous
monitoring of several tropospheric trace gases, having the same
sources but different lifetimes, the oxidation capacity could be
determined independent of variabulities 1n the sources. Profile
retrievals of the compounds might allow an estimate of the
vertical concentration profile of OH. The oxidation capacity 1s
expected to change on a long—term basis, due to the increase in
UV radiation, which is attributed to the decrease of stratospheric
ozone [Houghton et al, 1996]. Ship—borne column
measurements on a regular basis could be important in the
monitoring of the latitudinal dependence of long-term changes
1n the oxidation capacity of the free troposphere.
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