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Abstract Far-IR (25-50 um, 200-400 cm~!) nadir and limb spectra measured
during Cassini’s four year prime mission by the Composite InfraRed Spectrom-
eter (CIRS) instrument have been used to determine the abundances of cyanogen
(C2N»), methylacetylene (C3Hy), and diacetylene (C4H;) in Titan’s stratosphere
as a function of latitude. All three gases are enriched at northern latitudes, con-
sistent with north polar subsidence. C4H, abundances agree with those derived
previously from mid-IR data, but C3Hy abundances are about 2 times lower, sug-
gesting a vertical gradient or incorrect band intensities in the C3Hy spectroscopic
data. For the first time C,N, was detected at southern and equatorial latitudes with
an average volume mixing ratio of 5.5+1.4x 107! derived from limb data (>3-c
significance). This limb result is also corroborated by nadir data, which give a CoNj
volume mixing ratio of 6+3x 107! (2-¢ significance) or alternatively a 3-c upper
limit of 17x 10!, Comparing these figures with photochemical models suggests
that galactic cosmic rays may be an important source of N dissociation in Titan’s
stratosphere. Like other nitriles (HCN, HC3N), C,N; displays greater north polar
relative enrichment than hydrocarbons with similar photochemical lifetimes, sug-
gesting an additional loss mechanism for all three of Titan’s main nitrile species.
Previous studies have suggested that HCN requires an additional sink process such
as incorporation into hazes. This study suggests that such a sink may also be re-

quired for Titan’s other nitrile species.

Keywords: Titan ; Atmospheres, composition
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1 Introduction

Titan’s vast array of trace species are produced via an extensive photochemical
cycle, which is discussed in detail in recent papers by Wilson and Atreya (2004) and
Lavvas et al. (2008). This photochemistry is driven by dissociation of N, CHy4, and
trace species into radicals and ions by solar UV and magnetospheric electrons in
the upper atmosphere (>500 km). Galactic cosmic rays may also cause dissociation
of nitrogen molecules in the lower atmosphere and provide an additional important
source of nitrogen radicals (Capone et al., 1983). However, at present the exact

mechanisms involved remain uncertain.

Observations of the abundance of trace gases can be compared to photochemical
model predictions and be used to place constraints on reaction pathways. In addi-
tion, finite photochemical lifetimes of Titan’s many trace species mean that they
can be used as chemical tracers of Titan’s atmospheric motion and seasonal change
(Teanby et al., 2009). Knowledge of trace species distribution throughout Titan’s at-
mosphere is thus important for constraining atmospheric chemistry and dynamics.
Here we determine the distributions of cyanogen (C;N3), methylacetylene (C3Hy),

and diacetylene (C4H;) from Cassini/CIRS far-IR nadir and limb spectra.

During the Voyager and Cassini epochs Titan’s northern hemisphere was experienc-
ing early spring and early-to-mid winter respectively. In northern winter the sub-
siding branch of a global meridional circulation cell supplies enriched air from the
upper atmosphere photochemical production zone into the mesosphere and strato-
sphere, causing a build up of trace species around the north polar region where the
subsidence occurs. The resulting increased abundances in Titan’s northern hemi-

sphere have allowed determinations of C;N» at 50 and 70°N from Voyager (Kunde



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

et al., 1981; Coustenis and Bézard, 1995) and a single determination from Cassini
at 48°N (Teanby et al., 2006). C,N; has not previously been observed at equatorial
and southern latitudes during northern winter/spring due to its low abundance. At
these latitudes analysis of Voyager/IRIS data gave 3-c upper limits of 1-2x 10~
(Coustenis and Bézard, 1995), whereas early analysis of Cassini/CIRS observa-
tions gave approximate 1-c upper limits of 5x 10710 (Teanby et al., 2006). The

distribution of C,Nj, is thus at present very poorly constrained.

Previous studies of atmospheric composition have shown that there is an inverse
relationship between photochemical lifetime and north polar relative enrichment
(Teanby et al., 2008, 2009). However, nitrile compounds HCN and HC3;N dis-
play more enrichment than hydrocarbons with similar photochemical lifetimes.
This suggested that there is an additional loss process for nitriles, which results in
a steeper vertical profile and hence greater subsidence-induced enrichment in the
north. With previously reported observations it is not possible to determine if C,N»

is also more enriched or if increased enrichment is peculiar to HCN and HC3N.

C3Hy and C4H; have strong emission features at both far- and mid-infrared wave-
lengths and their distributions have been previously determined in Titan’s atmo-
sphere with Voyager/IRIS (Kunde et al., 1981; Maguire et al., 1981; Coustenis and
Bézard, 1995) (Far- and Mid-IR) and Cassini/CIRS (Flasar et al., 2005; Coustenis
et al., 2007; Teanby et al., 2008, 2009) (Mid-IR only). Disc averaged abundances
have also been determined for these gases from ISO data (Coustenis et al., 2003).
For these gases analysis of Cassini/CIRS data has so far focused primarily on data
from the mid-IR focal planes, which have superior spatial resolution and noise lev-
els compared to the far-IR focal plane. Indeed, the distributions of C3H4 and C4H»
are most accurately mapped using the mid-IR CIRS focal planes and their global

distributions for Titan’s winter season are now relatively well constrained.
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However, the far-IR does offer some advantages: (1) the main infrared emission
feature of C,Nj; lies in the far-IR and C,N; features in the mid-IR are too weak to
observe with CIRS; (2) the far-IR provides information at lower atmospheric levels
than the mid-IR; (3) the far-IR emission lines are less affected by the hot stratopause
in north polar regions, which leads to double peaked contribution functions for the
mid-IR emission features of some species; and (4) the far-IR provides complemen-
tary information, which can aid interpretation of the mid-IR results. Comparing
C3Hy and C4H, abundances with previous higher spatial resolution mid-IR results

also provides a check on our lower spatial resolution far-IR results.

Here, we use four years of far-IR Cassini/CIRS data taken over the prime mission
to determine abundances of C3Hy4, C4H;, and CoN; over Titan’s globe. Measuring
all three compounds simultaneously with the same focal plane means that C3Hy
and C4H; can be directly compared to C,N,. The photochemical lifetimes of these
three gases (C3H4=0.8 yrs, C4H>=0.04 yrs, and C,N»=0.25 yrs defined at 300 km
altitude from Wilson and Atreya (2004)) are such that C3Hy and C4H, bracket the
lifetime of C,N5,, which should allow us to determine if it behaves like the other
nitriles and also displays higher enrichment. This will provide us with insight into

the photochemical processes that affect C;N».

2 Observations

CIRS has three separate focal planes covering 10-600 cm~! (FP1), 600-1100 cm™!
(FP3), and 1100-1500 cm~! (FP4). The mid-IR focal planes (FP3/4) comprise
linear arrays of 10 pixels, with each pixel having a field-of-view approximately
0.27x0.27 mrad. The observations used here were taken with the far-IR focal plane

(FP1), which consists of a single circular pixel with a Gaussian response of full-
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width half-maximum 2.5 mrad. The typical single-spectrum noise equivalent spec-

tra radiance (NESR) at 0.5 cm ™! spectral resolution are: 20 nWem 2sr/em~! at

250 cm™! (FP1); 20 nWem ™ 2sr'/em~! at 650 cm™! (FP3); and 4 nWem ™ 2sr 1 /em ™!

at 1300 cm~! (FP4). The greater number of FP3/4 pixels allow larger averages to
be formed, reducing noise levels to well below that in FP1. The CIRS instrument is

described in detail by Kunde et al. (1996) and Flasar et al. (2004).

2.1 Nadir Observations

Although the FP1 spectral range covers the peak in Titan’s black body emission, the
height of emission features of individual gases above the background continuum are
approximately the same as in the mid-IR. Therefore, many more FP1 observations
are required to obtain comparable signal to noise. To maximise the signal-to-noise
(S/N), observations were taken in a sit-and-stare mode, where the single FP1 pixel
was centred on a single latitude and longitude for the duration of the observation.

A spectral resolution of 0.5 cm ™!

was used so that discrete gas features could be
resolved. To increase S/N of the emission features further, observations were typi-
cally off-nadir with emission angles of around 20-50°, which gave increased path
length through the atmosphere and hence stronger emission features. Observations
were typically obtained at distances of 200000-300000 km and had a duration
of around 4 hours, which allowed approximately 100-400 individual spectra to be

measured each time.

Time constraints meant that only one or two of these observations could be taken
per flyby, so full latitude coverage was built up gradually throughout the four year
prime mission. The nadir observations used in this study are summarised in Ta-

bles 1-2 and Figures 1-2.
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The simple sit-and-stare viewing geometry allowed all spectra from a single obser-
vation to be averaged together to increase the S/N. This averaging typically reduced
the NESR from 20 to I nWem™2sr~!/em ™! at 250 cm™!. North of about 40°N po-
lar enrichment of trace species meant that this was sufficient to measure abundances
of all three gases. However, in the southern hemisphere and equatorial regions, gas
abundances were much lower, especially for C;N», which did not display a feature
above the noise level in averaged spectra from single observations. Therefore, in an
attempt to increase the S/N further, observations with similar latitude coverage and
emission angle were averaged together into eight bins (A—H) as shown in Figures 2
and 3. This type of binning was possible as latitude variations in temperature and

composition are much smaller in the south than the north (Teanby et al., 2009).

The southern and equatorial regions should be representative of photochemical
equilibrium and are important for constraining photochemical models. Previous
studies have shown that abundances of most species start to increase northward of
30—40°N. The large FP1 FOV size (=20° of latitude, see Tables 1 and 2) meant that
to avoid the enriched region and obtain an abundance representative of the south-
ern hemisphere the centre of the FOV should be south of 10-20°N. Therefore, an
additional bin covering latitudes 90°S to 10°N and all emission angles was also
used to obtain maximum possible S/N from the nadir observations for the southern

hemisphere and equatorial regions.

2.2 Limb Observations

Limb observations have the advantage of long atmospheric path lengths, so that
emission features from trace gases are significantly enhanced compared to nadir

and off-nadir measurements. For an atmospheric layer of thickness d and altitude
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7 the increase in path length goes as A/W , where R is Titan’s radius.
For our observations, which are typically sensitive to a 100 km thick layer of the
stratosphere, this gives an approximate 14-fold increase in path length. Limb data
thus provide the best means of measuring very low abundance trace species such as
C,N,. However, high spectral resolution data taken close enough to Titan to resolve
the limb are very limited, and are hence susceptible to the large single spectrum
noise of FP1. Cassini must be closer than about 50 000 km for the limb projection

of the 2.5 mrad FP1 pixel to resolve the stratosphere.

Over the four years of the prime mission there have been six such limb observations
at latitudes south of 10°N (Table 3). The distance of Cassini from Titan during
these observations was 30000—40000 km and CIRS was used in a limb staring
mode - with the observation time split equally between FOV central altitudes of
125 km and 250 km. We selected the 125 km spectra as these had larger signal
and sampled the stratosphere. These observations all had similar FOV sizes (116—
156 km) and covered similar altitudes, so all the spectra were averaged together
to form a single average limb spectrum, which is representative of the southern
hemisphere stratosphere. As with the nadir observations, this type of averaging

relies on the small temperature and compositional gradients that exist in the south.

3 Analysis

The far-IR emission features of our gases of interest occur at 220 cm~! (C4Hy),
234 em~! (C,N,), and 327 cm~! (C3H,), so we selected the spectral range 200-
400 cm™~! for our study. The continuum in this region is influenced by collision in-
duced absorption (CIA) from N,, CH4, and Hj pairs, Titan’s photochemical hazes,

and temperature.
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3.1 Spectroscopic Data

The spectroscopic data for the gases was the same as used by Teanby et al. (2008)

except for C;N; and C4H,. For C,N; we used the linelist from GEISA2003 (Jacquinet-

Husson et al., 2005) with some corrections and adjustments based on comparisons
with spectroscopic measurements by Grecu et al. (1993). We first found an error in
the intensities of the (02)% « (01)!, (03)! +— (02)2, and (03)? « (02)? sub-bands
and divided them by 2. We then rescaled all the intensities by a factor of 0.95,
which was found to best reproduce the intensities observed by Grecu et al. (1993)
in the fundamental band (01)! «+— (00)°. For the N, broadening parameter at 296K,
we used the formula 0.12-0.00035|m| cm~'atm~!, which reproduces well the mea-
surements of Grecu et al. (1993) shown in their Figure 5 (m is related to the total
angular momentum quantum number J by m = J + 1 in the R-branch and m = —J
in the P-branch). The exponent of temperature dependence was assumed to be 0.75
for all transitions. For C4H; we used a recently updated linelist from Jolly et al.

(2009).

CIA contributions from collision pairs N;-N,, CH4-CHy4, Hy-Hj, No-CHy, No-Hp,
and CH4-H, were calculated according to: Borysow and Frommhold (1986a,b,c,

1987); Borysow (1991); Borysow and Tang (1993); and associated subroutines.

The spectral signatures of Titan’s hazes were empirically derived from CIRS limb
spectra by de Kok et al. (2007b). Our selected spectral range is affected by Titan’s
main haze (Haze 0) and a broad condensate feature centred at 220 cm~! (Haze
B), which is present at high northern latitudes. The Haze 0/B notation follows that

established by de Kok et al. (2007b).

10
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3.2 Reference Atmospheres

Our initial nominal Titan atmosphere had gas volume mixing ratios (VMRs) of:
N»=0.9859; CH4=1.41x10"%; C3H4=1.2x1073; C4H,=2x10"%; CoN,=2x10"19;
Hy=1x1073; and H0=4x 10710, These values were based on previous measure-
ments from CIRS (Flasar et al., 2005; Teanby et al., 2006), the Huygens GCMS

(Niemann et al., 2005), and ISO (Coustenis et al., 2003).

Most gases condense in the lower stratosphere, where their abundance was set to
the saturation vapour pressure. Tropospheric abundances were set to that at the
tropopause cold trap, except for CHy4, where we used the Huygens GCMS profile.

VMRs were assumed to be constant above the condensation level.

Stratospheric and mesospheric temperatures are now well determined for Titan’s
northern mid-winter season from previous analysis of CIRS limb and nadir data
(Achterberg et al., 2008; Flasar et al., 2005; Teanby et al., 2007, 2008). We used a
latitude dependent temperature profile interpolated from analysis of 0.5 and 2.5 cm ™!
data by Teanby et al. (2008) from orbit 36 (T22) on 2627 December 2006, which

had two complementary temperature mapping sequences covering both hemispheres.

This constrained the temperature in the stratosphere where the gas emission lines

are formed.

Note that for nadir spectra the continuum in the 200-400 cm ™! region is sensitive
to tropospheric temperature, which is difficult to determine and not easily separable
from the effects of haze, CIA, and clouds. However, the emission lines of C3Hy,
C4H;3, and CyN; are all formed above this level in the stratosphere, for which the
temperature is well defined. The excess emission from these gases is superimposed

onto the continuum. Therefore, stratospheric abundances can be determined inde-

11
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pendently of tropospheric properties so long as the continuum is fitted by adjusting

either tropospheric temperature or haze (Teanby et al., 20006).

Initial haze profiles were based on Cassini/CIRS and Huygens/DISR measure-
ments. The main haze (haze 0 in de Kok et al. (2007b)) had a scale height of
65 km between 80 and 160 km altitude based on measurements by the Huygens
Descent Imager Spectral Radiometer (DISR) instrument (Tomasko et al., 2008b).
This scale height is consistent with determinations from CIRS covering the same
altitude range (de Kok et al., 2007b). For 160-240 km DISR measurements are not
available and the profile of de Kok et al. (2007b) was used. Above 240 km constant
haze particles/gram of atmosphere were assumed and below 80 km we assumed a
constant number density. The 220 cm~! broad condensate feature (haze B) had a

profile that peaked at 140km, as derived by de Kok et al. (2007b) at 70°N.

3.3 Nadir Composition Inversion

To invert the observed spectra for composition we used the NEMESIS retrieval
software (Irwin et al., 2008), which uses a constrained iterative non-linear inversion
technique based on the correlated-k approximation (Lacis and Oinas, 1991). This
keeps the composition as close as possible to the reference atmosphere, while fitting
the data to within the measurement errors. The profiles of C3Hy, C4H,, C2N3, haze
0, and haze B were scaled to provide the optimum fit to the averaged spectra in
the 200-400 cm ™! range. In order to fit the continuum a slight adjustment to the
temperature profiles was also required around the tropopause. However, we do not
regard this as realistic because the temperature there is well constrained by the
Huygens probe. The difference may be due to extra haze opacity or inaccuracies

in the CIA coefficients at the very low temperature of Titan’s tropopause (70K), as

12
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suggested by Tomasko et al. (2008a).

Figure 4 shows the contribution functions (rate of change of radiance with abun-
dance) for C3Hy, C4H», and C;N, for the mid- and far-IR emission peaks for nomi-
nal equatorial and north polar atmospheres. The north polar atmosphere had a tem-
perature appropriate for around 80°N and had gas abundances increased to 3x 10~
(CyNy), 4x1078 (C3Hy), and 4x 1078 (C4H,). This figure shows that the far-IR
contribution functions for C,N, and C3H, tend to probe a consistent pressure level
that is not strongly dependent on latitude, whereas the mid-IR contribution func-
tions tend to develop a second peak for northern latitudes at around 0.1 mbar due

to the hot north polar stratopause (Achterberg et al., 2008; Teanby et al., 2008).

In general, the far-IR data also probe lower in the atmosphere. However, the low
saturation vapour pressure of C4H; causes condensation to occur at lower pressures
than for C3H4 and C,Nj. This effectively “crops” the C4H; contribution functions
and as a result both mid- and far-IR spectra probe similar pressure levels at the
equator. The far-IR contribution function peak of C4H; is shifted to higher al-
titudes towards the north pole due to enhanced condensation in the cold winter

stratosphere.

3.4 Limb Composition Inversion

To retrieve abundances from the averaged limb spectra we again used the NEME-
SIS retrieval software (Irwin et al., 2008), which has been previously used for Ti-
tan limb data analysis by de Kok et al. (2007a) and Teanby et al. (2007). How-
ever, for our study we effectively have one measurement at one altitude with a

very large field of view covering the entire stratosphere. This makes the inversion

13
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problem very non-unique so certain simplifications were required. First, as Co;N»
was the main target of this dataset, we fitted a reduced spectral range covering
219.5-237 cm~!. Second, the temperature profile was fixed to that in the latitude-
dependent reference atmosphere. Third, C4H;, C,N», and haze 0 were scaled to
obtain the best fit. The large FOV size was taken into account by using the method
of Teanby and Irwin (2007) with 7 FOV averaging points, which reduced system-

atic effects to below the level of the measurement errors.

3.5 Upper Limits

Because of the low abundance of C;N; at equatorial and southern latitudes, it may
be more appropriate to consider upper limits instead of absolute abundance deter-

minations.

To calculate upper limits we require the error weighted misfit ¥ between the mea-

sured spectrum rmeas(V;) and the fitted spectrum rg(Vv;, x;), defined by:

Z (1)

1

M 2
’ (Vmeas(Vi)—rﬁt(thj))
Xi= ;

where the spectrum is measured ati = 1... M wavenumbers V;, 0; is the noise on the
ith wavenumber, and x; is the volume mixing ratio of the gas we are determining
the upper limit for. We refer to yq as the misfit when the VMR of the gas is set to

zero (xp=0).

To calculate upper limits we used the method from the previous sections to fit the
continuum. The gas of interest was then set to zero abundance, which gave x&. The

abundance x; of each gas was then gradually increased and sz calculated for each

14
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test VMR. The minimum sz, Axrznin’ corresponded to the best fitting VMR. Be-
cause the gas emission features are distinct, each gas can be considered separately,
giving 1 degree of freedom in each case. Therefore, a 1-, 2-, or 3-0 detection is
made if the change in the misfit Ay? = ij — x(% is less than -1, -4, or -9 respectively
(Press et al., 1992). If no detection is made, then 1-, 2-, or 3-¢ upper limits are
given by the VMR for which Ay? = +1, +4, or +9. 1-0 errorbars were defined by

the VMRS for which AXZ:Asznin-H'

4 Results

Figure 5 shows example fits to the measured nadir spectra for a range of latitudes. It
can be seen from the raw data that the emission features from C3Hy4, C4H;, C;N>,

and haze B increase towards the north pole - suggesting increased abundances.

Figure 6 shows a close up of the C4H; and C;N; spectral region for the binned
observations. At southern and equatorial latitudes a visual inspection of the fits
and measurement errors suggests that the abundances derived for C;N; may not
be reliable. This was investigated further by determining formal upper limits as
outlined in Section 3.5. Figure 7 shows the variation of Ay? as a function of VMR
for CyN; derived using the multi-observations averages (BIN A-H, and BIN S).
The Ay? variation for C4H,, which is reliably determined at southern latitudes, is

also shown for comparison.

For C4Hj; all bins display a deep minima with a Axrznin of at least -30 (correspond-
ing to a detection with over 5-¢ significance). This is consistent with the obvious

spectral signature of C4H> in southern and equatorial spectra visible in Figure 6.

However, the C,N; emission peak is a much weaker feature. Bin A shows no ev-
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idence for C,N; and increasing the VMR degrades the fit (increases Ay?), sug-
gesting a 3-c upper limit of 12x10~!!. However, for bins B, C, D there is evi-
dence for C,N, at the 2-c level (Axrznin < —4), suggesting VMRs of 8-10x 10711,
Bin S - containing an average of all southern and equatorial spectra up to 10°N -
gives a C;N» 2-0 detection of 63 x 107!, or alternatively a 3-c upper limit of

<17x107 11,

Bins E, F, G, and H, which sample the northern most latitudes give detections above
the 3-0 level (A%rznin < —9). At these northern latitudes the polar enrichment is

starting to become visible due in-part to the large FOV size.

Figure 8 shows the fit to the averaged limb spectrum and the Ay? variation for
C,N,. Despite the fact that this average only contains 157 spectra, the increased
path length from limb geometry allows C;N» to be detected above the 3-c¢ level,
with a VMR of 5.5+1.4x 10~ 1. This is the first detection of C,Nj at equatorial and

southern latitudes and is consistent with the nadir result from Bin S of 64+3x 10711,

The VMRs and upper limits of each gas derived from nadir and limb data are given
in Table 4. Figure 9 shows the dependence of VMR on latitude for each gas. Limb

and nadir VMRs are consistent to within the errors.

5 Discussion

Figure 9 shows that all three gases increase in abundance towards the north pole.
Previous work (Flasar et al., 2005; Teanby et al., 2006; Coustenis et al., 2007;
Teanby et al., 2008, 2009) show that this is true for most short (less than a Titan
year) lifetime gases and can be explained by subsidence of enriched air from the

high altitude production zone into the winter stratosphere.
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5.1 Comparison of C3H4 and C4H> Abundances with CIRS mid-IR Results

Figure 9 also shows the mid-IR results for orbit 36 (T22) from Teanby et al. (2009)
for comparison. The plotted mid-IR abundances have been re-calculated using the
new C4H> linelist (Jolly et al., 2009) so a fair comparison can be made (N.B. al-
though the new linedata improved the mid-IR fits, the differences in derived abun-

dances were within the quoted uncertainties).

For C4H; the mid- and far-IR results agree very well for latitudes south of 45°N.
This is because the low saturation vapour pressure of C4H; causes condensation,
which crops the contribution functions of the mid- and far-IR emission features at
similar levels (Figure 4). Therefore, both wavelength ranges give consistent results.
Note that this agreement also shows that the band strength ratio between mid- and
far-IR linelists in the new Jolly et al. (2009) linedata is consistent. At latitudes north
of 45°N the far-IR data used here gives lower abundances. This is due to the hot
stratopause in the north, which causes a double peaked contribution function in
the mid-IR and results in sounding higher in the atmosphere. A positive vertical
gradient in the VMR profile would then result in a lower abundance from the far-IR
spectra, in keeping with what we see here. The difference between VMRs derived
from mid- and far-IR data, which should probe approximately 0.2 and 6 mbar for
the mid-IR (double peaked contribution function) and 6 mbar for the far-IR, is only
about a factor of two. This is much less than the equatorial gradient between the
0.2 and 6 mbar pressure levels of ~10 (Vinatier et al., 2007) and suggests that the
profile of C4H, has shallowed significantly at northern latitudes. This shallowing
would be expected due to increased vertical mixing caused by downward advection
of enriched air from the mesosphere and has been previously noted for HCN by

Vinatier et al. (2007).
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For C3H4, the mid- and far-IR results have similar trends, but are offset from each
other. In fact scaling the far-IR results by 2 almost exactly matches the mid-IR
results (Figure 9). This discrepancy could be due to a vertical gradient in C3Hy
combined with sounding different atmospheric levels in the far- and mid-IR: the
far-IR contribution function peaks at 15 mbar while the mid-IR contribution func-
tion peaks at 6 mbar. However, another possible contribution to the discrepancy
is the accuracy of the relative band strengths in the C3H, linedata. Our linedata
has a mid-IR (vy) to far-IR (v1g) band ratio of 4.28 based on studies by Horneman
et al. (1989) and Horneman (1989) (v;¢) and Blanquet et al. (1992) (v9). However,
earlier band strengths measurements by Bode et al. (1980) and Kondo and Koga
(1978) suggest band ratios of vo/v19=5.67 and vy/v1p=5.26 respectively. Taking
into account a possible 30% error in the band ratio implies a VMR ratio from 6 to
15 mbar of 2+0.6. This is consistent with an extrapolation of the C3H4 profile at

15°S derived by Vinatier et al. (2007), which gives a value of around 1.5.

5.2 Nitrile Enrichment

Under equilibrium photochemical conditions and in the absence of bulk vertical ad-
vection, chemical species produced in the upper atmosphere by photochemistry are
transported to the lower mesosphere and stratosphere by vertical mixing processes.
This takes time, so species with shorter photochemical lifetimes will have decayed
more by the time they reach lower atmospheric levels, leading to steeper vertical
gradients than longer lifetime species. Therefore, in general the vertical gradient
of each species would be expected to be inversely proportional to its photochem-
ical lifetime. In regions of downward advection, such as the northern winter pole,

the steeper vertical gradients of short lifetime species would then lead to greater
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relative enrichment. This simplified scenario provides a simple way of comparing
predictions from photochemical models to observed latitude distributions, with any

differences indicating that additional processes may be at work.

Previous nadir studies of Titan’s trace species (Teanby et al., 2008, 2009) have
shown that there does indeed appear to be an inverse relationship between photo-
chemical lifetime and the relative enrichment in the north polar region compared to
equatorial regions. These studies also show that HCN and HC3N have much greater
north polar enrichment than hydrocarbons with similar photochemical lifetimes -
suggesting steeper vertical gradients than expected and that the overall lifetimes of
HCN and HC3N are less than expected from photochemistry alone. This is sup-
ported by analysis of limb data by Vinatier et al. (2007), who found that the vertical
gradient of HCN around the equator was much steeper than could be explained
by present photochemical models. They concluded that incorporation of HCN into

photochemical haze was a likely possibility.

Figure 10 shows the ratio of VMR at 70°N/0°N as a function of photochemical
lifetime at 300 km from Wilson and Atreya (2004). Values at 70°N were taken
from a smooth spline fit to the latitude-VMR datapoints in Figure 9. Values for
0°N were taken from Bin S for the nadir points and additionally from the southern
hemisphere limb average for C;N,. An upper limit of 17x 10! was used to draw
the C,N, bounding arrow for the nadir case. The mid-IR results from Teanby et al.
(2009) are also shown for context. Both nadir and limb data show that C;N; is
more enriched in the north relative to the equator than would be expected from its
photochemical lifetime alone - just like the other nitriles HCN and HC3N. This
suggests that all three of Titan’s main nitrile species have shorter overall lifetimes
than expected and additional loss processes are required in the lower atmosphere to

steepen their vertical gradients.
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Following laboratory experiments to create tholin compounds, McKay (1996) sug-
gested that haze formation could be a significant sink for nitrogen. This initial idea
was extended by Lara et al. (1999), who introduced a sink term for HCN in order to
bring photochemical model results and observed gas profiles into agreement. Re-
cently Vinatier et al. (2007) have derived a HCN sink term of similar magnitude.
Photopolymerisation of nitrile compounds in the lower atmosphere and subsequent
incorporation into haze particles could provide one such sink mechanism for nitrile
compounds (Clarke and Ferris, 1996). Our study suggests that HCN, HC3N, and
C,N, all require additional sink terms and that whatever processes are occurring

act on multiple nitrile species and are not limited to HCN.

5.3 Implications of CoN> Equatorial Abundance

Our detection of C,N» at southern and equatorial latitudes can be compared to pre-
dictions from photochemical models. In Titan’s upper atmosphere N atoms formed
by photolysis and electron impact are involved in many competing photochemical
processes, most of which lead to the production of HCN (Wilson and Atreya, 2004).
For example the main HCN forming pathway is N + CH3 — H,CN + H — HCN
+ H». Photolysis of HCN then produces CN radicals, which are used to form more
complex nitriles such as HC3N (via CN + C;Hj). C;Nj is thought to be formed
by N-atom addition to C,H>, but the net effect of competition for N atoms is that

relatively small amounts of CyN» are formed in the upper atmosphere.

Capone et al. (1983) show that galactic cosmic rays could cause dissociation of
N, molecules in the stratosphere. This additional source of N atoms could increase
production of C,N; by N-atom addition to C,H;, which is abundant in the strato-

sphere, whereas the CH3 and CN radicals that form HCN and HC3N are not. There-
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fore, from Titan’s three main nitrile species (HCN, HC3N, C,N;) we would expect
C, N, to be most effected by cosmic rays. C,N» abundance should thus provide the

most sensitive chemical indicator of cosmic ray activity.

The photochemical model of Wilson and Atreya (2004) predicts a C,N, abun-
dances of around 10~ if cosmic rays are active in the stratosphere and <10~!4
if not (at the 100km/10 mbar level). However, the effects of cosmic rays are not
well constrained and a recent model by Lavvas et al. (2008) predicts 5x 1013 with
cosmic rays and <10~!# without. The abundances with cosmic rays active in the
two models are very different, illustrating uncertainties in the mechanism, but in
both cases our detections of 5.5+1.4x 10~ (limb) and 6+3x10~!! (nadir, 2-0)

are closest to abundances predicted by including cosmic ray effects.

6 Conclusions

Four years of far-IR data from Cassini/CIRS have been used to provide the most
complete measurements of C,N, in Titan’s atmosphere to date. The C;N; VMR
has a maximum value of 3.5x10~? in Titan’s northern hemisphere. At southern and
equatorial latitudes we find average VMRS of 5.541.4x10~!! from limb data and
643x10~!! from nadir data. The nadir detection is only significant at the 2-c level
and a more robust interpretation is a 3-c¢ upper limit of <17x10~!'!. Comparing
the measured southern and equatorial C,N, abundance with photochemical models
(Wilson and Atreya, 2004; Lavvas et al., 2008) suggests that galactic cosmic rays

may be an important source of C,Ny in the stratosphere.

C3H4 and C4H, VMRS were also determined. C3Hy is consistently 2 times higher

when measured in the mid-IR than when measured in the far-IR. This could be due
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to a vertical gradient between contribution function peaks at 15 mbar (far-IR) and
6 mbar (mid-IR), although possible discrepancies in the relative band strengths of

mid- and far-IR C3Hy4 linedata may also contribute.

C4H, mid- and far-IR VMR determinations are consistent south of 45°N, but differ
by up to a factor of 2 near the north pole. This is most likely due to the hot polar
stratopause, which causes mid- and far-IR contribution functions to sound different
levels. However, a factor of 2 difference is not large and suggests a much shallower
vertical gradient in polar regions than that derived previously at equatorial latitudes
- in keeping with subsidence-driven enrichment in the north. The consistency of
the results at equatorial and southern latitudes provides additional validation for

the recent C4H; linelist by Jolly et al. (2009).

A plot of photochemical lifetime versus relative north polar enrichment shows that
all the major nitrile species in Titan’s atmosphere (HCN, HC3N, and C;N») dis-
play relatively more enrichment than hydrocarbons with similar photochemical life-
times. If enrichment is caused solely by subsidence coupled with a vertical gradient
this suggests that nitriles have a steeper initial vertical gradient, perhaps caused by
additional loss processes in the lower atmosphere leading to shorter overall life-
times. Incorporation into Titan’s photochemical hazes could provide a sink for the
nitriles as suggested by McKay (1996), Lara et al. (1999), Vinatier et al. (2007),
and Teanby et al. (2009). However, this interpretation could be too simplistic and
other complicating factors such as species-dependent production altitudes, influ-
ence of thermospheric dynamics, or complex polar chemistry could also affect the

observed relative enrichments.

Finally, C,N; has the shortest photochemical lifetime of the major nitrile species

so should be the most enriched in the north. However, C;N; appears to be less
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enriched than longer-lifetime HC3N. This could be caused by having loss processes
somewhat offset by an additional source term due to galactic cosmic rays in the

stratosphere.
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(a) (b) North Pole  0° (c) South Pole  0°

Fig. 1. Coverage of the nadir far-IR (FP1) observations used in this study. The four years
of data give good coverage of all latitudes. Octagons show projected field-of-view sizes of
each observation.

Emission Angle (°)

Fig. 2. Latitude and emission angle at the averaged field-of-view centre of each nadir ob-
servation. Dashed lines indicate the bins used to increase S/N at southern and equatorial
latitudes.
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Fig. 3. Field-of-view projections of the nadir observations contained within each bin. N
gives the number of spectra used from each bin after applying latitude and emission angle
selection criteria. Bin S is not shown but includes all data south of 10°N.
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than those for the mid-IR (633, 628 cm™'). Northern mid-IR contribution functions exhibit

double peaks caused by the hot northern stratopause. Condensation of C4H; causes far- and
mid-IR observations to probe similar pressure levels at the equator.
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Fig. 5. Example fits (solid lines) to the measured nadir spectra (grey with errors) at repre-
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Fig. 7. Change in the misfit Ay? between modelled and measured binned nadir spectra
caused by increasing the VMRs of C,N; and C4H;. Horizontal dashed lines indicate the
levels of 3-o0 detection (lower line) and upper limits (upper line). C4H; has deep minima
for all bins and is detected well above the 3-o level. C,N; has a 3-0 detection (sz <-9)
for bins E-H, but is only detected at or below the 2-c level (A)(2 <-4) for southern bins.
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duced from 4x 1019 to 1.8+£0.5x 10 1% to give the best fit to the data. (c) sz as a function
of C,N, volume mixing ratio. The best fit is obtained with a VMR of 5.5+1.4x 107!

36



. . | .
¢ Far-IR (FP1) Nadir [This Study]

¥ Far-IR (FP1) Nadir Bin S 26 detection [This Study]
A Far-IR (FP1) Limb [This Study]

10° -4 B Far-IR (FP1) Nadir [Teanby et al 2006]

s
5! 5! s

10710 - l%%

T T

¢ Far-IR (FP1) Nadir [This Study]

° Far-IR (FP1) Nadir [This Study] x 2
(

O Mid-IR (FP3) Nadir Rev36 [Teanby et al 2009]
< QO
T 1<)
™ % g o s,
O 1 0 8 | o . OB O®§ o} e =
® [ ]
> i L] ® *
s .
t
109 — T I ' I I
1 ¢ FarR (FP1) Nadir [This Study]
A Far-IR (FP1) Limb [This Study] 0
o O Mid-IR (FP3) Nadir Rev36 [Teanby et al 2009] o ©
O [
(I; 10 QQJ‘ A 2
o ot
= 5 Qe
1 0-9 i [} E ¢ QQ § -
: ‘ ‘ T ‘ ‘ T ‘ ‘ T ‘ ‘ T T
-90 -60 -30 0 30 60 90

Latitude (°)

Fig. 9. VMRs of each gas as a function of latitude. Downward arrows for C,N, indicate
3-0 upper limits from this study and approximate 1-c upper limits from Teanby et al.
(2006). Mid-IR results from Teanby et al. (2009) are also shown (recalculated using new
C4H, linedata). A scaling of 2 is required to match the C3Hy far- and mid-IR results. C4H;
results are consistent at equatorial latitudes but diverge north of 45°N due to changing

mid-IR contribution functions.

37



100 - E 70°N/0°N Far-IR Nadir [This Study]

%HcaN
1 ¥ 70°N/0°N Far-IR Limb [This Study]

B ] § 70°N/0°N Mid-IR Nadir [Teanby et al 2009] e
..6- 1 I C.N,
© :
L L | _
e & A 5-- -
N\y2ad S -7
) 7 N4 00>~ -
£ 19 gt G ]
E—__) // %)f}\lz
. ~ =T CgH,
= 9 HCN L
Ll . 5 oMy ¢ C,H,
9 CoHg ///
119 o
i co,
1000 100 10 1 0.1 0.01

Photochemical Lifetime (years)
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38



Observation Date Rev N SSLAT  long. lat. latFOV e eFOV
CN) W) N O @) )
CIRS_005TI_LFIRNADCMPOO3_PRIME  01/Apr/2005 005 240 -2.4 -1503 453 254 522 284
CIRS_006TI.LFIRNADCMPO002_PRIME  16/Apr/2005 006 178 4.2 15.6 521 26.6 51.9 310
CIRS_025TI_.FIRNADCMPO03_PRIME  01/Jul/2006 025 185 -0.1 19.2 382 239 446 29.1
CIRS_035TI_.FIRNADCMPOO3_PRIME  11/Dec/2006 ~ 035 305 31.0 129.0 619 232 334 243
CIRS_036TI_.FIRNADCMPO0O3_PRIME  27/Dec/2006 ~ 036 319 383 151.7  77.1 205 431 267
CIRS_039TI_LFIRNADCMPO002_PRIME  22/Feb/2007 039 23 51.2 -17.9 714 189 495 275
CIRS_040TI_LFIRNADCMP002_PRIME ~ 10/Mar/2007 040 106 449 -1104 874 109 458 270
CIRS_040TI_.GLOBMAP002_VIMS 10/Mar/2007 040 142 445 -83.4 728 237 36.8 332
CIRS_041TI_LFIRNADCMPO0O2_PRIME ~ 26/Mar/2007 041 102  38.1 1555 614 178 524 318
CIRS_042TI_.FIRNADCMPO02_PRIME  11/Apr/2007 042 272 30.7 -174.8 70.1 215 485 330
CIRS_043TI_LFIRNADCMPO002_PRIME  27/Apr/2007 043 104 232 -139.8 723 265 53.1 319
CIRS_045TI_LFIRNADCMPO02_PRIME ~ 29/May/2007 045 346 9.9 -130.1  50.6  27.6 449 326
CIRS_048TI_.FIRNADCMPO002_PRIME  19/Jul/2007 048 260 -0.2 -14.5 473 31.6 515 36.6
CIRS_052TI_.LFIRNADCMPO002_PRIME  19/Nov/2007 ~ 052 271 5.1 -1729  39.0 250 479 335
CIRS_053TI.FIRNADCMPO002_PRIME  05/Dec/2007 053 102 11.5 -143.8 573 257 495 293
CIRS_054TI_LFIRNADCMPO002_PRIME  21/Dec/2007 054 103  19.2 -93.4 593 207 56.4 369
CIRS_062TI_LFIRNADCMP002_PRIME  25/Mar/2008 062 111  30.4 -56.1 59.6 175 545 323

Table 1

Nadir observations used to determine gas VMRs north of 35°N. Northern enrichment
of trace species provides sufficient S/N to determine gas abundances from individual
observations. Rev=orbit number, N=number of spectra, SSLAT=sub spacecraft latitude,
long=longitude, lat=latitude, latFOV=FQOV latitude spread, e=emission angle, eFOV=range
of emission angles across FOV.
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Observation Date Rev N SSLAT  long. lat. latFOV e eFOV  Bin
CN) w) N O @) @)

CIRS_024TI_.FIRNADCMPO03_PRIME  19/May/2006 024 350 0.0 125.8 -14.6 207 263 233 A,S
CIRS_040TI_.FIRNADCMPOO1_PRIME  09/Mar/2007 040 159 -49.4 78.3 -49.8  20.1 27.5 225 A,S
CIRS_042TI_.FIRNADCMPOO1_PRIME  10/Apr/2007 042 103  -36.1 30.8 -60.0 248 25.8  28.7 A,S
CIRS_043TI_.FIRNADCMPOO1_PRIME  26/Apr/2007 043 263  -28.8 29.4 -49.2 232 226 240 A,S
CIRS_059TI_.FIRNADCMPO0O1_PRIME  22/Feb/2008 059 172 -225 62.6 -253 199 334 257 A, S
CIRS_062TI_.CLOUDMAPO001_VIMS 25/Mar/2008 062 208  -27.3 17.0 6.2 20.9 441 246 A, S
CIRS_067TI_.LFIRNADCMPOO1_PRIME  11/May/2008 067 48 -30.3 59.4 -58.3  20.7 31.6 221 A, S
CIRS_069TI_LFIRNADCMPO0O1_PRIME ~ 27/May/2008 069 112 -27.7 51.6 -445  26.2 17.8 272 A, S
CIRS_00ATI_.FIRNADCMPOO1_PRIME  26/Oct/2004 000 51 -14.6 -161.1  -295 235 429 336 B,S
CIRS_005TI_.FIRNADCMPO002_PRIME  31/Mar/2005 005 241 0.6 15.2 -39.2 238 422 259 B,S
CIRS_013TI_.FIRNADCMPO004_PRIME  22/Aug/2005 013 248 -9.2 -140.7  -51.6 23.0 45.1  25.1 B,S
CIRS_021TI.FIRNADCMPO002_PRIME  27/Feb/2006 021 213 0.0 172.2 -289 213 488 313 B,S
CIRS_023TI_LFIRNADCMPO002_PRIME  01/May/2006 023 215 0.0 -1503  -33.8  26.1 357 28.0 B,S
CIRS_030TI_.FIRNADCMPO002_PRIME  10/Oct/2006 030 340 -28.0 -57.2 -583 223 40.0 27.8 B,S
CIRS_035TI_.FIRNADCMPO023_PRIME  12/Dec/2006 ~ 035 156  -36.5 -53.7 -72.1 216 397 272 B,S
CIRS_036TI_.FIRNADCMPO002_PRIME  28/Dec/2006 036 136  -43.3 -42.0 -87.2 105 46.7 259 B,S
CIRS_045TI_.FIRNADCMPO00O1_PRIME  28/May/2007 045 231 -13.3 -28.7 -22.1 217 469 355 B,S
CIRS_048TI_.FIRNADCMPOO1_PRIME  18/Jul/2007 048 96 0.0 125.4 -33.6 294 38.0 344 B,S
CIRS_053TI_.FIRNADCMPOO1_PRIME  04/Dec/2007 053 223 -6.3 -18.1 -389 244 48.6 355 B,S
CIRS_025TI_.FIRNADCMPO008_ISS 02/Jul/2006 025 54 0.1 -172.8 5.1 13.5 199 159 C, S
CIRS_045TI_NIGHTWACO001_ISS 28/May/2007 045 78 -8.9 24.2 4.5 3.9 5.4 45 C, S
CIRS_045TI_.PHOTOMWACO001_ISS 28/May/2007 045 59 -13.1 12.4 6.3 17.2 219 19.0 C, S
CIRS.052TI_.CLOUDMAPO001_VIMS 18/Nov/2007 052 245 -29 -13.3 52 18.2 27.8 232 C, S
CIRS_059TI_.PHOTOMWACO001_ISS 22/Feb/2008 059 56 -22.7 30.5 -0.3 18.4 23.7 19.5 C, S
CIRS_067TI_.PHOTOMWACO001_ISS 12/May/2008 067 58 -30.3 44.7 -1.3 18.2 243 193 C, S
CIRS_019TI_.LFIRNADCMPO002_PRIME  26/Dec/2005 019 124 0.0 54.9 0.2 16.9 499 288 D,S
CIRS_022TI_LFIRNADCMPO0O3_PRIME  18/Mar/2006 ~ 022 401 0.0 -171.8  -0.1 17.7 419 257 D,S
CIRS_029TI_.FIRNADCMPO03_PRIME  23/Sep/2006 029 312 131 96.7 10.1 18.7 416 27.1 D,S
CIRS_044TI_LFIRNADCMPO002_PRIME  13/May/2007 044 104 15.5 -101.8 0.6 17.7 448  26.6 D,S
CIRS_050TI_LFIRNADCMPO001_PRIME  01/0Oct/2007 050 144 34 -37.4 -9.5 22.7 48.6  38.1 D,S
CIRS_00BTI_.FIRNADCMP002_VIMS 13/Dec/2004 000 192 44 -10.1 17.3 15.3 162 16.6 E
CIRS_006TI_.FIRNADCMP003_ISS 16/Apr/2005 006 26 4.5 30.9 20.5 14.0 193 155 E
CIRS_025TI_.FIRNADCMPO011_VIMS 01/Jul/2006 025 98 -0.1 19.4 12.1 232 244 269 E
CIRS_026TI_FIRNADCMP003_VIMS 21/Jul/2006 026 731 09 162.7 12.9 23.8 243 272 E
CIRS_00BTI_.FIRNADCMPO0O1_PRIME  12/Dec/2004 000 224 -9.2 118.6 15.4 19.1 463 270 F
CIRS_017TI_.FIRNADCMPO03_PRIME  28/Oct/2005 017 119 0.0 325 19.1 18.9 495  29.6 F
CIRS_022TI_.FIRNADCMPO0O8_PRIME  19/Mar/2006 022 83 0.0 -42.2 240 230 46.6  34.6 F
CIRS_025TI_.FIRNADCMPO002_PRIME  02/Jul/2006 025 307 0.1 -121.9 238 20.7 395 264 F
CIRS_059TI_.FIRNADCMPO002_PRIME  23/Feb/2008 059 98 26.3 -76.1 18.2 18.8 49.1 298 F
CIRS_062TI_.GLOBMAP002_VIMS 26/Mar/2008 062 70 30.5 -80.7 18.7 24.5 349 315 F
CIRS_069TI_.FIRNADCMPO002_PRIME = 28/May/2008 069 112  26.8 -60.7 10.6 18.2 450 263 F
CIRS_028TI_.FIRNADCMPO03_PRIME  07/Sep/2006 028 350 9.1 144.6 29.0 18.9 21.0  19.7 G
CIRS_030TI_LFIRNADCMPO0O3_PRIME  09/0Oct/2006 030 286 21.6 115.4 33.7 19.2 220 221 G
CIRS_013TI_.FIRNADCMPOO3_PRIME  21/Aug/2005 013 192  10.1 -27.5 29.2 14.8 51.6 277 H
CIRS_050TI_.FIRNADCMPO002_PRIME  02/Oct/2007 050 106 1.7 -107.4  29.1 18.7 51.8  31.0 H
CIRS_067TI_LFIRNADCMPO002_PRIME  12/May/2008 067 286  28.3 -62.5 29.8 20.0 425  29.6 H
CIRS_069TI_.GLOBMAPFA002_VIMS 28/May/2008 069 68 26.7 -55.4 26.8 26.0 40.6  39.1 H

Table 2

Nadir observations taken south of 35°N, which have been binned to increase S/N. Bin

indicates the bin each observation was included in.
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Observation Date Rev. N  SSLAT long. Ilat. Alt. FOVsize
CN) W)  CN)  (km)  (km)
CIRS_013TI_LFIRLMBINT002_PRIME  22/Aug/2005 013 25 4.1 -473 547 1321 1569
CIRS_013TI_LFIRLMBINTO003_PRIME  22/Aug/2005 013 23  -18.5 -46.8 548 1233 116.2
CIRS_028TI_LFIRLMBINT002_PRIME  07/Sep/2006 028 25 11.1 65.4 -15.0 1215 1439
CIRS_052TI_.FIRLMBINTO0I_PRIME  18/Nov/2007 052 23  -4.7 1195  -80.1 1285 1521
CIRS_053TI_.FIRLMBINTO0I_PRIME  04/Dec/2007 053 36 -11.2 1144 0.0 121.6  155.1
CIRS_055TI_.FIRLMBINTO01_PRIME  05/Jan/2008 055 25 -21.8 1342 -30.0 131.6 151.1

Table 3

Limb observations used to produce the average southern hemisphere spectrum. Alt=altitude
of FOV centre and FOVsize=projected diameter of FOV on Titan’s limb.

Observation Lat CoNy C4H; C3Hy
(°N) VMR VMRerr X 3-oup | VMR VMRerr | VMR  VMRerr
BIN_A -35.0 | 0.00 0.04 - 0.12 1.09 0.19 1.20 0.25
BIN_B -45.2 | 0.08 0.03 248 020 1.18 0.15 2.43 0.18
BIN_C 1.9 0.10 0.05 228 027 1.42 0.21 3.15 0.30
BIN_D -1.3 0.07 0.03 233  0.19 1.65 0.16 3.50 0.20
BIN_E 13.9 0.15 0.05 >3 - 1.90 0.21 443 0.28
BIN_F 19.0 0.15 0.04 >3 - 2.11 0.17 4.62 0.23
BIN_G 31.2 0.42 0.05 >3 - 2.12 0.23 5.48 0.34
BIN_H 29.3 0.31 0.04 >3 - 2.32 0.18 5.01 0.25
BIN_S -29.3 | 0.06 0.03 1.80 0.17 1.35 0.15 2.60 0.17
CIRS.025TI_.FIRNADCMPO03_PRIME  38.2 0.65 0.06 >3 - 3.91 0.26 7.27 0.45
CIRS.052TI_.FIRNADCMPO002_PRIME  39.0 0.52 0.05 >3 - 2.88 0.22 6.71 0.35
CIRS.005TI_.FIRNADCMPO03_PRIME  45.3 0.75 0.05 >3 - 5.31 0.25 6.56 0.38
CIRS.048TI_.FIRNADCMPO002_PRIME  47.3 0.92 0.06 >3 - 4.88 0.24 8.38 0.42
CIRS.045TI_.FIRNADCMPO002_PRIME  50.6 1.01 0.06 >3 - 5.81 0.27 8.47 0.46
CIRS.006TI_.FIRNADCMPO002_PRIME  52.1 0.88 0.06 >3 - 5.50 0.28 7.32 0.48
CIRS.053TI_.FIRNADCMPO002_PRIME  57.3 1.83 0.10 >3 - 8.09 0.39 1195 0.74
CIRS.054TI_.FIRNADCMPO002_PRIME  59.3 1.78 0.10 >3 - 8.49 0.38 14.12  0.73
CIRS.062TI_.FIRNADCMPO002_PRIME  59.6 2.03 0.09 >3 - 9.22 0.37 12.37  0.69
CIRS.041TI_.FIRNADCMPO002_PRIME  61.4 1.79 0.10 >3 - 9.19 0.41 1226  0.78
CIRS.035TI_.FIRNADCMPO03_PRIME  61.9 2.09 0.10 >3 - 8.56 0.37 12.67 0.80
CIRS_042TI_FIRNADCMPO02_PRIME  70.1 2.12 0.10 >3 - 11.38  0.38 14.02  0.73
CIRS_039TI_FIRNADCMPO02_PRIME  71.4 2.68 0.21 >3 - 1485 0.95 13.70  1.70
CIRS_043TI_FIRNADCMPO02_PRIME  72.3 2.76 0.12 >3 - 1093 045 1448 0.88
CIRS_040TI_.GLOBMAP002_VIMS 72.8 2.59 0.14 >3 - 11.94  0.50 1595 1.13
CIRS_036TI_LFIRNADCMPOO03_PRIME  77.1 2.99 0.11 >3 - 1225  0.39 15.01  0.79
CIRS.040TI_.FIRNADCMPO002_PRIME  87.4 2.84 0.14 >3 - 10.83  0.50 13.32  1.01
SOUTHERN LIMB AVERAGE -35.7 | 0.055 0.014 >3 - 1.44 0.06 - -
Table 4

Volume mixing ratios determined for C;N,, C4H,, and C3Hy from binned nadir obser-
vations (top), individual nadir observations (middle), and averaged southern hemisphere
limb spectrum (bottom). VMR=volume mixing ratio in ppb; VMRerr=1-¢ errors in ppb;
Y=significance of detection if less than 3-07; and 3-oyp=upper limit (3-0) for detections

with X <3 in ppb.
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