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Abstract In September–October 2015, El Niño-driven weather conditions led to one of the most intense
Indonesian peatland burning events in recent history. Consequently, an unprecedented amount of hydrogen
cyanide (HCN) was emitted from Southeast Asia and transported into the upper troposphere and lower
stratosphere, which was then transported by the general circulation from the tropics to polar latitudes. By
early 2016, the daily mean concentrations of HCN in the lower stratosphere at all latitudes, as measured by
the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) instrument, were the
largest on record for the region, on the order of 40–90% greater than the climatological mean and ~40%
greater than the 2007 El Niño-driven values. By December 2016, levels of polar HCN in the lower stratosphere
were still on the order 10–20% greater than the climatological mean. These ACE-FTS measurements are
thus vital for interpreting ground-based and nadir satellite measurements of HCN made during 2016 and
could be used to help validate tropospheric-stratospheric exchange in climate models.

1. Introduction

El Niño is a climate phenomenon that is predominantly defined by prolonged above-average sea surface tem-
peratures in the equatorial Pacific Ocean. One predictable consequence of these high sea surface temperatures
is an increase in atmospheric surface temperatures and a decrease in precipitation in Southeast Asia. In the
mainland Southeast Asia region, seasonal biomass burning occurs near the end of each Northern
Hemisphere (NH) winter, typically peaking around March, in part due to local agricultural practices. In
Indonesia, a similar biomass burning season occurs each winter in the Southern Hemisphere, typically peaking
around September–October. In years with strong El Niño conditions, these biomass burning events can be exa-
cerbated by the accompanying high temperatures and drought conditions [Field et al., 2009]. As well, in
Indonesia, much of the peatlands have been deforested, leaving them drier and more prone to catching fire.
In September and October of 2015, in themiddle of a pronounced El Niño event, Indonesian peatland fires were
the largest they had been, in terms of emitted carbon and burnt area [Parker et al., 2016;Huijnen et al., 2016; Field
et al., 2016], since the similar Indonesian biomass burning event in 1997, emitting large amounts of hydrogen
cyanide (HCN) into the lower stratosphere. In 1997–1998, as shown by Rinsland et al. [1999, 2000], tropospheric
partial column HCN concentrations in the NH were a factor of 2–3 times greater than the climatological mean.

In 2016, as shown by National Oceanic and Atmospheric Administration National Centers for Environmental
Information temperature and precipitation anomaly data available at https://www.ncdc.noaa.gov and as
reported by multiple media outlets (e.g., CNN, 2016, http://www.cnn.com/2016/05/12/homepage2/southeast-
asia-drought-el-nino/, last accessed 17 Feb 2017), the mainland Southeast Asia region suffered from severe
drought and many countries in the region, including Thailand and Cambodia, reported record-setting high
temperatures. As is shown in this study, the 2016 mainland Southeast Asia burning season extended well into
April and was the most intense in over a decade, further contributing to elevated levels of HCN in the upper
troposphere-lower stratosphere (UTLS) throughout the year.

HCN is a tropospheric pollutant that is released into the atmosphere predominantly through biomass
burning, especially in the burning of peat, and also in industrial activities. The burning of peat is known to
emit roughly 5–10 times more HCN than the burning of other typical biomass products [Christian et al.,
2003; Akagi et al., 2011]. The ACE-FTS (Atmospheric Chemistry Experiment Fourier Transform
Spectrometer) instrument [Bernath et al., 2005] is the only satellite limb sounder that currently measures
vertically resolved profiles of HCN in the UTLS. The ACE-FTS HCN data have been used extensively, e.g., by
Randel et al. [2010] in identifying the Asian monsoon anticyclone (AMA) as a vehicle for transporting
tropospheric pollution to the stratosphere, by Pumphrey et al. [2008] and Pommrich et al. [2010] in
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identifying and investigating the HCN tropical “tape recorder” signal, and by Li et al. [2009] and Glatthor et al.
[2015] in measuring HCN variations in the upper troposphere and stratosphere.

2. ACE-FTS HCN Measurements

ACE-FTS is a solar occultation instrument measuring in the infrared between 750 and 4400 cm�1 with
0.02 cm�1 spectral resolution. The HCN retrievals, detailed by Boone et al. [2005, 2013], extend from 6 km
to 42 km with a vertical resolution on the order of 3–6 km, depending on the viewing geometry. ACE-FTS
version 3.5/3.6 HCN data were used in this study. Pre-March 2013 is typically v3.5, and post-March 2013 data
(as well as ~5% of the pre-March 2013 data) were processed using the same technique and algorithm as v3.5
[Boone et al., 2013] except were processed on a supercomputing network (v3.6) instead of a local network. An
analysis of reprocessed v3.5 data showed no significant differences between the original v3.5 HCN data and
HCN data reprocessed on the supercomputing network. To screen the data for unphysical outliers, version 2.0
of the ACE-FTS data quality flags [Sheese et al., 2015] was used. It should be noted that ~8% of HCN profiles
that were originally flagged as containing outlying data were included in the analysis, as they were found to
be highly correlated (correlation coefficient greater than 0.95) with simultaneously observed ACE-FTS CO
profiles. Both HCN and CO are long-lived tracers of biomass burning.

Figures 1a–1d show the seasonal ACE-FTS 2004–2014 HCN zonal mean climatologies in 5° latitude and 1 km
altitude bins, as well as calculated climatological tropopause heights (World Meteorological Organization
lapse-rate definition [World Meteorological Organization, 1957]). Figures 1e–1h show similar global seasonal
2004–2014 HCN climatologies at 14.5 km in 10° latitude and 20° longitude bins. Glatthor et al. [2015]
discussed HCN seasonal variations in the UTLS in terms of MIPAS (Michelson Interferometer for Passive
Atmospheric Sounding) observations. TheMIPAS HCN climatology [Glatthor et al., 2015, Figure 2] qualitatively
agrees well with that of ACE-FTS. The December–February season (ACE-FTS shown in Figure 1a) in both data
sets exhibits the lowest tropospheric HCN values throughout the year and a layer of HCN in the lower strato-
sphere that extends to higher latitudes. In the March–May (MAM) season, shown in Figure 1b, HCN enhance-
ments are observed in the northern tropics to midlatitudes in the upper troposphere, attributable, as seen in
Figure 1f, to biomass burning in tropical Africa and Southeast Asia [Hsu et al., 2003; van der Werf et al., 2010].
The June–August (JJA) season (Figure 1c) in both ACE-FTS and MIPAS data sets exhibits enhancement in the

Figure 1. The top row shows latitudinal cross section of 2004–2014 zonal mean ACE-FTS HCN climatology in 5° latitude and 1 km altitude bins for (a) December–
February, (b) March–May, (c) June–August, and (d) September–November. The dashed lines indicate the height of the calculated climatological tropopause. The
bottom row shows global 2004–2014 HCN climatology in 10° latitude and 20° longitude bins at an altitude of 14.5 km for (e) December–February, (f) March–May,
(g) June–August, and (h) September–November.
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northern midlatitude to high latitude in the upper troposphere, with the midlatitude enhancement, which is
due to the AMA transporting pollution from the lower troposphere (Figure 1g), extending up into the
stratosphere near 18 km [Randel et al., 2010; Park et al., 2013]. Both data sets show yearly peak HCN values
during the September–November (SON) season (Figure 1d) in the southern tropics to midlatitudes in the
upper troposphere. As shown in Figure 1h, this is attributable to intense biomass burning in Africa, South
America, and Indonesia [Edwards et al., 2006; Pommrich et al., 2010]. Additional enhancements in the NH
UTLS are probably the remainder of the summer HCN enhancement transported up from the AMA. As seen
in Figures 1e–1h, at low latitudes in the upper troposphere, during all seasons, there is a HCNminimum above
the tropical Pacific Ocean, which is the predominant sink of HCN [Li et al., 2003; Singh et al., 2003].

3. HCN Enhancements in 2016

Figure 2a shows zonally averaged SON 2015 data in 5° latitude and 1 km altitude bins, and Figure 2b shows
the percent deviation of the data in Figure 2a from the SON 2004–2014 climatological mean. The ACE-FTS
data exhibit enhancements of HCN in the upper troposphere in the southern tropics to midlatitudes and
northern tropics, with zonally averaged concentrations of over 1 ppbv (parts per billion by volume), corre-
sponding to more than double the climatological mean. The corresponding global map of HCN during
September and October 2015 at 8.5 km (Figure 2c) shows that this enhancement was mainly situated above
the Indonesian region, with concentrations reaching over 2 ppbv at this altitude. HCN was then transported
up into the lower stratosphere by early 2016, as shown in Figure 3. Figures 3a–3d show similar plots to
Figure 2a but for seasons fromwinter 2015/2016 to autumn 2016, and Figures 3e–3h show the corresponding
percent deviations of the zonal seasonal means from the 2004–2014 climatological means. The enhanced
layer in the lower stratosphere is then further diluted and transported to all latitudes sampled by ACE-FTS
in the MAM season. During this time there is another tropospheric enhancement, which is in part due to bio-
mass burning in Southeast Asia, as discussed below. The enhanced lower stratospheric HCN layer persists
throughout the 2016 JJA and SON seasons at all sampled latitudes. Figure 4 showsmonthly total fire radiative
power (FRP) values from the CAMS GFAS (Copernicus Atmosphere Monitoring Service Global Fire
Assimilation System) for two different geographical areas—Indonesia (10°S–5°N; 90–150°E) and mainland
South Asia (10–30°N; 60–90°E). The total FRP data [Kaiser et al., 2012] can be used as a proxy for fire intensity
and biomass consumption rates [Wooster et al., 2005] and were obtained from http://eccharts.ecmwf.int/
datasets/data/cams-gfas. The Indonesian FRP data (Figure 4a) show that the 2015 biomass burning season,
peaking in October, was by far the most intense of all years since 2004. Previous to 2015, the biomass burning

Figure 2. (a) Latitudinal cross section of zonal mean HCN profiles for September–November (SON) 2015 and (b) latitudinal
cross sections of percent deviations of SON 2015 zonal mean HCN from the 2004–2014 climatological means in 5° latitude
and 1 km altitude bins. (c) Global map of HCN at 8.5 km for 1 September to 4 November 2015 with measurements
smoothed by 10° latitude and 20° longitude running mean.
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of 2006 was the most intense. The FRP data for the Southeast Asia region (Figure 4b) show that the April 2016
values were the greatest April values recorded for the duration of the ACE-FTS mission.

In order to get a better understanding of the evolution of HCN in the UTLS over time, Figures 5a–5c show the
time series of daily-mean HCN profiles from October 2015 to October 2016 for the latitude bands 50–90°N,
35°S-35°N, and 50–90°S. In October 2015, in the low latitudes (Figure 5b) HCN concentrations were on
average 490 parts per trillion by volume (pptv) in the upper troposphere, which is on the order of
100–130% greater than the climatological mean. This is in agreement with Rinsland et al. [1999, 2000], who
showed that in 1998, following the intense El Niño-driven wild fires in Indonesia, HCN tropospheric partial
column densities throughout the NH were greater than double typical values. In October and November
2015 in this region, lower stratospheric HCN values were typically within 1σ from the climatological mean.

Figure 3. (a–d) Seasonal latitudinal cross sections of zonal mean HCN profiles for December 2015 to November 2016. (e–h) Latitudinal cross sections of percent
deviations of seasonal zonal mean HCN from the 2004–2014 climatological means. From left to right, December 2015–February 2016, March–May 2016, June–
August 2016, and September–November 2016. Data are averaged in 5° latitude and 1 km altitude bins.

Figure 4. Monthly total fire radiative power from CAMS GFAS (Copernicus Atmosphere Monitoring Service Global Fire
Assimilation System) for 2004–2106 in (a) Indonesia (10°S-5°N; 90–150°E) and (b) mainland South Asia (10–30°N; 60–90°E).
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In November, shortly after the intense biomass burning season in Indonesia, ACE-FTS measurements of HCN
concentrations in the high Northern latitudes (Figure 5a) were still on par with the climatological mean values
at all altitudes; however, in the Southern high latitudes (Figure 5c), HCN values were on average 300–350 pptv
just at and below the tropopause, which is on the order of 40–60% greater than climatological values.

By January 2016 and into early February, HCN volume mixing ratios in the southern high latitudes were
greater in the lower stratosphere (~345 pptv) than in the upper troposphere (~320 pptv). By February, in
the low latitudes and the northern high latitudes, there is a HCN layer just above the tropopause that has
a peak value of ~350 pptv near 19 km and ~295 pptv near 12 km, respectively. A similar layer is observed
in the southern high latitudes throughout March to June, with peak values decreasing from ~340 pptv to
~280 pptv. Enhancements in the upper troposphere are exhibited throughout April (days 100–126) in the
35°S–35°N latitude range. These enhancements are then extended into the high Northern latitudes in the
UTLS in May, which is in line with the FRP data from GFAS shown in Figure 4b.

The 2016 HCN enhancements in the lower stratosphere were not only greater than the climatological means,
but they were the largest stratospheric HCN concentrations ACE-FTS has ever measured. Figures 5d–5f show
the time series of daily-mean HCN concentrations interpolated to 2 km above the calculated tropopause
height for each year from 2004 to 2016. In 2016, the HCN values above the tropopause were consistently
significantly larger than all other years in the ACE-FTS measurements. Previously, the 2007 values, following
the El Niño-enhanced Indonesian fires in late 2006 [Field and Shen, 2008], were the largest in the ACE-FTS
record. In the northern high latitudes (Figure 5d), starting at the beginning of November 2015 and continuing
to the beginning of April, HCN concentrations 2 km above the tropopause increased from on the order of the
climatological mean to 45% greater than the climatological mean and up to 32% greater than the 2007
values. In the southern high latitudes (Figure 5f), the 2016 lower stratospheric values increased from on
the order of the climatological mean to 82% greater than the climatological mean at the end of January
and ~42% greater by early June (60% and ~22%, respectively, greater than 2007 values). Throughout
February to early May, the 2016 concentrations were 42–90% greater than the climatological values in the
low latitudes (Figure 5e) and 11–63% greater than the 2007 values. By November, the 2016 HCN concentra-
tions at 2 km above the tropopause in the northern high latitudes were still typically greater than all previous
years, on average 11% greater than the climatological mean. However, in the southern high latitudes and the

Figure 5. (a–c) Daily-mean HCN profile time series from September 2015 to September 2016. (d–f) Daily-mean HCN values
interpolated to 2 km above the tropopause for each year between 2004 and 2016 (solid lines), as well as the 2004–2014
mean (black, dashed line). From top to bottom daily-mean values include all data within latitude bands 50–90°N, 35°S–35°N,
and 50–90°S. Note that the range of the color scale for Figure 5b is wider than for Figures 5a or 5c.
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low latitudes, the November 2016 values were on the same order of the climatological mean. Although, HCN
enhancements are observed at higher altitudes in the stratosphere.

Figure 6 shows themean December 2016 HCN profiles as well as the 2004–2014mean December profiles and
the ±1σ values for the latitude bands 50–90°N, 35°S-35°N, and 50–90°S. In all three latitude bands, enhance-
ments of HCN near ~20 km are still observed, greater than the 2004–2014 climatological mean + 1σ. In
December 2016, HCN values were still 12–16% above climatological mean values between 15 and 20 km
in the high Northern latitudes, 10–21% above climatological mean values between 20 and 24 km in the
low latitudes, and 11–21% above climatological mean values between 16 and 22 km in the high
Southern latitudes.

4. Summary

The indirect effects of strong El Niño conditions at the surface on global HCN concentrations in the UTLS have
been observed usingmeasurements from the ACE-FTS satellite instrument. The extreme El Niño conditions of
2015–2016 brought high temperatures and drought conditions to Southeast Asia. These conditions exacer-
bated the seasonal peatland fires in Indonesia throughout September and October 2015 and led to the most
intense springtime biomass burning season, especially during April 2016, in mainland Southeast Asia of the
past decade. These two events were the principal sources of large concentrations of HCN in the troposphere
that were eventually transported into the lower stratosphere. Consequently, there was an extreme enhance-
ment of the HCN layer just above the tropopause at all latitudes throughout 2016. HCN concentrations at
peak altitudes in the lower stratosphere increased to ~350–450 pptv in early 2016, which is on the order of
40–90% greater than the climatological mean and ~30–60% greater than the largest values previously
measured by ACE-FTS. By October 2016, 1 year after the intense Indonesian fires, peak daily-mean HCN values
were on the order of 260–300 pptv, consistently greater than all other daily-mean October HCN values in the
ACE-FTS record. By December 2016, HCN values were still enhanced, on the order of 10–20% greater than the
climatological mean, in the lower stratosphere, near 20 km. These results show that El Niño conditions can
ultimately have extreme effects on the HCN budget in the lower stratosphere, which can last for a timescale
of over a year.

The UTLS profiles of HCN from ACE-FTS during this 2016 enhancement provide important context for
ground-based and nadir satellite measurements [e.g., Viatte et al., 2014; Duflot et al., 2013]. These measure-
ments of HCN total columns, partial columns, and profiles typically rely on having accurate a priori HCN
profiles; thus, the ACE-FTS measurements are crucial for these other HCN measurements throughout 2016.
As well, given the relatively long lifetime of HCN in the UTLS, on the order of months to years, these measure-
ments can be used as a case study for testing troposphere-stratosphere exchange within climate
chemistry models.

Figure 6. Average December 2016 HCN profiles with 2004–2014 climatological mean profiles and the ±1σ standard devia-
tion values for latitude bands (a) 50–90°N, (b) 35°S–35°N, and (c) 50–90°S.
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