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[1] Variations in the mixing ratio of long‐lived trace gases
entering the stratosphere in the tropics are carried upward
with the rising air with the signal being observable
throughout the tropica l lower s t ra tosphere. This
phenomenon, referred to as “atmospheric tape recorder”
has previously been observed for water vapor, CO2, and
CO which exhibit an annual cycle. Recently, based on
Microwave Limb Sounder (MLS) and the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer
(ACE‐FTS) satellite measurements, the tape recorder
signal has been observed for hydrogen cyanide (HCN) but
with an approximately two‐year period. Here we report on
a model simulation of the HCN tape recorder for the time
period 2002–2008 using the Chemical Lagrangian Model
of the Stratosphere (CLaMS). The model can reproduce
the observed pattern of the HCN tape recorder signal if
time‐resolved emissions from fires in Indonesia are used
as lower boundary condition. This finding indicates that
inter‐annual variations in biomass burning in Indonesia,
which are strongly influenced by El Niño events, control
the HCN tape recorder signal. A longer time series of
tropical HCN data will probably exhibit an irregular cycle
rather than a regular biannual cycle. Citation: Pommrich, R.,
R. Müller, J.-U. Grooß, G. Günther, P. Konopka, M. Riese, A. Heil,
M. Schultz, H.-C. Pumphrey, and K. A. Walker (2010), What
causes the irregular cycle of the atmospheric tape recorder signal
in HCN?, Geophys. Res. Lett., 37, L16805, doi:10.1029/
2010GL044056.

1. Introduction

[2] Tropospheric air enters the stratosphere mainly in the
tropics. Although it is known that the air motion in the
tropical stratosphere is generally upward and the tropical air
is to a large extent separated from extra‐tropical air by a
transport barrier [e.g., Plumb, 2007; Randel et al., 2007;
Konopka et al., 2009] large uncertainties remain about the
transport pathways for tropospheric pollutants to reach the
stratosphere [e.g., Randel et al., 2010] and about the mag-
nitude of upward velocities in the tropical lower stratosphere
[e.g., Fueglistaler et al., 2009; Ploeger et al., 2010]. It has
been observed that variations in the mixing ratio of suffi-
ciently long‐lived trace gases entering the stratosphere are

carried upward with the rising air with the signal being
observable throughout the tropical lower stratosphere. Mote
et al. [1995] first observed this phenomenon for water vapor
and Mote et al. [1996] introduced the term “atmospheric
tape recorder”. The tape recorder phenomenon has also been
observed for CO2 [Andrews et al., 1999] and for CO
[Schoeberl et al., 2006; Randel et al., 2007]. For all three
trace gases, an annual cycle is observed in the lowermost
tropical stratosphere. In the case of H2O, the seasonality is
driven largely by the seasonal cycle in tropopause tem-
peratures, in case of CO2 by the seasonal cycle of tropo-
spheric CO2 [Keeling et al., 2008], and in case of CO it is
suggested to be driven by the seasonal cycle in biomass
burning [Schoeberl et al., 2006; Randel et al., 2007;
Schoeberl et al., 2008]. Recently, a tape recorder signal has
also been observed for HCN (an unique tracer for analyzing
the transport of tropospherical pollutants into the strato-
sphere [Randel et al., 2010]), based on Microwave Limb
Sounder (MLS) and Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE‐FTS) satellite mea-
surements, but with an approximately two‐year period
[Pumphrey et al., 2008]. Pumphrey et al. [2008] suggested
that this signal might be connected to inter‐annual variations
in biomass burning in Indonesia and the surrounding region.
An alternative explanation is offered by Li et al. [2009], who
suggest a connection between the QBO and the “two‐year‐
cycle” of the HCN tape recorder. Here, we want to answer
the question using a different approach.
[3] The questions that we pose are, first, if is it possible to

reproduce the pattern of the HCN tape recorder by using
HCN emissions only from biomass burning in Indonesia,
and, second, what is the cause of the apparent two‐year
cycle. We performed multi‐annual simulations of the HCN
tape recorder signal over the time period mid‐2005 to end‐
2007 using the Chemical Lagrangian Model of the Strato-
sphere (CLaMS) [McKenna et al., 2002a, 2002b; Konopka
et al., 2007] and compared the results of our simulation
with data from MLS and ACE‐FTS.
[4] The HCN boundary condition at the surface is pre-

scribed based only on Indonesian biomass burning emis-
sions. Most of the HCN emissions produced by biomass
burning in Indonesia emanate from peat fires, which emit
particularly large amounts of HCN per unit mass fuel
compared to other fuel types [Christian et al., 2003]. The
peat fires in Indonesia are one of the largest HCN sources
world‐wide [Schultz et al., 2008].
[5] Our simulations demonstrate that the observed pattern

of the HCN tape recorder signal can be reproduced by
the variation of emission fluxes from biomass burning in
Indonesia. Our findings confirm the suggestions by
Pumphrey et al. [2008] and Randel et al. [2010] that the
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stratospheric HCN tape recorder signal might be driven by
interannual variations in biomass burning in Indonesia
which are strongly influenced by El Niño events.

2. Model Description and Simulation Setup

[6] The Chemical Lagrangian Model of the Stratosphere
(CLaMS) is a chemical transport model designed to simulate
chemistry, advection, and mixing in the stratosphere and
upper troposphere [McKenna et al., 2002a, 2002b; Konopka
et al., 2007, 2010]. Because of the Lagrangian representa-
tion of transport, with the intensity of mixing in model
transport being driven by the strength of flow deformation,
the model is particularly well suited for the simulation of
tracer transport in the vicinity of strong transport barriers
and the associated tracer gradients. The specific model setup
employed here follows closely the setup described by
Konopka et al. [2007]. The initial values for HCN are taken
from a CLaMS model climatology derived from a perpetual
simulation. The vertical velocities are corrected as described
by Konopka et al. [2009]. The horizontal resolution of our
simulation is 100 km and the vertical resolution in the tro-
popause region is about 400 m. The model domain extends
from the ground to 2500 K (≈56 km). The meteorological
fields were taken from the operational analyses of the
European Centre for Medium‐Range Weather Forecasts
(ECMWF). As lower boundary condition we used emissions
from the region of Indonesia as source of HCN. In order to
specifically test the hypothesis that the HCN tape recorder is
primarily driven by Indonesian biomass burning emissions,
we prescribe only emissions of HCN from the Indonesian
region (between 94°E and 141°E and 11°S and 8°N). Global
HCN emission inventories are subject to large uncertainties.
However, there are no indications of substantial interannual
variability of HCN emissions outside of Indonesia [Schultz
et al., 2008; Lupu et al., 2009], so they are neglected here.
[7] The only tracer considered here is HCN. Chemical

loss of HCN in the atmosphere through the reaction of HCN
with OH is taken into account where the OH concentrations
are prescribed as a climatology from a two‐dimensional
model [Grooß, 1996]. Other loss mechanisms of HCN,
through reactions with O(1D), O(3P) and through photol-
ysis, as well as production by reactions of CH3CN can be
neglected.
[8] Monthly HCN emissions from Indonesian biomass

burning were estimated using the approach described by
Heil [2007], in which emissions are calculated separately for
fires in grassland, forests, and peat soil. Here, the emission
parametrisation for fuel load and combustion efficiency is
based on 50 percentile values of the range of values given
by Heil [2007]. A description of the procedure is also given
in the supplementary material of Schultz et al. [2008]. For
grassland and forests, the fuel‐type dependent emission

factors used here (0.23 and 0.30 g/kg dry matter burned)
refer to the intermediate value of Andreae and Merlet [2001]
while the emission factor for peat (8.1 g HCN/kg dry matter)
is based on the only laboratory measurement of an Indo-
nesian peat sample published so far [Christian et al., 2003].
The Indonesian fire emissions correspond to the annual
(JUN–JUL) HCN totals (TgN/year) listed in Table 1.
[9] The monthly HCN emission rates are provided on a

0.5° × 0.5° grid. For the simulation the monthly emission
rates are converted into daily rates and it is assumed that the
emissions are released into the bottom model layer
corresponding to the emission site. The dominant sink for
HCN is uptake by the ocean [Li et al., 2000]. We adjusted
the loss rate at the ocean surface such that a mean atmo-
spheric residence time of HCN of ≈5 month [Singh et al.,
2003] emerges. Over land the uptake of HCN is neglected.
Lupu et al. [2009] performed a model study of HCN in the
upper troposphere and were able to reproduce the observed
variability of the volume mixing ratio of HCN in the tro-
posphere and a residence time of ≈5 month.
[10] To study the path the air takes from the boundary

layer over Indonesia into the region of the tropopause,
where the “tape head” is located (� ≈ 350 K), we started
daily trajectories in the region between 11° S, 8° N, 94° E,
and 141° E from the beginning of 2002 until the end of
2007. The distance between two points is 1°, the release
altitude follows the orography. Each trajectory runs for
30 days.

3. Data

[11] We compare our simulation results with HCN
research products from the Microwave Limb Sounder
(MLS) on the Aura satellite and the Atmospheric Chemistry
Experiment Fourier Transform Spectrometer (ACE‐FTS) on
SCISAT‐1. The HCN data from MLS used for our analysis
are described by Pumphrey et al. [2006, 2008]. The data
between 68 hPa (≈18.7 km) and 0.1 hPa (≈64 km) are of
sufficient quality for scientific work. The vertical resolution
of the product is reported to be 6 km at an altitude of 32 km,
degrading to 8 km at 20 km [Pumphrey et al., 2008].
[12] ACE‐FTS is a Fourier transform spectrometer

[Bernath et al., 2005; Boone et al., 2005], operating in solar
occultation, ACE‐FTS features a high signal‐to‐noise ratio
but has limited geographical coverage, measuring up to
32 occultations per day. These usually occur in middle and
high latitudes; the measurement latitude passes through the
tropics eight times per year. The altitude sampling of the
ACE‐FTS measurements varies from ≈1.5 to 6 km, but
the altitude resolution is 3 km, limited by the instrument’s
field of view [Boone et al., 2005]. The data from ACE‐FTS
presented here are a development product for which HCN is
retrieved over a larger vertical range than the standard v2.2
product. The retrieval process is described by Boone et al.
[2005] and the features of the HCN research product are
described by Lupu et al. [2009]. Near the equator, the
majority of retrieved profiles are usable between 68 hPa and
3.8 hPa.

4. Results

[13] Figure 1 shows the simulated HCN mixing ratios in
the tropics (±15° latitude) from the ground to the 900 K

Table 1. Total Annual Indonesian Fire Emissions of HCN

Year (JUL–JUN) TgN (as HCN)/year

2001/2002 0.063
2002/2003 0.234
2003/2004 0.043
2004/2005 0.136
2005/2006 0.064
2006/2007 0.246
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potential temperature level. The peak emissions from the
biomass burning in Indonesia are clearly visible with rapid
vertical transport in the troposphere up to ≈350 K. In the
lower tropical stratosphere, vertical velocities are much
smaller and a tape recorder pattern emerges. The simulated
tropospheric mixing ratios from our simulation are sub-
stantially lower than both observations and model simula-
tions with a global emission inventory for HCN indicate
[Lupu et al., 2009]. This is expected because we have pre-
scribed only Indonesian emissions (which constitute
between ≈5% (2003) and ≈26% (2006) of the global emis-
sions from biomass burning) at the lower boundary.
[14] However, the focus here is on the simulated strato-

spheric anomaly pattern in the tropics. The model results

are shown in Figure 2 (bottom); the corresponding MLS
observations are shown in Figure 2 (top left). For compar-
ison with MLS, the CLaMS results were smoothed by a
6 km wide vertical filter to approximately take into account
the limited vertical resolution of MLS. Overall, the model
results agree well with the observations; most importantly
the unusual, “two‐year” cycle of the HCN tape recorder is
reproduced. There is a good correspondence between the
simulated and the observed onset of high HCN values at
100 hPa in April 2005 and December 2006. Likewise, the
high HCN tape recorder signal that is still noticeable above
30 hPa in late 2004, is reproduced. It is also remarkable that
the amplitude of the anomaly is well represented in the
model simulation in‐spite of the fact that only Indonesian

Figure 2. Comparison of the anomaly of the equatorial zonal mean mixing ratio of HCN in a latitude window of ±15° over
time. Anomaly of the mean volume mixing ratio of (top left) MLS and (top right) ACE‐FTS HCN measurements, and (bot-
tom) the anomaly of the volume mixing ratio of HCN from the CLaMS simulation. The circles show the periods when
ACE‐FTS made measurements in the shown latitude range. The anomaly is the difference of the zonal mean volume mixing
ratio and the mean volume mixing ratio over the shown time.

Figure 1. The zonal mean values of the mixing ratio of HCN from the simulation with CLaMS in a latitude window of
±15°. The x‐axis is the time, the y‐axis reflects the model levels, the black lines are isolines of pressure, and the gray lines
show the maximum of the H2O tape recorder calculated from HALOE measurements [Grooß and Russell, 2005]. The
mixing ratio in pptv is color coded. The simulated HCN values were interpolated from the hybrid model coordinates
[Konopka et al., 2007] to isentropic levels.
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emissions are prescribed at the lower boundary. This is a
strong indication that the HCN anomaly pattern visible in
the MLS measurements is driven by Indonesian emissions.
[15] These results are corroborated by the comparison of

the simulated HCN pattern with the ACE‐FTS measure-
ments (Figure 2, top right). Here, owing to the better vertical
resolution of ACE‐FTS, the simulated HCN values are
taken from the model results without vertical smoothing. As
for the comparison with MLS, both the timing and the
amplitude of the HCN anomaly pattern agrees well when the
CLaMS model results are compared to the ACE‐FTS
measurements. A model deficiency noticeable in the com-
parison of the simulation results both with MLS and ACE‐
FTS is the apparently too rapid ascent in the stratosphere
above 30 hPa. The representation of horizontal in‐mixing
from the mid‐latitude stratosphere into the TTL in the model
might contribute to this problem, however, a too large ver-
tical velocity in the tropical lower stratosphere is known
from other model simulations [e.g., Fueglistaler et al.,
2009].
[16] The results of the trajectory study corroborate the link

between the observed anomaly patterns and Indonesian
emissions. The number of trajectories per month that
reached the region of the “tape head” is shown in Figure S1a
of the auxiliary material.1 This shows the well known
annual cycle of upward transport of air masses in the tropics
[e.g., Randel et al., 2007; Liu et al., 2007]. Figure S2b
displays only trajectories that started from areas with
emissions of HCN. Figure S2c shows the monthly total mass
of emitted HCN. The normalized product of the number of
the trajectories that potentially carry HCN and the emitted
HCN is shown in Figure S2d. This quantity clearly shows an
apparent two‐year cycle. The bottom four plots show the
signal of the simulated HCN tape recorder in CLaMS in four
heights: ≈270 hPa (Figure S2e) ≈160 hPa (Figure S2f)
≈100 hPa, (Figure S2g) ≈80 hPa (Figure S2h) by means to
show heights below, midst and above the TTL. The coin-
cidence of the maxima of trajectories reaching the 350 K
level and the tape recorder signals is evident. By applying
the amount of emitted HCN as a weight to the number of
trajectories reaching 350 K, the intensity of the signal
changes slightly, but the same conclusion results.
[17] El Niño events occur at irregular intervals ranging

from one year to a decade. In the years 2002, 2004, and
2006, however, three El Niño events occurred in a row. The
temporal coincidence of strong emissions of HCN and
El Niño events implies that the signal will have an irregular
cycle rather than a two‐year cycle. An interrelation between
biomass burning and El Niño, on the example of CO, is
described by Chandra et al. [2009]. This is consistent with a
study of Duncan et al. [2007], who report “that the impact
of biomass burning pollution on the UT/LS is likely greatest
during an El Niño event due to favorable dynamics and
historical higher burning rates”.

5. Conclusions

[18] The results of the simulations with the chemistry
transport model CLaMS show that both the timing and the
amplitude of the HCN tape recorder anomaly pattern can be

well reproduced when prescribing only HCN emissions
from Indonesian biomass burning. Through a trajectory
study, we demonstrated that the interplay between HCN
emissions in Indonesia and rapid upward transport to the
bottom of the TTL is responsible for producing the anomaly
pattern. Because of the influence of El Niño events on fires
in Indonesia the variability of El Niño will have an impact
on the HCN tape recorder cycle. Therefore, we propose that
the HCN tape recorder cycle is an irregular cycle rather than
a two‐year cycle.

[19] Acknowledgments. We thank Bill Randel for very helpful dis-
cussions. We thank the ECMWF for providing meteorological analyses.
The Atmospheric Chemistry Experiment (ACE) is a Canadian‐led experi-
ment mainly supported by the Canadian Space Agency.

References
Andreae, M. O., and P. Merlet (2001), Emission of trace gases and aerosols

from biomass burning, Global Biogeochem. Cycles, 15(4), 955–966.
Andrews, A. E., K. A. Boering, B. C. Daube, S. C. Wofsy, E. J. Hintsa,

E.M.Weinstock, and T. P. Bui (1999), Empirical age spectra for the lower
tropical stratosphere from in situ observations of CO2: Implications for
stratospheric transport, J. Geophys. Res., 104(D21), 26,581–26,595.

Bernath, P. F., et al. (2005), Atmospheric Chemistry Experiment (ACE):
Mission overview, Geophys. Res. Lett., 32, L15S01, doi:10.1029/
2005GL022386.

Boone, C. D., et al. (2005), Retrievals for the atmospheric chemistry exper-
iment fourier‐transform spectrometer, Appl. Opt., 44(33), 7218–7231.

Chandra, S., et al. (2009), Effects of the 2006 El Niño on tropospheric
ozone and carbon monoxide: Implications for dynamics and biomass
burning, Atmos. Chem. Phys., 9, 4239–4249.

Christian, T. J., B. Kleiss, R. J. Yokelson, R. Holzinger, P. J. Crutzen, W. M.
Hao, B. H. Saharjo, and D. E. Ward (2003), Comprehensive laboratory
measurements of biomass‐burning emissions: 1. Emissions from Indone-
sian, African, and other fuels, J. Geophys. Res., 108(D23), 4719,
doi:10.1029/2003JD003704.

Duncan, B. N., et al. (2007), Model study of the cross‐tropopause transport
of biomass burning pollution, Atmos. Chem. Phys., 7, 3713–3736.

Fueglistaler, S., et al. (2009), The diabatic heat budget of the upper tro-
posphere and lower/mid stratosphere in ECMWF reanalyses, Q. J. R.
Meteorol. Soc., 135, 21–37, doi:10.1002/qj.361.

Grooß, J.‐U. (1996), Modelling of stratospheric chemistry based on
HALOE/UARS satellite data, Ph.D. thesis, Univ. of Mainz, Mainz,
Germany.

Grooß, J.‐U., and J. M. Russell (2005), Technical note: A stratospheric cli-
matology for O3, H2O, CH4, NOx, HCl, and HF derived from HALOE
measurements, Atmos. Chem. Phys., 5, 2797–2807.

Heil, A. (2007), Indonesian forest and peat fires: Emissions, air quality, and
human health, Ph.D. thesis, Univ. Hamburg, Hamburg, Germany.

Keeling, R., et al. (2008), Atmospheric CO2 records from sites in the SIO
air sampling network, Carbon Dioxide Inf. Anal. Cent., Oak Ridge Natl.
Lab., Oak Ridge, Tenn. (Available at http://cdiac.esd.ornl.gov/trends/
trends.htm)

Konopka, P., et al. (2007), Contribution of mixing to upward transport
across the tropical tropopause layer (TTL), Atmos. Chem. Phys., 7,
3285–3308.

Konopka, P., J.‐U. Grooß, F. Plöger, and R. Müller (2009), Annual cycle of
horizontal in‐mixing into the lower tropical stratosphere, J. Geophys.
Res., 114, D19111, doi:10.1029/2009JD011955.

Konopka, P., et al. (2010), Annual cycle of ozone at and above the tropical
tropopause: Observations versus simulations with the Chemical Model of
the Stratosphere (CLaMS), Atmos. Chem. Phys., 10, 121–132.

Li, Q., D. J. Jacob, I. Bey, R. M. Yantosca, Y. Zhao, Y. Kondo, and
J. Notholt (2000), Atmospheric hydrogen cyanide (HCN): Biomass burn-
ing source, ocean sink?, Geophys. Res. Lett., 27(3), 357–360.

Li, Q., et al. (2009), What drives the observed variability of HCN in the
troposphere and lower stratosphere?, Atmos. Chem. Phys., 9, 8531–8543.

Liu, C., E. Zipser, T. Garrett, J. H. Jiang, and H. Su (2007), How do the
water vapor and carbon monoxide “tape recorders” start near the tropical
tropopause?, Geophys. Res. Lett . , 34 , L09804, doi:10.1029/
2006GL029234.

Lupu, A., et al. (2009), Hydrogen cyanide in the upper troposphere:
GEM‐AQ simulation and comparison with ACE‐FTS observations,
Atmos. Chem. Phys., 9, 4301–4313.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010GL044056.

POMMRICH ET AL.: IRREGULAR HCN TAPE RECORDER CYCLE L16805L16805

4 of 5



McKenna, D. S., J.‐U.Grooß, G. Günther, P. Konopka, R.Müller, G. Carver,
and Y. Sasano (2002a), A new Chemical Lagrangian Model of the
Stratosphere (CLaMS): 2. Formulation of chemistry scheme and initial-
ization, J. Geophys. Res., 107(D15), 4256, doi:10.1029/2000JD000113.

McKenna, D. S., P. Konopka, J.‐U. Grooß, G. Günther, R. Müller, R. Spang,
D. Offermann, and Y. Orsolini (2002b), A new Chemical Lagrangian
Model of the Stratosphere (CLaMS): 1. Formulation of advection and
mixing, J. Geophys. Res., 107(D16), 4309, doi:10.1029/2000JD000114.

Mote, P. W., K. H. Rosenlof, J. R. Holton, R. S. Harwood, and J. W.
Waters (1995), Seasonal variations of water vapor in the tropical lower
stratosphere, Geophys. Res. Lett., 22(9), 1093–1096, doi:10.1029/
95GL01234.

Mote, P. W., K. H. Rosenlof, M. E. Mclntyre, E. S. Carr, J. C. Gille, J. R.
Holton, J. S. Kinnersley, H. C. Pumphrey, J. M. Russell III, and J. W.
Waters (1996), An atmospheric tape recorder: The imprint of tropical tro-
popause temperatures on stratospheric water vapor, J. Geophys. Res.,
101(D2), 3989–4006.

Ploeger, F., P. Konopka, G. Günther, J.‐U. Grooß, and R. Müller (2010),
Impact of the vertical velocity scheme on modeling transport in the trop-
ical tropopause layer, J. Geophys. Res., 115, D03301, doi:10.1029/
2009JD012023.

Plumb, R. A. (2007), Tracer interrelationships in the stratosphere, Rev.
Geophys., 45, RG4005, doi:10.1029/2005RG000179.

Pumphrey, H. C., C. J. Jimenez, and J. W. Waters (2006), Measurement of
HCN in the middle atmosphere by EOS MLS, Geophys. Res. Lett., 33,
L08804, doi:10.1029/2005GL025656.

Pumphrey, H. C., C. Boone, K. A. Walker, P. Bernath, and N. J. Livesey
(2008), Tropical tape recorder observed in HCN, Geophys. Res. Lett., 35,
L05801, doi:10.1029/2007GL032137.

Randel, W. J., et al. (2007), A large annual cycle in ozone above the trop-
ical tropopause linked to the Brewer‐Dobson circulation, J. Atmos. Sci.,
64, 4479–4488.

Randel, W. J., et al. (2010), Asian monsoon transport of pollution to the
stratosphere, Science, 328, 611–613, doi:10.1126/science.1182274.

Schoeberl, M. R., B. N. Duncan, A. R. Douglass, J. Waters, N. Livesey,
W. Read, and M. Filipiak (2006), The carbon monoxide tape recorder,
Geophys. Res. Lett., 33, L12811, doi:10.1029/2006GL026178.

Schoeberl, M. R., et al. (2008), QBO and annual cycle variations in tropical
lower stratosphere trace gases from HALOE and Aura MLS observa-
tions, J. Geophys. Res., 113, D05301, doi:10.1029/2007JD008678.

Schultz, M. G., A. Heil, J. J. Hoelzemann, A. Spessa, K. Thonicke, J. G.
Goldammer, A. C. Held, J. M. C. Pereira, and M. van het Bolscher
(2008), Global wildland fire emissions from 1960 to 2000, Global
Biogeochem. Cycles, 22, GB2002, doi:10.1029/2007GB003031.

Singh, H. B., et al. (2003), In situ measurements of HCN and CH3CN
over the Pacific Ocean: Sources, sinks, and budgets, J. Geophys. Res.,
108(D20), 8795, doi:10.1029/2002JD003006.

J.‐U. Grooß, G. Günther, P. Konopka, R. Müller, R. Pommrich, and
M. Riese, ICG‐1, Forschungszentrum Jülich, D‐52425 Jülich, Germany.
(ro.mueller@fz‐juelich.de)
A. Heil and M. Schultz, ICG‐2, Forschungszentrum Jülich, D‐52425

Jülich, Germany.
H.‐C. Pumphrey, School of GeoSciences, University of Edinburgh,

Edinburgh EH9 3JN, UK.
K. A. Walker, Department of Physics, University of Toronto, ON M5S

1A7, Canada.

POMMRICH ET AL.: IRREGULAR HCN TAPE RECORDER CYCLE L16805L16805

5 of 5



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


