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Abstract. We present a global climatology of upper-tropospheric hydrogen cyanide (HCN), carbon monoxide
(CO), acetylene (C2H2), ethane (C2H6), peroxyacetyl nitrate (PAN), and formic acid (HCOOH) obtained from
observations of the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on board the Envi-
ronmental Satellite (Envisat) between 2002 and 2012. At northern midlatitudes and high latitudes, the biomass
burning tracer HCN, but also CO, PAN, and HCOOH, exhibit maxima during spring and/or summer and min-
ima during winter. On the contrary, maximum northern extratropical C2H2 and C2H6 amounts were measured
during winter and spring, and minimum values were measured during summer and fall. In the tropics and sub-
tropics, enhanced amounts of all pollutants were observed during all seasons, especially widespread and up to
southern midlatitudes during austral spring. Other characteristic features are eastward transport of anthropogenic
C2H6 and of biogenic HCOOH from Central and North America in boreal summer, accumulation of pollutants
in the Asian monsoon anticyclone (AMA), and enhanced C2H2 over southeastern Asia in boreal winter. Clear
indication of biogenic release of HCOOH was also found above tropical South America and Africa. A global
correlation analysis of the other pollutants with HCN corroborates common release by biomass burning as a
source of the widespread southern hemispheric pollution during austral spring. Furthermore, high correlation
with HCN points to biomass burning as a major source of tropical and subtropical C2H2 and PAN during most
of the year. In the northern extratropics, there are generally low correlations with HCN during spring and early
summer, indicating the influence of anthropogenic and biogenic sources. However, in August, there are stronger
correlations above Siberia and boreal North America, which points to common release by boreal fires. This is
confirmed by the respective enhancement ratios (ERs). The ERs measured above northeastern Africa fit well to
the emission ratios of the dominant local fire type (savanna burning) for C2H2, while those for CO, C2H6, and
HCOOH rather indicate tropical forest fires or additional anthropogenic or biogenic sources. The southern hemi-
spheric 1C2H6/1HCN ERs obtained during August to October are in good agreement with the emission ratio
for savanna fires. The same applies for1C2H2/1HCN in August and for1HCN/1CO and1HCOOH/1HCN
in October.
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1 Introduction

Hydrogen cyanide (HCN) is regarded as an almost unam-
biguous tracer of biomass burning (Li et al., 2003; Singh et
al., 2003; Yokelson et al., 2007; Lupu et al., 2009), while
the other trace gases presented here generally have additional
sources, too. HCN has a tropospheric lifetime of 5–6 months,
which is controlled by ocean uptake (Li et al., 2000, 2003;
Singh et al., 2003). Carbon monoxide (CO) is released from
traffic, industry, and biomass burning by incomplete com-
bustion processes and is a precursor of tropospheric ozone.
However, approximately one-half of its tropospheric burden
originates from in situ photochemical production by oxida-
tion of methane and more complex hydrocarbons (Park et
al., 2013). Because of its relatively long lifetime of about
2 months, CO has often been used as a tracer for the trans-
port of tropospheric pollution (Rinsland et al., 1998; Edwards
et al., 2006; Funke el al., 2009). Its upper-tropospheric con-
centrations are generally much higher than those of the other
trace gases presented here. Acetylene (C2H2) is a relatively
reliable but not unique tracer of biomass burning (Blake et
al., 1996; Singh et al., 1996). More recent studies (Streets et
al., 2003; Xiao et al., 2007) indicate biofuel emissions from
cooking fires or residential heating as its dominant source.
Xiao et al. (2007) assume a global biofuel source of 50 % and
global fossil fuel and biomass burning sources of 25 % each.
The upper-tropospheric lifetime of C2H2 is about 2 weeks
at low latitudes or during extratropical summer (Xiao et al.,
2007). During winter, its lifetime increases considerably at
higher latitudes due to the absence of the hydroxyl radical
(OH) under less sunlit conditions. Ethane (C2H6) is the most
abundant tropospheric non-methane hydrocarbon (Singh et
al., 2001). Rudolph (1995) indicates biomass burning and
natural gas losses as its major sources, with releases of 6.4
and 6 Tgyr−1, respectively. According to Xiao et al. (2008),
the major source of C2H6 is fossil fuel production (62 %),
followed in about equal parts by biofuel and biomass burn-
ing. Its mean atmospheric lifetime is approximately 2 months
(Hough, 1991) but 6 to 10 months in the extratropical upper
troposphere (UT) during winter (Xiao et al., 2008; Helmig
et al., 2016). Peroxyacetyl nitrate (PAN; CH3C(O)OONO2)
is formed via the oxidation of hydrocarbons and subsequent
reaction with NO2 and is thus generated in air masses pol-
luted by fuel emissions or by biomass burning (Singh et al.,
1996; Gaffney et al., 1999). Fischer et al. (2014) emphasize
the importance of lightning NOx for the production of PAN.
Furthermore, according to these authors, the most important
precursor of PAN is isoprene (37 %), which is mainly re-
leased from plant foliage (Guenther et al., 2006). Other pre-
cursors are acetone (9 %) and ethane (6 %). The lifetime of
PAN is highly temperature-dependent and can be up to sev-
eral months in the cold upper troposphere (Singh, 1987). It
is the major reservoir of tropospheric NOx (NO and NO2)
and enables the transport of NOx to remote tropospheric ar-
eas. Direct sources of formic acid (HCOOH) are biogenic

release, anthropogenic emissions (biofuel or fossil fuel burn-
ing), and biomass burning (Grutter et al., 2010, and refer-
ences therein). While Grutter et al. (2010) state that the rel-
ative contribution of direct emissions and chemical transfor-
mations is unknown, the oxidation of hydrocarbons is de-
clared as the dominant source of atmospheric HCOOH in
other publications (Sanhueza et al., 1996, and references
therein). According to Stavrakou et al. (2012), the contribu-
tion of biogenic sources (tropical and boreal forests) to at-
mospheric HCOOH is as high as 90 %. Franco et al. (2020)
state strong biogenic sources in tropical spring and northern
extratropical spring and summer.

In the following, we regard the observation of enhanced
HCN amounts as an almost unique indication of pollution
by biomass burning. A high correlation of any other trace
gas with enhanced HCN points to biomass burning as an im-
portant source of this pollutant, as well. The measurement
of high C2H2 volume mixing ratios (VMRs) in combination
with low HCN amounts hints at biofuel or fossil fuel burn-
ing. The exclusive measurement of high C2H6 amounts hints
at release during the production or transport of oil and gas.
The measurement of enhanced PAN or HCOOH not corre-
lated with elevated HCN points to biogenic sources or an-
thropogenic emissions other than biomass burning of these
trace gases.

Two other spaceborne datasets containing most of the pol-
lutants presented here result from measurements of the At-
mospheric Chemistry Experiment/Fourier Transform Spec-
trometer (ACE-FTS) on SCISAT (Bernath et al., 2005;
Boone et al., 2005) and of the Infrared Atmospheric Sound-
ing Interferometer (IASI) on MetOp-A (Blumstein et al.,
2004; Hilton et al., 2012). ACE-FTS is a limb sounder
performing solar occultation measurements in the spectral
range of 750–4400 cm−1. ACE-FTS measurements of HCN
were presented by Lupu et al. (2009). Glatthor et al. (2015)
performed a comparison between HCN observed by the
Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS) and by ACE-FTS. González Abad et al. (2009)
discuss seasonal latitude–height cross-sections of HCOOH;
González Abad et al. (2011) discuss those of CO, C2H6, and
C2H2; and Tereszchuk et al. (2013b) discuss those of PAN
observed by ACE-FTS. A climatological analysis of the trace
gases CO, C2H6, C2H2, and HCN in the upper troposphere
and lower stratosphere was performed by Park et al. (2013)
but focused on the tropics only. IASI is a nadir sounder cov-
ering the infrared spectral region from 645 to 2760 cm−1,
which carries out cross-track scans with a swath width of
∼ 2400 km. Observations of tropospheric trace gases by IASI
are generally presented as column amounts. Spatial distri-
butions of CO observed by IASI were presented by Cler-
baux et al. (2009), those of tropical and subtropical HCN and
C2H2 of IASI were shown by Duflot et al. (2015), and those
of HCOOH were presented by Pommier et al. (2016) and
Franco et al. (2020).
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In the following, we will briefly describe MIPAS, the re-
trieval setups, and the method of tropopause calculation.
Then, we will present seasonal global distributions of the pol-
lutants on a surface at 3 km below the tropopause. Further-
more, we will discuss the monthly variation in zonally av-
eraged time series. By means of global correlation analyses
with HCN, we will discriminate between biomass burning
and other anthropogenic or biogenic sources of the individ-
ual pollutants. The enhancement ratios (ERs) resulting from
the correlation analyses will be compared with enhancement
ratios obtained from ACE-FTS measurements and with emis-
sion ratios derived from published emission factors. Our pre-
sentation will be restricted to seasonal and monthly compos-
ites of the whole MIPAS dataset. Interannual variations in,
for example, MIPAS HCN were described by Glatthor et al.
(2015). Additionally, some monthly distributions of correla-
tion coefficients and ERs obtained for individual years will
be presented in the Supplement. The paper will finish with a
summary and conclusions.

2 MIPAS measurements

2.1 Instrument description

The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) was operated on board the European
polar-orbiting Environmental Satellite (Envisat) from July
2002 until April 2012. MIPAS was a Fourier-transform in-
frared (FTIR) emission spectrometer with a measurement
range from 685 to 2410 cm−1, which enabled the observation
of numerous trace gases emitting in the mid-infrared spectral
region (European Space Agency, ESA, 2000; Fischer et al.,
2008). Due to its measuring principle, MIPAS was able to
observe the atmosphere in global coverage during day and
night.

Until March 2004, MIPAS was operated with a spectral
resolution of 0.025 cm−1 (unapodized) in the so-called full-
resolution (FR) mode. After a data gap due to technical prob-
lems during the rest of the year 2004, MIPAS was run with
a spectral resolution of 0.0625 cm−1 in reduced-resolution
(RR) mode from January 2005. We present data of the FR
and RR nominal modes and of the RR upper troposphere
and lower stratosphere 1 (UTLS-1) mode with horizontal
sampling distances of 510, 410, and 290 km, respectively.
The nominal modes consisted of rearward limb scans cov-
ering the altitude ranges 6–68 km (FR) and 7–72 km (RR).
The UTLS-1 mode was restricted to the altitude region 5.5–
49 km. The tangent height distance of the FR mode was 3 km
up to 42 km and increased up to 8 km between the two up-
permost tangents. The step width of the RR nominal mode
was 1.5 km up to 22 km and then increased to 2, 3, and 4–
5 km in the upper part of the scan. The step width of the RR
UTLS-1 mode was 1.5 km up to 19 km, 2 km up to 25 km,
and increasingly wider above.

2.2 Retrieval method and error estimation

Retrievals were performed with the processor of the Insti-
tute of Meteorology and Climate Research (IMK) and the
Instituto de Astrofísica de Andalucía (IAA) by use of level-
1B radiance spectra of data version 5.02/5.06 (reprocessed
data) provided by the European Space Agency (ESA) (Nett
et al., 2002). The central components of the retrieval proces-
sor are the Karlsruhe Optimized and Precise Radiative trans-
fer Algorithm (KOPRA) (Stiller, 2000) for radiative trans-
fer calculations and the Retrieval Control Program (RCP)
of IMK/IAA for inverse modeling. The inversion consists of
the determination of vertical profiles of atmospheric state pa-
rameters by constrained non-linear least-squares fitting in a
global-fit approach (von Clarmann et al., 2003). The general
approach of MIPAS data processing at IMK has been de-
scribed in various papers, e.g., von Clarmann et al. (2003),
Höpfner et al. (2004) or von Clarmann et al. (2009).

The retrieval of the trace species presented here is de-
scribed in previous papers (Glatthor et al., 2007, 2009, 2015;
von Clarmann et al., 2009; Funke el al., 2009; Grutter et
al., 2010; Wiegele et al., 2012). The data versions used in
this presentation are compiled in Table 1. Since the altitude
spacing of the retrieval grid chosen is finer than the height
distance between the tangent altitudes, potential instabilities
have to be attenuated by the application of a constraint. For
this purpose, Tikhonov’s first derivative operator was used
(Tikhonov, 1963; Steck, 2002). Instead of climatological a
priori profiles, height-constant profiles were chosen to avoid
any influence of the a priori information on the shape of the
retrieved profiles. Generally, profiles of the main interfering
trace gases were jointly fitted along with the target species.
Additional retrieval variables were microwindow-dependent
continuum radiation profiles and microwindow-dependent,
but height-independent, zero-level calibration corrections. If
available, the radiative contribution of other interfering gases
was modeled by using their profiles retrieved in preceding
steps in the processing sequence. When no pre-fitted profiles
were available, we used the climatology compiled by Reme-
dios et al. (2007) for this purpose. MIPAS measurements
provide information on the trace gases presented here from
the free troposphere up to about 25 km for C2H2, C2H6, and
PAN; up to about 45 km for HCN; and up to 70 km (nominal-
mode scans) for CO. The vertical resolution of the different
pollutants in the altitude region displayed in the following
sections (2–3 km below the tropopause, which, dependent on
latitude, corresponds to geometrical altitudes of ∼ 8–14 km)
is displayed in Table 2. At 8 km in the northern extratrop-
ics, it varies between 2.3 km (PAN) and 4.3 km (HCN), and,
at 14 km in the southern hemispheric tropics and subtropics,
it varies between 2.8 km (PAN) and 4–4.5 km (HCN, CO,
C2H6). Table 2 also contains the estimated standard devia-
tion (ESD), which is the measurement noise transformed into
parameter space by the retrieval program. The ESD is later
used to determine the λ values in the regression analyses.
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The total retrieval errors for significantly enhanced VMRs
of these pollutants in the upper troposphere are between 5 %
and 15 %. More details on error estimation and vertical reso-
lution are given in the publications mentioned above.

3 Tropopause height derived from MIPAS
temperature profiles

To enable a tropopause-related presentation of the pollu-
tants, we calculated the thermal tropopause for each MI-
PAS scan from the temperature profile retrieved in an earlier
step of the processing chain. The calculation of the thermal
tropopause was performed according to the definition of the
World Meteorological Organization (WMO). In this defini-
tion, the tropopause is the lowest level, at which the lapse rate
−dT/dz decreases to 2 Kkm−1 or less and does not exceed
this value in an overlying layer of the width of at least 2 km.
Technically, we determined the tropopause as described in
Zängl and Hoinka (2001, their Eq. A1). This means that lapse
rate profiles were calculated as centered difference quotients
between each two adjacent retrieval heights. Then, the low-
est lapse rate level with −dT/dz ≤ 2 Kkm−1 was searched.
The tropopause height was determined by linear interpola-
tion between the lapse rate at this level and the level below
to the 2 Kkm−1 value, provided the criterion for layer width
was fulfilled. If the latter criterion was not met, the next level
with−dT/dz ≤ 2 K km−1 was checked. In a subsequent step,
the retrieved profiles of the pollutants were related to the in-
dividual tropopause heights.

Figure 1 shows geographical distributions of seasonal
tropopause heights averaged over the whole MIPAS dataset.
The tropical tropopause height is about 16.5 km during sum-
mer and fall and around 17 km in winter and spring. Around
30–40° N and 30–40° S, the tropopause height decreases
strongly, reaching a level of 8–9 km at high northern lati-
tudes and 8–12.5 km at high southern latitudes. Compared to
the equinoxes, the region of the strongest latitudinal gradient
is shifted northward during boreal summer and southward
during austral summer. Beside the distinct latitude depen-
dence, the tropopause heights obtained from MIPAS data ex-
hibit a longitudinal variation as well. The most obvious fea-
ture is a variation during boreal winter with low tropopause
heights above eastern Canada and eastern Siberia and a high
tropopause above the North Atlantic and northern Europe,
which is connected with oscillations of the polar jet.

At latitudes south of 60° S, the average tropopause height
is considerably higher during austral winter (JJA) and spring
(SON) than in the remaining part of the year or in the Arctic
during boreal winter and spring. This is caused by tempera-
ture profiles for which the WMO criterion was not met in the
lower atmosphere due to unusually high lapse rates, leading
to the determination of tropopause altitudes of up to 20 km.
For illustration, we show the individual tropopause heights
obtained for the different seasons of the year 2010 in the Sup-

plement (Fig. S1). The disappearance of the Antarctic ther-
mal tropopause during austral winter (July/August) was first
reported by Court (1942). Similar problems were reported
by, for example, Reichler et al. (2003). To avoid the incorpo-
ration of stratospheric data into the upper-tropospheric dis-
tributions discussed in the following, we excluded measure-
ments at latitudes south of 50° S for which, during June to
August, a tropopause height of more than 13.5 km was deter-
mined. Since quite a number of implausibly high tropopause
heights were also obtained for Antarctic spring and Arctic
winter (see Fig. S1), the same height criterion was applied to
measurements at latitudes south of 50° S during September to
November and north of 50° N during December to February.

4 Results and discussion

4.1 Global distributions at 3 km below the tropopause

In the following, we present global distributions of seasonal
composites of the different pollutants at 3 km below the
tropopause. This distance was chosen to be sure that, related
to the vertical resolution of MIPAS measurements, the distri-
butions are nearly completely tropospheric. The data shown
are bin averages (5° × 15° latitude by longitude, 7.5° × 15°
latitude by longitude at the poles) of the whole measurement
period of MIPAS (2002–2012). The individual bins typically
contain 100 to more than 600 data points at low and midlati-
tudes but generally much lower numbers (dozens to less then
10) at high latitudes. During strong convection, the tropical
bins over the continents contain considerably lower numbers
of data points, too.

4.1.1 Hydrogen cyanide (HCN)

During March to May, the climatological HCN distribution
exhibits widespread enhancements with mixing ratios of up
to 350 parts per trillion by volume (pptv) at northern midlat-
itudes and partly high latitudes (Fig. 2a). Extensive biomass
burning at northern midlatitudes during boreal spring is in-
dicated by fire carbon emissions of the preliminary version
5 of the Global Fire Emissions Database (GFED5) based on
burned area from Chen et al. (2023) and fuel consumption
from van Wees et al. (2022), added up over the measure-
ment period of MIPAS (Fig. 3a). Strong carbon emissions
extend over a large area from eastern Europe over southern
to eastern Siberia. According to van der Werf et al. (2010,
their Fig. 13), the dominant fire types in this region are agri-
cultural fires in eastern Europe and forest fires in southeast-
ern Siberia. A second region with enhanced carbon emis-
sions in boreal spring extends from the central United States
to southern Canada. Other northern hemispheric source re-
gions are southern and southeastern Asia, Central America.
and tropical northern Africa. Using trajectory calculations
of the Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model of the National Oceanic and At-
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Table 1. MIPAS data versions used in the presented analysis. FR: full-resolution measurement mode; RR: reduced-resolution measurement
mode; V5H and V5R: spectra version.

Trace gas FR, nominal mode RR, nominal mode RR, UTLS-1 mode

HCN HCN_V5H_21 HCN_V5R_222/223 HCN_V5R_120
CO CO_V5H_20 CO_V5H_220/221 CO_V5R_120
C2H2 C2H2_V5H_20 C2H2_V5R_221/222 C2H2_V5R_120
C2H6 C2H6_V5H_20 C2H6_V5R_220/221 C2H6_V5R_120
PAN PAN_V5H_21 PAN_V5R_222/223 PAN_V5R_121
HCOOH HCOOH_V5H_20 HCOOH_V5R_220/221 HCOOH_V5R_120

Figure 1. Global distribution of the thermal tropopause derived from MIPAS temperature profiles for the periods (a) March to May, (b) June
to August, (c) September to November, and (d) December to February. The data are bin averages (5° × 15° latitude by longitude, 7.5° × 15°
latitude by longitude at the poles) of the time period 2002 to 2012.

mospheric Administration (NOAA) (Stein et al., 2015) and
fire counts of the Moderate Resolution Imaging Spectrora-
diometer (MODIS) (Justice et al., 2002) on the Aqua and
Terra satellites, individual MIPAS HCN plumes observed
at northern midlatitudes during boreal spring could clearly
be traced back to sources in northeastern Africa, southeast-
ern Asia, and Central America (Figs. S2–S4 in the Supple-
ment). Although such clear examples for release of discrete
HCN plumes from, for example, eastern Europe or southern
Siberia could not be found in the samples analyzed so far,
a significant contribution of these regions to pollution of the
northern extratropical UT by HCN during boreal spring can
not be excluded.

The highest northern hemispheric HCN amounts, now also
covering the whole Arctic, were measured during June to Au-
gust (Fig. 2c), with maxima of up to 430 pptv above Siberia
and the Canadian Arctic. During this season, the strongest
northern hemispheric GFED carbon emissions are located in
Siberia and in Canada/Alaska (Fig. 3b), which can be asso-
ciated to boreal forest fires (van der Werf et al., 2010, their
Fig. 13). Other potential source regions are eastern Europe,
the Mediterranean area, and the northwestern United States,
but contributions from the northern tropics and subtropics
strongly decreased. As examples for the transport of HCN
from a fire region in western Russia into the polar upper tro-
posphere and for the distribution of enhanced HCN from an-
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Figure 2. Global HCN distribution measured by MIPAS at 3 km below the tropopause during (a) March to May, (c) June to August, (e)
September to November, and (g) December to February, as well as the global CO distribution measured by MIPAS at 3 km below the
tropopause during (b) March to May, (d) June to August, (f) September to November, and (h) December to February. The distributions are
averaged over the time period 2002 to 2012.

other region in northeastern Siberia over the Northern Hemi-
sphere (NH), we present MIPAS HCN measurements from
August 2008 and 2010 along with respective HYSPLIT tra-
jectories and MODIS fire counts in the Supplement (Figs. S5
and S6).

After the end of the fire season, the HCN amounts in the
Northern Hemisphere continuously decline during boreal fall
and winter, with especially low amounts over the northern
Atlantic and Europe. According to the current state of knowl-
edge (Li et al., 2000, 2003; Singh et al., 2003), low HCN
amounts over oceanic regions show the removal of HCN by
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Figure 3. Global carbon emissions by fires of the Global Fire Emissions Database, version 5 (GFEDv5), in gm−2 during (a) March to May,
(b) June to August, (c) September to November, and (d) December to February, added up over the measurement period of MIPAS (July
2002–March 2012). The original data are monthly GFEDv5 carbon emissions at 0.25° by 0.25° latitude by longitude spatial resolution.

Table 2. Vertical resolution (VR) in terms of full width at half max-
imum of the rows of the averaging kernels and estimated standard
deviation (ESD) of the different pollutants at the altitudes of 8 km
in the northern extratropics and 14 km in the southern tropics.

Trace VR at 8 km VR at 14 km ESD at 8 km ESD at 14 km
gas / km / km / pptv / pptv

HCN 4.5 4.5 28 22
CO 4.2 4.3 1.0× 104 2.2× 104

C2H2 2.6 3.2 18 12
C2H6 3.3 4.3 127 97
PAN 2.3 2.8 23 17
HCOOH 3.0 3.5 23 20

ocean uptake. During boreal winter, the HCN VMRs above
the Arctic Ocean also decrease to background levels, while
moderately enhanced HCN amounts are located above north-
eastern China, the North Pacific Ocean, and northern Canada.
These enhancements can be remains of the preceding boreal
fire season but can also be caused by residential coal burning
in eastern Asia as suggested by Singh et al. (2003) and Li et
al. (2003).

In the tropics, enhanced HCN amounts were observed
above or around Africa during all seasons, which is in line
with year-round strong fire activity on this continent. The
plume above central and northeastern Africa during March to
May, extending eastward towards India, is caused by biomass
burning in the savanna region south of the Sahara, which is
confirmed by GFED carbon emissions (Fig. 3a). Actually,
this process already peaks in boreal winter (see Fig. 3d), but
pollutants in this area are more effectively uplifted by in-
creased convection during boreal spring (Duncan et al., 2007;
Glatthor et al., 2015). During all seasons, the lowest tropical
HCN values (175–200 pptv) were measured above the Pacific
due to ocean uptake.

In boreal summer, an HCN plume with VMRs of up
to 350 pptv extends from the Arabian Peninsula to eastern
China. This feature is caused by the vertical transport of pol-
lution mostly from southern and southeastern Asia within
the Asian monsoon region towards the upper troposphere
and subsequent confinement inside the Asian monsoon an-
ticyclone (AMA) (see, e.g., Vogel et al., 2015). The slightly
lower enhancements over northern Africa and the northern
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Pacific reflect the climatological average of eastward and
westward outflow.

During September to November, biomass burning shifted
towards the Southern Hemisphere (SH), characterized by
strongly enhanced HCN amounts in a large region extend-
ing from tropical Brazil over southern Africa to the re-
gion south of Australia and to the South Pacific. The lat-
itude band between 30 and 60° S is nearly completely
covered with enhanced HCN. Correspondingly, the GFED
data show strong fire activities in southern tropical and
subtropical South America and Africa (Fig. 3c). There is
also an indication of another southern hemispheric plume
above the eastern tropical Indian Ocean at 15° S. This fea-
ture is caused by strong biomass burning in Indonesia dur-
ing the years 2002, 2006, and 2009 (see, e.g., Glatthor
et al., 2015) with a positive phase of the so-called El
Niño–Southern Oscillation (ENSO) (https://www.cpc.ncep.
noaa.gov/products/precip/CWlink/MJO/enso.shtml, last ac-
cess: 20 January 2025) but attenuated by averaging over all
years of MIPAS operation. Strong biomass burning in In-
donesia and northern Australia during this season is con-
firmed by the GFED carbon emissions (Fig. 3c). In Fig. S8
in the Supplement, we present HYSPLIT forward trajectories
started above the biomass burning regions in South America,
southern Africa, and Indonesia, which corroborate the distri-
bution of polluted air masses in the Southern Hemisphere as
observed in the MIPAS data.

During December to February, the pollution in the south-
ern tropics and subtropics considerably decreased, and en-
hanced HCN amounts were mostly restricted to the south-
ern Atlantic and southern Africa. However, due to the time-
lagged southward transport of the polluted air masses, maxi-
mum HCN amounts of about 270 pptv were measured at high
southern latitudes. Similar observations were made by Zeng
et al. (2012). In the following two seasons (March to Au-
gust), the HCN amounts at southern middle and high lati-
tudes continuously decrease to 150 pptv, which we also at-
tribute to ocean uptake.

4.1.2 Carbon monoxide (CO)

The emissions of CO are significantly higher than those of
the other pollutants and are therefore presented in parts per
billion by volume (ppbv). At northern middle and high lat-
itudes, the highest upper-tropospheric CO amounts of up to
120 ppbv were observed during boreal spring and summer
(Fig. 2b and d). This similarity to the HCN cycle points to
biomass burning as an important source of enhanced CO.
However, the CO amounts in the NH are elevated during the
whole year, resulting in a weaker annual variation. This indi-
cates additional anthropogenic sources as well.

Enhanced CO amounts were also found in the tropics and
subtropics all the year round in the same regions like ele-
vated HCN, indicating common release by biomass burning.
The most prominent signatures in these regions are a plume

covering large parts of Africa and extending to southern Asia
and the northern subtropical Pacific during March to May,
a plume inside the Asian monsoon anticyclone during June
to August, and the southern hemispheric biomass burning
plume during September to November. Differently to HCN,
enhanced CO covers southern and southeastern Asia and the
eastern Pacific during the whole year. This hints at a signif-
icant fraction of CO from other anthropogenic sources, e.g.,
in southern and eastern Asia, as well.

Much lower CO VMRs were observed in the southern ex-
tratropics. Caused by the southward transport of air masses
polluted by biomass burning at southern low latitudes, the
CO amounts at southern middle and high latitudes exhibit
an annual cycle with moderately enhanced values in austral
spring but low values in austral summer and fall. Thus, dif-
ferently to the longer-lived HCN, the CO amounts at high
southern latitudes do not further increase in austral summer
but decline instead. Again, this is consistent with the obser-
vations of Zeng et al. (2012).

4.1.3 Acetylene (C2H2)

The C2H2 amounts at northern middle and high latitudes
are considerably higher than those observed in the tropics
and at southern latitudes (Fig. 4, left column). Differently to
HCN, the northern hemispheric C2H2 cycle has a maximum
of up to 250 pptv during winter and spring and a minimum
of 40–80 pptv during summer. This indicates that biomass
burning is not the reason for these variations. According to
various publications (e.g., Zander et al., 1991; Goldstein et
al., 1995; Xiao et al., 2007), the accumulation of C2H2 in
winter and spring is due to the wintertime minimum of the
hydroxyl radical OH, which is the major reactant for the de-
pletion of tropospheric C2H2 (Rudolph et al., 1984). An ad-
ditional cause is the increased domestic heating of biofuel
in winter (Streets et al., 2003). During all seasons, but es-
pecially during winter and spring, the northern extratropical
C2H2 amounts show a longitudinal variation, characterized
by lower values above the North Atlantic and western Eu-
rope and higher values above the Canadian Arctic and east-
ern Siberia. This feature is correlated with the longitudinal
oscillations in tropopause height visible in Fig. 1 and of the
polar jet, leading to the northeastward transport of air masses
with low C2H2 amounts above the northern Atlantic.

The tropical and subtropical C2H2 distribution with max-
imum amounts of up to 120 pptv over Africa and up to
140 pptv in the AMA is spatially well correlated with HCN
during all seasons. This points to biomass burning as the
dominant source of the enhanced C2H2 amounts observed at
these latitudes. One exception is southern and southeastern
Asia during winter, where, at lower altitudes around 10 km,
elevated VMRs of C2H2 were observed in combination with
low HCN amounts (Fig. A1). This hints to increased bio-
fuel burning during this season. Similarly to HCN, the most
widespread southern tropical C2H2 pollution, extending from

Atmos. Chem. Phys., 25, 1175–1208, 2025 https://doi.org/10.5194/acp-25-1175-2025

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml


N. Glatthor et al.: Upper-tropospheric pollution observed by MIPAS 1183

Figure 4. Global C2H2 distribution measured by MIPAS at 3 km below the tropopause during (a) March to May, (c) June to August,
(e) September to November, and (g) December to February, as well as global C2H6 distribution measured by MIPAS at 3 km below the
tropopause during (b) March to May, (d) June to August, (f) September to November, and (h) December to February. The distributions are
averaged over the time period 2002 to 2012.

northeastern Brazil over southern Africa to Australia, occurs
during September to November.

The C2H2 mixing ratios at southern midlatitudes and high
latitudes vary between less than 20 pptv during austral sum-
mer and fall (December–May) and 40–50 pptv during austral
winter (JJA). Shifted by 0.5 years, this is a similar seasonal-

ity to that in the NH, indicating OH control as well. During
austral spring, there are slightly enhanced C2H2 amounts of
50–80 pptv between 30 and 50° S, which reflects the south-
ward transport of air masses polluted by southern hemi-
spheric biomass burning. Due to its relatively short lifetime,
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the southward expansion of enhanced C2H2 to Antarctic lat-
itudes in austral summer is not observed.

4.1.4 Ethane (C2H6)

Similarly to C2H2, much higher C2H6 amounts were ob-
served in the northern extratropics than in the tropics and at
southern latitudes (Fig. 4, right column). The annual cycle at
northern middle and high latitudes with maximum VMRs of
up to more than 1000 pptv in winter and spring and with min-
imum values around 700 pptv in late summer and fall shows
that these variations are also not dominated by biomass burn-
ing. Like for C2H2, the annual cycle of the OH radical is
the dominant reason for the C2H6 maximum in the NH dur-
ing winter (Rudolph, 1995; Xiao et al., 2008; Helmig et al.,
2015). For the same reasons as outlined above, the northern
extratropical C2H6 distribution shows longitudinal variations
similar to C2H2 during fall and winter.

The tropical and subtropical C2H6 distribution exhibits
similarities to those of HCN and C2H2. There are also mod-
erately enhanced C2H6 amounts of ∼ 500 pptv above west-
ern and northern Africa in spring, inside the AMA in sum-
mer, and in the SH in austral spring, indicating the release
of C2H6 from biomass burning. However, during boreal
summer, C2H6 amounts of 500–600 pptv are visible around
Central America, above the southeastern United States, and
above the North Atlantic. These enhancements, which are not
correlated with HCN and C2H2, become more evident further
below the tropopause. Therefore, they are presented at 10 km
altitude in the Appendix in comparison with the other trace
gases.

The lowest C2H6 VMRs of 200 pptv or less were ob-
served at southern midlatitudes and high latitudes during aus-
tral summer (DJF) and fall (MAM). In austral winter (JJA),
the amounts increase slightly at southern midlatitudes, which
might also be caused by the minimum in the OH cycle. As
a result of biomass burning in the southern tropics and sub-
tropics during austral spring (SON), the C2H6 amounts ac-
cumulate somewhat more at southern midlatitudes and even
slightly increase at high latitudes. Contrarily to HCN, there is
no further C2H6 enhancement but rather a reduction at high
southern latitudes in austral summer (DJF), which probably
is due to its shorter lifetime.

4.1.5 Peroxyacetyl nitrate (PAN)

By far the highest PAN amounts were observed at northern
middle and high latitudes during boreal summer (Fig. 5c),
with maximum amounts of 450 pptv above northeastern Eu-
rope and Siberia. The lowest northern hemispheric PAN
VMRs of 70–130 pptv were measured during boreal win-
ter. The spatial distribution and seasonal variation in north-
ern extratropical PAN exhibit similarities to HCN, indicat-
ing biomass burning as a potential source. However, accord-
ing to Fischer et al. (2014), PAN production in the northern

extratropics is driven by anthropogenic and biogenic activ-
ities during spring and dominated by biogenic species dur-
ing summer, with isoprene as major precursor (37 %). Other
non-methane volatile organic compounds listed by Fischer et
al. (2014), which contribute to PAN formation, are acetone
and C2H6. We will further investigate the origin of northern
hemispheric PAN in Sect. 4.3. Similarly to C2H6, enhanced
PAN amounts were also measured above the northern At-
lantic between the east coast of the United States and Europe.

The tropical and subtropical PAN distribution is spa-
tially well correlated with HCN during all seasons, point-
ing to biomass burning as an important source of upper-
tropospheric PAN in these regions. During the southern
hemispheric fire season in austral spring (SON), PAN VMRs
of up to 240 pptv were observed between South America and
southern Africa. In this season, enhanced PAN VMRs of up
to 150 pptv also cover the latitude band 30–50° S, reflecting
the southward expansion of air masses polluted by biomass
burning. Similarly to C2H2 and C2H6, there is no further ex-
pansion of enhanced PAN amounts to high southern latitudes
in austral summer (DJF). During the other seasons, the PAN
amounts at southern hemispheric middle and high latitudes
are very low.

4.1.6 Formic acid (HCOOH)

The highest HCOOH VMRs were observed at northern
middle and high latitudes during summer, with maxima of
180 pptv above Siberia and the Canadian Arctic (Fig. 5d).
During winter, the HCOOH amounts in the northern extrat-
ropics decline to 50–70 pptv (Fig. 5h). The correlation of the
annual variation in northern hemispheric HCOOH both with
the vegetation and with the HCN cycles points to biogenic
sources and to release by biomass burning. This is further
investigated in Sect. 4.3.2.

The spatial distribution of enhanced HCOOH above trop-
ical and subtropical Africa is in good agreement with
enhanced HCN during all seasons. The highest HCOOH
amounts in the southern tropics and midlatitudes with max-
imum values of up to 160 pptv above tropical South Amer-
ica and Africa were observed in austral spring (Fig. 5f).
Please note that the HCOOH distributions during austral
spring and summer are displayed at an altitude of 5 km in-
stead of 3 km below the tropopause because some features of
tropical HCOOH become better visible at this level. During
this season, enhanced HCOOH coincides well with the HCN
plume extending from Brazil over southern Africa and the
southern Indian and Pacific oceans. The good spatial corre-
lation with HCN in these regions is a strong indication for
a significant contribution from biomass burning to upper-
tropospheric HCOOH during austral spring.

Due to practically year-round biomass burning signatures
over Africa, a clear detection of the biogenic release of
HCOOH in this region is difficult in the seasonal compos-
ites presented in Fig. 5. The separation between biogenic
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Figure 5. Global PAN distribution measured by MIPAS at 3 km below the tropopause during (a) March to May, (c) June to August, (e)
September to November, and (g) December to February, as well as global HCOOH distribution measured by MIPAS at 3 km below the
tropopause during (b) March to May, (d) June to August, (f) September to November, and (h) December to February. The distributions are
averaged over the time period 2002 to 2012. Note that the HCOOH distributions of September to November and December to February are
at 5 km below the tropopause.

and biomass burning sources of HCOOH is somewhat eas-
ier above tropical South America. Here, local maxima of en-
hanced HCOOH are visible during austral spring and sum-
mer (Fig. 5f and h). In particular, the maxima during Decem-
ber to February are not correlated with HCN, which hints to

direct biogenic emission or generation from other biogenic
sources, e.g., isoprene (Keene and Galloway, 1988). Rather,
a clear indication of biogenic HCOOH release in the Ama-
zon region during July and August can be seen in Figs. A2
and A3 in the Appendix.

https://doi.org/10.5194/acp-25-1175-2025 Atmos. Chem. Phys., 25, 1175–1208, 2025



1186 N. Glatthor et al.: Upper-tropospheric pollution observed by MIPAS

Besides in austral spring, at least slightly enhanced
HCOOH amounts were also observed in the latitude band
30–60° S in all other seasons. Differently to the period
September to November, these enhancements are not so well
correlated with HCN, which hints to a strong contribution
from biogenic sources. Relevant source regions are tropical
South America and tropical Africa. Figure S7 in the Sup-
plement shows how, for example, during August 2010, air
masses from the boundary layer above Brazil are transported
into the UT in this latitude band. According to Franco et
al. (2020, their Fig. 4), the Amazon rainforest in particu-
lar is a strong source of HCOOH precursors, such as iso-
prene and monoterpenes. Their fluxes strongly increase dur-
ing austral winter and peak in austral spring around Septem-
ber. At southern high latitudes, very low HCOOH amounts
were measured during most of the year, with a slight increase
up to about 70 pptv during austral spring.

4.2 Monthly volume mixing ratios in different latitude
bands

Figure 6 shows monthly averaged VMRs observed by
MIPAS in 10°-wide latitude bands at 3 km below the
tropopause. As already shown in Fig. 2, HCN exhibits two
maxima of about equal strength, one located in the North-
ern Hemisphere and the other in the Southern Hemisphere
(Fig. 6a). Northern hemispheric HCN peaks in May at mid-
latitudes and in August at high latitudes, reflecting the north-
ward progression of biomass burning. The enhanced HCN
amounts observed from May to August between 10 and
40° N are caused by the northern African plume and by the
accumulation of HCN in the AMA starting in June. In the
southern hemispheric tropics and midlatitudes, strongly ele-
vated HCN amounts were observed between September and
December, with maxima during October–November. There-
after, the HCN amounts continuously decrease during aus-
tral winter and spring. At high southern latitudes, maximum
HCN amounts were measured in December, which is due to
the time required for southward transport from the biomass
burning regions in the SH. Compared to southern hemi-
spheric lower latitudes, the decrease begins 1 month later. In
the northern extratropics, the lowest HCN VMRs were ob-
served in December, in the northern tropics during January–
February, in the southern tropics during March–April, and at
southern middle to high latitudes during May–June.

At northern middle and high latitudes, the monthly vari-
ation in CO (Fig. 6b) exhibits similarities to HCN, but the
CO maximum in summer is less distinct. Instead, high CO
amounts were observed during most of the year, indicating
release by other anthropogenic sources in addition to biomass
burning. Enhanced CO was also measured in the northern
tropics in spring and in the northern subtropics in summer.
The CO maximum in October–November in the southern
tropics is well correlated with HCN, which hints at release
by biomass burning. Southward expansion of polluted air

masses is visible in slightly enhanced CO at high southern
latitudes between September and November. However, con-
trarily to HCN, there is already a strong decrease at southern
middle and high latitudes in December.

In the northern extratropics, strong maxima of C2H2 and
C2H6 were observed in February–March, and minima were
observed in summer at high latitudes and in fall at midlati-
tudes (Fig. 6c and d). Due to its shorter lifetime under sun-
lit conditions, the decrease in C2H2 is considerably stronger
than that of C2H6. Ethane also exhibits enhanced VMRs in
the northern tropics in spring and in the northern subtropics
in summer. The more localized C2H2 maxima in these re-
gions shown in Fig. 4 are hardly visible here due to zonal
averaging. Due to their shorter lifetimes, the C2H6 and C2H2
enhancements in southern hemispheric spring are tempo-
rally more restricted than those of HCN, with maxima in
September–October and a strong decrease in December.

In the northern extratropics, both PAN and HCOOH ex-
hibit maxima in summer and minima in winter (Fig. 6e
and f). This similarity to HCN points to release by biomass
burning. However, as mentioned above, other anthropogenic
and biogenic sources are possible as well. We try to obtain
more information on their origin in the correlation analy-
sis in Sect. 4.3. In the representation chosen here, HCOOH
enhancements are hardly visible in the northern tropics and
subtropics. In the southern tropics and at southern midlat-
itudes, maximum PAN amounts were observed in October
and November, which is in phase with the HCN cycle. This
is a strong indication for the release of PAN by biomass burn-
ing. Maximum southern hemispheric HCOOH amounts were
measured during September to October. At southern midlat-
itudes, HCOOH already increases considerably in August,
i.e., 1 month before HCN. As mentioned above, this points
to the biogenic release of HCOOH, which, in the following
months, becomes superposed by biomass burning. While en-
hanced PAN amounts were observed up to 50° S, enhanced
HCOOH extends further southward up to 60–70° S.

4.3 Global tracer–tracer correlation and regression
analysis

In the following, we discuss the results of correlation and re-
gression analyses between the biomass burning tracer HCN
and the other pollutants to obtain a more quantitative assess-
ment of their sources.

4.3.1 Monthly correlation coefficients in different latitude
bands

Figure 7 shows Pearson correlation coefficients r obtained
for monthly composites of single-scan MIPAS data in 5°-
wide latitude bands at 3 km (50° S–50° N) and at 2 km
(higher latitudes) below the tropopause. The lower distance
to the tropopause at high latitudes was chosen to ensure a suf-
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Figure 6. Time series of monthly composites of (a) HCN, (b) CO, (c) C2H2, (d) C2H6, (e) PAN, and (f) HCOOH VMRs in 10°-wide latitude
bands at an altitude of 3 km below the tropopause. The datasets are averaged over the time period 2002–2012.

ficiently high number of data points for the correlation anal-
ysis in these regions.

The pollutants C2H2 and PAN exhibit the highest corre-
lations with HCN (Fig. 7b and d). In both cases, correla-
tion coefficients between r = 0.7 and r = 0.85 were obtained
for observations between low southern and northern mid-
latitudes during boreal spring and between the Equator and
southern midlatitudes during austral spring. This is a strong
indication that at these times, like for HCN, biomass burning
was the major source of enhanced C2H2 and PAN in these
areas. Beyond that, high PAN–HCN correlations were ad-
ditionally observed at low latitudes in February, June, and
November to December. High C2H2–HCN correlation coef-
ficients also prevail at northern middle and high latitudes dur-
ing boreal summer and early fall, pointing to the release of
C2H2 by biomass burning as well. From October to March,
the C2H2 and HCN amounts at northern high latitudes are un-
correlated, confirming the dominant influence of the OH cy-
cle and of biofuel burning on the C2H2 amounts in these re-
gions during winter. North of 50° N, PAN and HCN amounts
are not correlated or are only weakly correlated between

November and June, indicating that the strong PAN increase
in the northern extratropics during spring and early summer
is not dominated by biomass burning but has anthropogenic
or biogenic sources. This observation agrees with model re-
sults of Fischer et al. (2014), who identify anthropogenic and
biogenic activities as major sources of northern extratropi-
cal PAN during boreal spring and summer (see Sect. 4.1.5).
The increasingly higher correlation coefficients at northern
middle and high latitudes during July to September hint at
growing contributions from boreal fires in late summer.

The correlations of CO, C2H6, and HCOOH with HCN
are generally weaker (Fig. 7a, c, and e). However, they are
also characterized by maxima at southern tropics to mid-
latitudes during austral spring (r between 0.5 and 0.7) and
by somewhat weaker maxima in the northern subtropics and
midlatitudes during boreal spring. Moderately high correla-
tions (r = 0.5–0.65) at northern midlatitudes and high lati-
tudes during boreal summer point to biomass burning as a
common source as well. Compared to C2H2 and PAN, the
lower correlations at low latitudes indicate a larger contri-
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Figure 7. Monthly composites of Pearson correlation coefficients r resulting from correlation analyses between MIPAS measurements in
5°-wide latitude bands, between 50° S and 50° N at 3 km, and at higher latitudes at 2 km below the tropopause. (a) HCN versus CO, (b) C2H2
versus HCN, (c) C2H6 versus HCN, (d) PAN versus HCN, (e) HCOOH versus HCN. Values lower than 0.2 or higher than 0.9 are also labeled
in dark blue or dark red, respectively.

bution of other anthropogenic or biogenic sources to the en-
hanced CO, C2H6, and HCOOH observed there.

4.3.2 Correlation coefficients and enhancement ratios in
latitude–longitude bins

We now discuss correlation coefficients and enhancement ra-
tios (ERs) in 5°× 15° latitude–longitude bins for selected
monthly composites at 3 km (50° S–50° N) and 2 km (higher
latitudes) below the tropopause. As an example of the under-
lying data, scatter plots of C2H2 versus HCN for a bin above
southern Africa are presented in Fig. S9 in the Supplement.

Enhancement ratios are used to gain information on the
type of fuel burned by comparison of remotely measured data
with emission ratios determined directly at the source. The
ER of species X is defined as the difference 1X between
its mixing ratio in a certain plume and its mixing ratio in
background air, divided by the difference 1Y of a widely
non-reactive co-emitted tracer such as CO or CO2 (Lefer et

al., 1994; Hobbs et al., 2003; Akagi et al., 2011). In contrast,
emission ratios are measured directly at the sources. They
can be derived from emission factors (emitted compound
among biomass burned in gkg−1) determined for various
trace species by burning under laboratory conditions or by
measurements close to open or domestic fires. Measurements
of emission factors for burning of various types of vegetation
were performed, for example, by Bertschi et al. (2003) and
Yokelson et al. (2003, 2008, 2009) and by other authors ref-
erenced therein. Comprehensive compilations were given by
Andreae and Merlet (2001), Akagi et al. (2011), and Andreae
(2019). In comparing ERs with emission ratios, it has to be
considered that both can differ from each other due to plume
aging (faster depletion of shorter-lived species).

We calculated monthly 1HCN/1CO and 1X/1HCN
(X = C2H2, C2H6, PAN, or HCOOH) enhancement ratios
by linear Deming regression analysis (Deming, 1943). This
method of regression analysis, which is equivalent to the
maximum likelihood estimation of the slope of the regres-
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sion, was chosen because of uncertainties of different mag-
nitude both in HCN and in the other pollutants, and it was
implemented as described in Mikkonen et al. (2019). In this
regression model, the uncertainties σ1 and σ2 of both pol-
lutants are taken into account by introducing a parameter
λ= σ−2

1 × σ
2
2 , which we determined from the ESDs given

in Table 2 as λ= ESD−2
1 ×ESD2

2. After averaging over the
two height levels in Table 2, the following global λ values
were applied: 1HCN/1CO: 4.42× 10−6, 1C2H2/1HCN:
0.35, 1C2H6/1HCN: 20.01, 1PAN/1HCN: 0.63, and
1HCOOH/1HCN: 0.75. In the case of equal error variances
for both variables, Deming regression simplifies to orthogo-
nal regression. In the following, all enhancement ratios are
given in units of pptvpptv−1.

We compare MIPAS ERs with values obtained from ACE-
FTS observations of individual plumes and with emission
ratios for the burning of different types of vegetation (Ta-
ble 3), derived from emission factors given in the most re-
cent compilation of Andreae (2019). The values in paren-
theses in Table 3 show that the standard deviation or natu-
ral variation of the emission factors and consequently of the
emission ratios generally is larger than 50 % or even 100 %
for each type of fuel. These variations are mostly larger than
the differences between the emission ratios for the fire types
to be considered in a certain global region. One exception is
the emission ratio for peat fires, which, compared to other
types of biomass burning, is very high for 1HCN/1CO and
very low for all other emission ratios contained in Table 3.
The reason is the high HCN emission factor for this type
of smoldering combustion. Another exception is the high
1C2H2/1HCN emission factor for biofuel burning. Further-
more, the 1C2H6/1HCN and 1HCOOH/1HCN emission
factors for savanna burning are considerably lower than those
for the other types of burning (tropical forest, agricultural
residues, biofuel) in tropical or subtropical regions.

Because of the different lifetimes of the pollutants, the cal-
culated 1HCN/1CO enhancement ratios might potentially
be higher than the respective emission ratios observed di-
rectly at the fires, while the 1X/1HCN enhancement ratios
might be lower. On the other hand, 1HCOOH/1HCN and
1PAN/1HCN might also become higher than the emission
ratios due to post-emission processing. Furthermore, the dif-
ferent vertical resolutions (VRs) of the correlated gases (see
Table 2) have to be considered. Fortunately, the VRs of HCN
and CO are rather similar at 2–3 km below the tropopause,
i.e., at ∼ 14 km in the tropics and at ∼ 8 km at higher lati-
tudes. Except for tropical C2H6, the VRs of the other pol-
lutants are clearly different from the one of HCN. However,
degradation of a sample of C2H2 profiles of 154 orbits to the
height resolution of HCN on average resulted in about 5 %
lower VMRs in the southern tropics and 10 % lower VMRs
at northern middle and high latitudes, which would lead to
5 %–10 % lower ERs only. Due to these caveats, comparison
of the enhancement ratios presented in the following with
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Figure 8. Global regions for which the mean enhancement ra-
tios shown in Table 4 and discussed in Sect. 4.3.2 were calcu-
lated. NAM: boreal North America; SIB: Siberia; NHSUB: north-
ern hemispheric subtropics; NAF: northern Africa; SAM: South
America; SAF: southern Africa; IOAUS: Indonesia and Australia;
SHMIDL: southern hemispheric midlatitudes.

emission ratios has to be performed with caution. However,
the consideration of ERs in addition to the correlation coef-
ficients has a synergistic effect: high correlations with HCN
in combination with ERs in the range of the listed emission
ratios indicate biomass burning. On the other hand, enhance-
ment ratios far out of the range of possible emission ratios
point to other sources of the other pollutants even in the case
of a high correlation with HCN.

For statistical reasons, we only show correlation coeffi-
cients and ERs for bins with at least 10 data pairs in the
following plots. To restrict the presentation to bins with en-
hanced VMRs of the respective pollutant, further filter cri-
teria are mean bin values of 80 ppbv for CO, 60 pptv for
C2H2, 300 pptv for C2H6, 100 pptv for PAN, and 60 pptv for
HCOOH. For comparisons with the emission ratios in Ta-
ble 3 and enhancement ratios of ACE-FTS, we calculated
mean ERs from all bins with correlation coefficients r > 0.6
(> 0.55 for CO) in eight different global regions (Fig. 8). For
selected months, these ERs are shown in Table 4.

HCN versus CO

Figure 9 shows global distributions of the correlation coef-
ficients (left column) and enhancement ratios (right column)
obtained from the correlation analysis between HCN and CO
for February, April, July, and October (top to bottom).

During February, moderately strong CO–HCN corre-
lations (around r = 0.6) were observed above northeast-
ern Africa, the Middle East, the southern tropical At-
lantic, and the eastern North Pacific around 40° N, in-
dicating potential common release of HCN and CO by
biomass burning into these air masses. The respective mean

1HCN/1CO enhancement ratios, calculated for bins with
correlation coefficients r > 0.55, are (1.8± 0.3)× 10−3 for
northern Africa, (1.9± 0.4)× 10−3 for southern Africa, and
(2.7± 0.7)× 10−3 for the northern Pacific (see Table 4). The
values around Africa are considerably lower than the emis-
sion ratio of 6.6×10−3 for savanna and grassland fires listed
in Table 3, which, according to, for example, Yokelson et
al. (2003) and van der Werf et al. (2010, 2017), dominate
the fire carbon emissions in Africa. They are also lower than
the emission ratios of the other types of fuel possibly burned
in these regions, namely tropical forest (4.4× 10−3) or agri-
cultural residues (5.7× 10−3), listed in Table 3. The same
applies for the observations above the eastern Pacific. This
hints to additional anthropogenic sources of the observed CO
amounts, leading to lower enhancement ratios.

During April, there are strong HCN–CO correlations of
up to r = 0.8 above the Middle East and in the latitude band
20–50° N between the North Pacific and the North Atlantic,
which strongly indicate common release by biomass burn-
ing and moderately high correlations around r = 0.5 above
southern Africa. The mean enhancement ratios above north-
ern and southern Africa have hardly changed and amount to
(1.5± 0.3)× 10−3 and (2.2± 0.8)× 10−3, respectively. The
mean ER above the northern Pacific, the United States, and
the northern Atlantic is (2.9± 0.6)× 10−3, which is some-
what closer to the emission ratios in Table 3. Furthermore,
this value is in very good agreement with the enhancement
ratio of 2.6× 10−3 (all data) or 3.4× 10−3 (filtered for low
1C2Cl4) for measurements in the free troposphere above the
northern Pacific during spring 2001, reported by Singh et al.
(2003).

The month of July is characterized by high correlations
above eastern Siberia and Alaska but also scattered above
Canada and the Arctic, pointing to the common release of
HCN and CO by boreal fires. The mean enhancement ra-
tio for bins with r > 0.55 is (2.7± 0.7)× 10−3 for North
America and (3.0± 1.2)× 10−3 for Siberia, which corre-
sponds very well with the values for boreal fires given in
Tereszchuk et al. (2013a). These authors obtained ERs of
(2.0± 0.9)× 10−3–(2.5± 1.2)× 10−3 for North American
and of (2.6± 0.2)× 10−3–(3.0± 1.1)× 10−3 for Siberian
biomass burning plumes aged between 0 and 7 d from
ACE-FTS measurements during the BORTAS campaign
from 12 July to 3 August 2011. Based on FTIR mea-
surements of ground-based column amounts at Eureka
and Thule during 2008–2012, Viatte et al. (2015) deter-
mined average 1HCN/1CO ERs of (3.3± 0.9)× 10−3 and
(4.3± 2.5)× 10−3, respectively, for mostly boreal forest
fires. Both the ERs determined from MIPAS and ACE-
FTS measurements are lower than the emission ratio of
(4.5± 3.1)× 10−3 for boreal forest fires derived from the
values given in Andreae (2019) (Table 3) but well within its
standard deviation. On the other hand, they are higher than
the value of 1.5× 10−3 derived from the emission factors
for extratropical forest given in Andreae and Merlet (2001).
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Figure 9. Global distribution of correlation coefficients r between MIPAS measurements of HCN and CO in the upper troposphere for
(a) February, (c) April, (e) July, and (g) October, as well as the respective 1HCN /1CO enhancement ratios (ERs) in pptv pptv−1 for (b)
February, (d) April, (f) July, and (h) October. The displayed altitude is 3 km below the tropopause in the latitude region 50° S to 50° N
and 2 km below the tropopause at higher latitudes. White areas are regions with correlation coefficients or enhancement ratios lower than
zero, with CO VMRs lower than 80 ppbv, or with bins containing fewer than 10 values. The bin size is 5°× 15° latitude by longitude. The
distributions are monthly composites of the time period 2002 to 2012.

In any case, as already stated by Tereszchuk et al. (2011),
these observations indicate that the HCN/CO emission ra-
tio of (1.24± 8.0)× 10−2 derived from the emission fac-
tors in Akagi et al. (2011) is too high. The North Ameri-
can and Siberian ERs for August also shown in Table 4 are
higher, namely (4.4± 1.5)× 10−3 and (4.3± 2.2)× 10−3,
which agrees very well with the values given by Andreae
(2019). Like in February and April, there is an area of moder-

ately high correlations above southern Africa and the south-
ern tropical Atlantic, with a mean ER of (2.2± 0.2)× 10−3.
Again, this ER is lower than to be expected from the re-
gional types of biomass burning, which points to addi-
tional sources of CO. In August, the mean ER increases to
(3.0± 0.6)× 10−3, which becomes closer to the emission ra-
tio of 4.4× 10−3 for tropical forest fires.
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The October data show a large area of high correlations up
to r = 0.85 extending from tropical South America to south-
ern Africa and over wide regions in the southern tropics to
midlatitudes, which strongly points to biomass burning as
the common source of both pollutants. This is confirmed by
the mean ERs of (5.1± 0.9)× 10−3 and (4.6± 1.4)× 10−3

obtained for southern Africa and South America, respec-
tively, which are in good agreement with the emission ra-
tios of 6.6× 10−3 and 4.4× 10−3 for savanna and tropical
forest fires in Table 3. While the major contribution to pol-
lution in southern Africa is attributed to savanna or wood-
land fires, pollution in South America approximately in equal
parts results from savanna/shrubland fires and from tropical
forest fires (van der Werf et al., 2017). There is also good
agreement with the enhancement ratios given by Tereszchuk
et al. (2011, their Table 1) for ACE-FTS measurements in
plumes released from the Congo and the Amazon region,
which are (5.5± 0.2)× 10−3 and (3.6± 0.1)× 10−3, respec-
tively. While the 1HCN/1CO ERs for savanna and tropical
forest fires derived from the emission factors given in Akagi
et al. (2011) are nearly identical to those in Table 3 derived
from the emission factors in Andreae (2019), the respective
values on the basis of the compilation of Andreae and Merlet
(2001) are (0.4± 0.2)× 10−3 and 1.5×10−3, which, in com-
parison to the observed ERs, clearly seem to be too small.

The highest October enhancement ratios of
(6.5± 1.1)× 10−3 and (6.9± 1.7)× 10−3 for bins with
r > 0.55 were obtained for measurements above the tropical
Indian Ocean/Indonesia (IOAUS) and above southern
hemispheric midlatitudes (SHMIDL), respectively. Fig-
ure 9h shows that the high ERs at southern midlatitudes are
focused to the eastern Indian Ocean, which is adjacent to
the Indonesian/Australian region. The value for the region
IOAUS for November (not shown) is even higher, namely
(8.4± 2.4)× 10−3. In so-called El Niño years, this area is
strongly polluted by biomass burning in Indonesia. Biomass
burning in Indonesia is characterized by a high percentage
of peatland fires, which nearly completely burn under
smoldering conditions (Akagi et al., 2011). For this type of
fire, Andreae (2019) specifies large HCN emission factors,
which lead to a 1HCN/1CO emission ratio of 1.8× 10−2

(Table 3). Thus we conclude that a significant portion of
peatland burning is the reason for the high 1HCN/1CO
enhancement ratios observed above the eastern Indian
Ocean. The measured ERs for the October composite are
still considerably lower than the emission ratio derived from
the Andreae data because biomass burning in Indonesia is
significantly intensified in El Niño years only. During the
MIPAS measurement period, there were two strong (2002
and 2006) El Niño years and one minor (2009) El Niño year.
In all other years, enhanced HCN and CO amounts over
the eastern Indian Ocean were presumably dominated by
African or Asian fires with lower HCN emission factors.

As can be seen in Fig. S11 in the Supplement, most of the
spatial patterns of high correlation coefficients visible in the

composite plots presented here also appear in the single-year
distribution of 2008. Furthermore, the single-month ERs are
mostly of the same magnitude as the monthly composites.

C2H2 versus HCN

High correlations between C2H2 and HCN occur in even
larger regions than those between HCN and CO, and they are
generally stronger, often reaching values of r = 0.8 or above
(Fig. 10, left column). Again, strong correlations are found
above northeastern Africa, the southern tropical Atlantic, and
the North Pacific in February and April and at northern mid-
dle and high latitudes, above tropical Africa, in the AMA
region, and above the southern Indian Ocean in August. In
October, there are very high correlations above the south-
ern tropical Atlantic, southern Africa, the Indian Ocean, and
Australia. All these features strongly point to biomass burn-
ing as a common source of C2H2 and HCN.

As already mentioned, the considerably shorter lifetime of
C2H2 compared to HCN is a potential issue in the interpre-
tation of monthly composites of 1C2H2/1HCN enhance-
ment ratios. Nevertheless, the mean ER obtained for Febru-
ary for the region above northern tropical Africa and the Mid-
dle East is 0.81± 0.19 (Fig. 10b), which, especially after a
10 %-subtraction, as discussed above, is in good agreement
with the emission ratio for the dominant burning process in
northern tropical Africa, namely savanna or grassland fires
(0.73). However, the emissions for tropical forest fires (0.83)
or burning of agricultural residues (0.67) are not much differ-
ent. The mean ER of 0.94± 0.18 for southern tropical Africa
is somewhat higher. A possible reason is the additional re-
lease of C2H2 from biofuel burning, e.g., cooking fires or do-
mestic heating, with a higher emission ratio of 1.81 (Table 3).
In any case, these ERs corroborate the assumption that the
low 1HCN/1CO ERs observed above Africa during Febru-
ary are caused by additional anthropogenic sources of CO.
The average ER for the region with high correlations around
40° N above the Pacific and North America is 1.83± 0.39.
Biofuel burning might also come into consideration for this
high value, but, due to the spatial non-uniformity of the cor-
relation coefficients and ERs in this region, we also assume
mixing with C2H2-rich air masses from further north as a
possible contribution.

In April, the area of high C2H2–HCN correlations above
Africa increased and expanded over southern Asia and the
Chinese Sea. Furthermore, there is a uniform region of very
high correlations around 30° N, covering the North Pacific,
the United States, and the North Atlantic. Compared to
February, the mean enhancement ratio above northern Africa
and southern Asia decreased to 0.61± 0.10 and exhibits a
general decline towards the east, which is an indication of
more aged pollution. The ER obtained above southern Africa
did not change much and is 0.92± 0.32. The mean ER in
the band with high correlations around 30° N (NHSUB) is
0.98± 0.30. This value is clearly lower than the ER deter-
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Figure 10. Global distribution of correlation coefficients r between MIPAS measurements of C2H2 and HCN in the upper troposphere for
(a) February, (c) April, (e) August, and (g) October, as well as the respective 1C2H2/1HCN enhancement ratios (ERs) in pptv pptv−1 for
(b) February, (d) April, (f) August, and (h) October. White areas are regions with correlation coefficients or enhancement ratios lower than
zero, with C2H2 VMRs lower than 60 pptv, or with bins containing fewer than 10 values. For further details, see Fig. 9.

mined for February and only somewhat above the emission
ratios of potential sources, namely tropical forest fires, burn-
ing of agricultural residues, and savanna fires. This shows the
progressive upper-tropospheric pollution by biomass burning

in tropical eastern Asia and additionally in northern Africa
during spring.

In August, the main burning activity in Africa is focused
southward of the Equator, and there are very high C2H2–
HCN correlations above southern tropical Africa and the
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tropical Atlantic and in a band around 45° S in the Eastern
Hemisphere. High to very high correlations were also ob-
served at northern midlatitudes and high latitudes and in the
AMA region. All these features indicate the common release
of HCN and C2H2 by biomass burning. As confirmation,
the ERs obtained for southern Africa and South America
are 0.75± 0.16 and 0.64± 0.09, which, differently to the re-
spective1HCN/1CO value for southern Africa, are in good
agreement with the emission ratios for savanna and tropical
forest fires. The area above northern Africa and the Middle
East (NAF), covered by the western part of the AMA, ex-
hibits an ER of 1.06± 0.25, pointing to contributions from
biofuel burning. The mean ER for the bins of high corre-
lation above North America and Siberia is 0.55± 0.21 and
0.56± 0.26, respectively, which is in good agreement with
the emission ratio for boreal forest fires (0.55± 0.40).

In October, high correlations with HCN prevail over
large areas in the Southern Hemisphere, which are even
stronger than those between HCN and CO. The mean ERs
for southern Africa and South America are 0.33± 0.08 and
0.34± 0.06, respectively, which is much lower than the val-
ues of August and the emission ratios coming into question.
Presumably, this is an effect of plume aging: in this case,
stronger accumulation of HCN during persistent fire activity
due to its relatively long lifetime. Compared to South Amer-
ica and southern Africa, the mean ER above the Indian Ocean
and Australia is even lower, namely 0.20± 0.08, which also
points to a contribution from peat fires with an emission ratio
of only 0.03 (Table 3).

As an alternative approach, Fig. S10 in the Supplement
shows scatter plots of September and October composites of
C2H2 versus HCN for the whole of southern Africa. The re-
spective ER determined for October is 0.31, which agrees
very well with the bin average given above. In Fig. S12 in
the Supplement, we present monthly distributions of C2H2–
HCN correlation coefficients and ERs for the single year
2003. The spatial patterns of high C2H2–HCN correlation
coefficients are very similar to those of the monthly com-
posites discussed above. Furthermore, the single-month ERs
generally agree well with those for monthly composites.

C2H6 versus HCN

In most regions and months, the C2H6–HCN correlations
(Fig. 11, left column) look very similar to those between CO
and HCN, reflecting the same regional patterns of biomass
burning. Like for HCN versus CO, the correlation coeffi-
cients are lower than those between C2H2 and HCN, indi-
cating a weaker connection. However, it has to be considered
that a certain part of the weaker correlations is due to the
large retrieval error of C2H6 (see Table 2), which results in
a relative retrieval error (divided by VMR) of C2H6 that is 2
times larger than that of C2H2.

The distribution of 1C2H6/1HCN enhancement ratios is
characterized by values considerably higher than 3 in nearly

the whole northern hemispheric extratropics during Febru-
ary, April, and October (Fig. 11, right column). These ERs
are far above the emission ratios for biomass burning (Ta-
ble 3), and C2H6 and HCN are mostly uncorrelated or only
moderately well correlated in this region as well. Both find-
ings point to other sources of enhanced C2H6 at northern
middle and high latitudes during these months, namely ac-
cumulation in boreal winter due to the minimum in the OH
cycle and anthropogenic activities.

During August, very high ERs above 3 also cover a region
extending from the Gulf of Mexico and the central United
States above the northern Atlantic towards Europe and from
the tropical eastern Pacific to northwestern South America.
In these regions, C2H6 is also not correlated with HCN. Thus,
both the high ERs and the missing correlation indicate that
these C2H6 enhancements are not caused by biomass burn-
ing but by losses of ethane in the oil and gas production and
transport (cf. Appendix). During April, i.e., before the on-
set of the North American monsoon, high ERs were also ob-
served but above northern South America and the tropical
eastern Pacific only.

The enhancement ratios in the regions with moderately
high (February) and high correlation coefficients (April) are
generally much lower. During February and April, mean val-
ues for bins with r > 0.6 of 1.83± 0.39 and 1.72± 0.28 were
calculated for northern Africa and the Middle East, respec-
tively. These values are clearly higher than the emission ratio
for savanna or grassland fires (0.86) but are in good agree-
ment with the emission ratios for tropical forest fires (1.80)
or for the burning of agricultural residues (1.69). This ei-
ther implies a dominance of tropical forest burning instead
of savanna fires or additional anthropogenic sources of the
enhanced C2H6. The ERs in the northern hemispheric sub-
tropics are considerably higher, which points to additional
sources and to mixing with air masses from further north.
However, like for C2H2, the considerable decrease from
5.87± 2.85 in February to 2.94± 1.96 in April indicates the
growing contribution of biomass burning.

In August, the mean ERs for the bins with high correlation
coefficients above North America and Siberia are 2.37± 0.72
and 2.37± 0.83, respectively, which is larger than the emis-
sion ratio for boreal fires (1.65). Again, this points to a com-
bination of boreal forest fires and other sources leading to
the enhanced C2H6 in these regions. The mean ER of bins
with high correlations above southern Africa is 1.04± 0.19,
which is somewhat above the emission ratio for savanna fires
(0.86), indicating savanna burning and possibly a certain con-
tribution of tropical forest fires.

The mean ERs for the large area of high southern hemi-
spheric C2H6–HCN correlations in October are 0.86± 0.09
above southern Africa and 0.93± 0.11 above South Amer-
ica, which fit very well to the emission ratio for savanna and
grassland burning. This is the dominant biomass burning pro-
cess in southern Africa during this time of the year. Proba-
bly due to the longer lifetime of C2H6, the October ER for
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Figure 11. Global distribution of correlation coefficients r between MIPAS measurements of C2H6 and HCN in the upper troposphere for
(a) February, (c) April, (e) August, and (g) October, as well as the respective 1C2H6 /1HCN enhancement ratios (ERs) in pptv pptv−1 for
(b) February, (d) April, (f) August, and (h) October. White areas are regions with correlation coefficients or enhancement ratios lower than
zero, with C2H6 VMRs lower than 300 pptv, or with bins containing fewer than 10 values. For further details, see Fig. 9.

southern Africa, contrarily to 1C2H2/1HCN, does not yet
reflect plume aging. In South America, savanna burning and
tropical forest fires have approximately equal contributions
to the annual carbon emissions (van der Werf et al., 2017,
their Fig. 9), but this is not reflected in the upper-tropospheric
ERs obtained from the MIPAS measurements. The mean ER

above the Indian Ocean and Australia is lower (0.64± 0.22),
which again points to contributions from peat fires.

PAN versus HCN

The PAN–HCN correlations (Fig. 12, left column) are com-
parably as strong as those between C2H2 and HCN. Dur-
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ing February, they are very high above Africa, the Mid-
dle East, and the southern tropical Atlantic, as well as in a
smaller region above the North Pacific. The respective mean
ERs are 1.78± 0.28 above northern Africa and the Middle
East, 1.69± 0.26 above southern Africa, 1.62± 0.33 above
South America, and 1.22± 0.22 in the latitude band 20–
45° N. Probably due to its formation as a secondary product
of biomass burning, there is hardly any information on emis-
sion factors of PAN in the literature. From the ERs given in
Tereszchuk et al. (2013a) for ACE-FTS measurements in bo-
real fire plumes, we derived 1PAN/1HCN emission ratios
covering the range of 0.9 to 2.75, most of them lying between
1 and 2.

In April, the region of high correlations has considerably
expanded and nearly covers the whole latitude band from 10
to 40° N and the area between the tropical southern Atlantic,
the southern Indian Ocean, and Australia. The respective ERs
are 1.62± 0.28 (NHSUB), 1.27± 0.20 (SAM), 2.12± 0.77
(SAF), and 1.46± 0.32 (IOAUS), which is in the same range
as in February. At northern middle and high latitudes, PAN is
generally not correlated with HCN and the ERs are as high as
4 or more. Both findings indicate that the NH PAN increase
in boreal spring rather has biogenic sources.

In July, the high correlations in the band 10 to 40° N are re-
stricted to the region from the Middle East to the mid-Pacific.
The mean ER above northern Africa and the Middle East,
covering the western part of the AMA, is 1.93± 0.54, while
it increases to 2.66± 0.91 in the region NHSUB. The band is
interrupted by an area of low correlations, extending from the
Gulf of Mexico above the tropical Atlantic to Europe. Low
correlations were also observed over Europe, Siberia, north-
ern Canada, and the Arctic. All these regions are character-
ized by very high ERs of more than 4. Both the low correla-
tions and the high ERs hint at major contributions from an-
thropogenic or biogenic sources for the PAN enhancements,
as outlined in the Appendix. As shown in Fig. 7, the northern
extratropical PAN–HCN correlations in August and Septem-
ber are higher, which indicates PAN release from biomass
burning during this time. Another region with high correla-
tions in July is southern Africa and the adjacent southern At-
lantic. The mean ER for this region, dominated by pollution
from biomass burning, is 1.16± 0.17, which is lower than
the northern hemispheric values.

Like for the other pollutants, there is a large region of high
correlations in the Southern Hemisphere in October, extend-
ing from tropical South America over the southern Atlantic
to southern Africa and continuing in a band at southern mid-
latitudes. High correlations were also observed in adjacent
regions above northeastern Africa and the eastern Pacific.
The correlations are comparably strong, like those for C2H2
versus HCN. The mean ERs are 1.09± 0.27 above South
America, 1.00± 0.28 above southern Africa, and 0.61± 0.20
above Indonesia and Australia. Again, the low value in the re-
gion around Indonesia and Australia (IOAUS) might also be
caused by contributions of peat fires. The somewhat higher

ERs above northern Africa and eastward of tropical South
America point to additional or different pollution processes.

HCOOH versus HCN

In Fig. 13, we show correlation coefficients and enhancement
ratios for HCOOH versus HCN. In February, there are only
a few bins with mean HCOOH VMRs larger than 60 pptv. A
contiguous area of high correlations is situated above north-
eastern Africa. The respective mean enhancement ratio for
bins with r > 0.6 is 0.77± 0.28, which is clearly above the
emission ratio for savanna burning (0.28) but close to the val-
ues for tropical forest fires (0.65) and for burning of agricul-
tural residues (0.78). Like for 1C2H6/1HCN, this implies
either the observation of pollution by tropical forest fires or
by burning of agricultural residues instead of savanna fires
or biogenic contributions to the enhanced HCOOH. How-
ever, when discussing 1HCOOH/1HCN enhancement ra-
tios, the same caveats with respect to plume aging have to
be taken into account as for 1C2H2/1HCN. The other re-
gions around 45° N, South America and the southern tropical
Atlantic, mostly exhibit moderately strong correlations only
and a larger variation both in r and in the ERs, giving no clear
picture.

In April, the area of high correlations above northeastern
Africa somewhat increases. The mean ER in this region is
0.57± 0.15, which corresponds well with the emission ra-
tios for tropical forest fires. However, compared to Febru-
ary, it can also be an indication for aged pollution. Similarly
to the other pollutants, very high correlations were observed
in the latitude band 20–40° N above the Pacific, the United
States, and the North Atlantic. The mean ER in this area is
0.77± 0.27, which fits well to the emission ratios for tropical
or temperate forest fires and for the burning of agricultural
residues. There are only low to moderate correlations north
of 40° N, indicating that the northern hemispheric HCOOH
increase in spring (cf. Fig. 5) is not caused by biomass burn-
ing but rather by the oxidation of biogenic precursors.

During August, most of the bins in the northern hemi-
spheric extratropics exhibit moderately strong to strong cor-
relations with HCN, with a focus above Siberia and north-
ern North America. The mean ER for bins with r > 0.6 is
1.05± 0.66 for North America and 1.26± 0.45 for Siberia,
which is in good agreement with the emission ratio of 1.15
for boreal forest fires. Thus, both the high correlations and
the ERs indicate the release of HCOOH by boreal fires,
but regions with lower correlations and high ERs, espe-
cially above the northeastern United States, point to biogenic
sources as well (cf. Appendix, Figs. A2 and A3). Strong
correlations were also observed above southern hemispheric
tropical Africa and in a band between 30 and 50° S, extend-
ing from the South Atlantic eastward as far as New Zealand.
The mean ER above southern Africa is 0.92± 0.79. Re-
stricted to southern tropical Africa, it is even lower, namely
0.47± 0.08, which is in good agreement with the emission
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Figure 12. Global distribution of correlation coefficients r between MIPAS measurements of PAN and HCN in the upper troposphere for
(a) February, (c) April, (e) July, and (g) October, as well as the respective 1PAN /1HCN enhancement ratios (ERs) in pptv pptv−1 for (b)
February, (d) April, (f) July, and (h) October. White areas are regions with correlation coefficients or enhancement ratios lower than zero,
with PAN VMRs lower than 100 pptv, or with bins containing fewer than 10 values. For further details, see Fig. 9.

ratio for tropical forest fires and savanna burning. In compar-
ison, the correlation above South America is lower and the
mean ER is 1.19± 0.26, which is clearly above the emission
ratios for biomass burning, indicating biogenic release (cf.
Fig. A3). The ERs in the southern hemispheric band at 40° S

are much higher, namely around 1.5 above the southern At-
lantic and up to 2.5 or larger south of Australia and above
the southern Pacific. Despite the high correlations with HCN
south of Africa and south of Australia, the high ERs rather
indicate a strong portion of biogenic sources of the enhanced

Atmos. Chem. Phys., 25, 1175–1208, 2025 https://doi.org/10.5194/acp-25-1175-2025



N. Glatthor et al.: Upper-tropospheric pollution observed by MIPAS 1199

Figure 13. Global distribution of correlation coefficients r between MIPAS measurements of HCOOH and HCN in the upper troposphere
for (a) February, (c) April, (e) August, and (g) October, as well as the respective1HCOOH/1HCN enhancement ratios (ERs) in pptv pptv−1

for (b) February, (d) April, (f) August, and (h) October. White areas are regions with correlation coefficients lower than zero, with HCOOH
VMRs lower than 60 pptv, or with bins containing fewer than 10 values. For further details see Fig. 9.

HCOOH in this latitude band during this time of the year. As
shown in Fig. A3, a clear region of biogenic sources is tropi-
cal South America, but sources in central/western Africa can
contribute as well.

In October, there are strong correlations in the area be-
tween South America and southern Africa and somewhat
lower ones in the region extending eastward to Australia.
The mean ERs above South America and southern Africa
are 0.54± 0.18 and 0.40± 0.11, respectively. The first value
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is in good agreement with the emission ratio for tropical
forest fires, and the second is in between the latter and
the value for savanna burning. The high correlations indi-
cate that biomass burning is a major source of the enhanced
HCOOH observed in the southern tropics and subtropics dur-
ing this period. However, contrary to the other short-lived
pollutant C2H2, the October ERs of HCOOH have not yet
decreased considerably with respect to the emission ratios
for savanna or tropical forest fires. Thus, if we assume that
the low 1C2H2/1HCN ERs reflect plume aging, this is an
indication for the additional contribution of biogenic release
or secondary production to the observed HCOOH amounts,
giving the false impression of exclusively fresh pollution by
biomass burning only. The correlations in the southern mid-
latitude band are not as high and exhibit a larger variation.
The ERs above the band segment covering the southern At-
lantic and the southern Indian Ocean are nearly as low as in
the southern tropics, leading to a mean ER of 0.73± 0.25.
This indicates that, in October, the dominant source of the
enhanced HCOOH in this region is also biomass burning.
However, especially above the South Pacific, there are still
bins with ERs between 1 and more than 2.5, which point to
biogenic sources or secondary HCOOH formation as well.

5 Summary and conclusions

We compared the seasonal distributions of upper-
tropospheric HCN, CO, C2H2, C2H6, PAN, and HCOOH
measured by MIPAS between July 2002 and April 2012 to
distinguish between different sources of upper-tropospheric
pollution. While enhanced HCN is regarded as a nearly
unambiguous tracer of biomass burning, the other pollutants
have anthropogenic or biogenic sources as well.

At northern middle and high latitudes, maximum HCN,
CO, PAN, and HCOOH amounts were measured during
spring and/or summer, and minima were measured during
winter. On the contrary, maximum northern extratropical
C2H2 and C2H6 amounts were observed during winter and
spring, and minimum values were observed during summer
and fall. The reason is the minimum of their dominant reac-
tant, the OH radical, and enhanced biofuel and fossil fuel
burning during winter. In the tropics and subtropics, en-
hanced amounts of all pollutants were observed during each
season, especially widespread in the Southern Hemisphere
during austral spring. Due to its long lifetime, enhanced
HCN was even measured at high southern latitudes during
austral summer. Another characteristic feature observed is
transatlantic transport of C2H6 and PAN in boreal summer.
This transport pattern is not accompanied by enhanced HCN,
which points to C2H6 release from fossil fuel production and
transport around the Gulf of Mexico and subsequent forma-
tion of PAN. Simultaneous observation of enhanced HCOOH
indicates biogenic sources in the eastern United States as
well. Biogenic sources of HCOOH can also be identified in

the Amazon region and, with certain limitations, in tropical
Africa. Further measurements are the accumulation of pollu-
tants in the Asian monsoon anticyclone during boreal sum-
mer and enhanced C2H2 over southeastern Asia in boreal
winter.

To quantify the assumptions on the sources of the other
pollutants, we additionally performed correlation analyses
with HCN in latitude–longitude bins covering the whole up-
per troposphere. These analyses mostly confirmed the con-
clusions obtained from comparison of the VMR distribu-
tions. For example, in the area of the southern hemispheric
biomass burning plume, the other pollutants are very well
correlated with HCN. Also, a high correlation of C2H2 and
PAN with HCN in the tropics during all other seasons gener-
ally points to biomass burning as an important source of these
pollutants, while the weaker correlation of CO, C2H6, and
HCOOH with HCN hints at additional anthropogenic and
biogenic sources. The analysis also showed that the VMR
enhancements of CO, PAN, and HCOOH in large regions
north of 50° during boreal spring and early summer are rather
uncorrelated or only moderately well correlated with HCN,
indicating other anthropogenic and biogenic sources. In Au-
gust and September, during and after the peak of the bo-
real fire season, the respective correlations become stronger,
pointing to the release of these species by boreal fires as well.

Although the 1HCN/1CO enhancement ratios presented
here are monthly composites, there is good agreement with
ACE-FTS values derived from individual plumes in different
global regions. Furthermore, the enhancement ratios deter-
mined for middle and high latitudes in July are in between
the emission ratios derived from the emission factors for ex-
tratropical or boreal forest fires given in Andreae and Merlet
(2001) and in Andreae (2019) but are a factor of 3–5 lower
than the emission ratios corresponding to the values listed in
Akagi et al. (2011). The 1HCN/1CO ERs obtained for the
plume above northern tropical Africa and the Middle East
during boreal spring are clearly below the respective emis-
sion ratios for biomass burning, indicating additional sources
of the observed CO. In the southern hemispheric plume, the
observed ERs agree well with the emission ratios for tropical
forest fires and savanna burning derived from the emission
factors given in Andreae (2019). They also match the val-
ues given in Akagi et al. (2011) but are significantly higher
than the emission ratios corresponding to the values for sa-
vanna burning and for tropical forest fires of Andreae and
Merlet (2001). The highest 1HCN/1CO enhancement ra-
tios, observed above the tropical Indian Ocean and northern
Australia, are most probably caused by intensive peat fires in
Indonesia during the El Niño years 2002/03 and 2006/07.

Although C2H2 and HCOOH have a considerably shorter
atmospheric lifetime than HCN, their enhancement ratios to
HCN obtained for northern midlatitudes and high latitudes
during August agree well with the emission ratios for bo-
real fires. The 1C2H2/1HCN ERs obtained for the pollu-
tion above northeastern Africa and the Middle East in boreal
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spring fit well to the emission ratio for the major local burn-
ing process, namely savanna fires, but also to those for the
burning of tropical forest and agricultural residuals. The re-
spective 1HCOOH/1HCN ERs are clearly higher than the
emission ratio for savanna fires and indicate tropical forest
fires, the burning of agricultural residuals, or (considering the
dominance attributed to savanna burning) the additional bio-
genic release of HCOOH. The1C2H6/1HCN ERs at north-
ern middle and high latitudes are higher than the emission
ratios, indicating additional sources of C2H6. The respective
ERs obtained for pollution above northeastern Africa also
hint to tropical forest fires rather than savanna burning or al-
ternatively to additional anthropogenic sources. For southern
hemispheric biomass burning, the1C2H2/1HCN ERs agree
well with the emission ratios for savanna and tropical forest
burning during August, while the October ERs indicate aged
pollution. The SH 1C2H6/1HCN ERs are in good agree-
ment with the emission ratios for savanna fires in both Au-
gust and October. Especially above the Amazon region, the
1HCOOH/1HCN ERs for August are considerably higher
than the emission ratios for savanna or tropical forest fires,
indicating the biogenic release of HCOOH. In October, they
fit better to these fire types, which hints to a large impact of
biomass burning on enhanced southern hemispheric HCOOH
during this time of the year.

Appendix A: Global distributions at 10–11 km altitude
and at 5 km below the tropopause

Here we present regions of upper-tropospheric pollution,
which become more visible at the geometrical altitude of
10 km and at 5 km below the tropopause.

Southern Asian biofuel burning

Especially in boreal winter, enhanced C2H2 VMRs, accom-
panied by low HCN amounts, were observed above southern
and southeastern Asia around the altitude of 10 km (Fig. A1).
At this height, one C2H2 plume is situated above central and
northeastern Africa, and another one is situated above south-
ern and southeastern Asia (Fig. A1a). Eastward outflow from
the Asian plume leads to enhanced C2H2 above the subtropi-
cal northern Pacific, Central America, the United States, and
even the northern Atlantic. There is also enhanced HCN over
Africa but only background HCN over southeastern Asia and
rather depleted HCN above the subtropical Pacific and Cen-
tral America (Fig. A1b). This indicates that the source of the
southeastern Asian C2H2 plume is not biomass burning but
rather biofuel or fossil fuel combustion. Indeed, according to
Streets et al. (2003), biofuel burning is the dominant source
of C2H2 released in southern and southeastern Asia.

Transatlantic transport in boreal summer

Figure A2 shows the global distribution of C2H6 and of
other pollutants at 10 km altitude for the July composite.
Air masses containing enhanced C2H6 amounts of up to
900 pptv, apparently originating from the Gulf of Mexico
and the southeastern United States, are transported over the
northern Atlantic towards Europe (Fig. A2a). Another region
of enhanced C2H6 is the Pacific southwest of Central Amer-
ica. Transport of pollution into the upper troposphere above
Central America is favored by strong convection during sum-
mer. The southern US is characterized by very strong convec-
tion during the North American monsoon as well (Randel et
al., 2012, and references therein). The C2H6 plume extend-
ing from the Gulf region towards Europe is not correlated
with C2H2 or HCN (Fig. A2b and c). This indicates that the
enhanced C2H6 originates from losses during production and
transport of oil and gas, e.g., by improperly operated gas flar-
ing, in the Gulf region. According to Elvidge et al. (2016),
the worldwide largest number of flare sites is located in the
United States, with a focus near the Gulf of Mexico. A con-
siderable number of further flare sites are in Mexico and in
northern South America. Another source is the considerably
increased fracking in the United States during the late MI-
PAS measurement period (Franco et al., 2016; Helmig et al.,
2016). There is also no correlation with HCN and just a weak
correlation with C2H2 above the Pacific southwest of Central
America.

The spatially well correlated plume of enhanced PAN ex-
tending from the Gulf of Mexico towards Europe (Fig. A2d)
hints at the generation of PAN as a secondary product of the
hydrocarbons released by the oil and gas industries. How-
ever, the nearly congruent plume of HCOOH (Fig. A2e)
points to strong biogenic activity as well and thus to the
possible release of PAN precursors from biogenic sources.
A correlation analysis for the pollutants in the plume extend-
ing above the northern Atlantic (30–45° N, 30–90° W) for the
month of August results in Pearson correlation coefficients
of r = 0.50 for HCOOH versus C2H6, of r = 0.69 for PAN
versus C2H6, and of r = 0.65 for PAN versus HCOOH. This
indicates a comparably weak interrelation between HCOOH
and C2H6 but possible industrial and biogenic sources of
the observed PAN. Biogenic release of the PAN precursor,
acetone, from the southeastern United States was observed
by Franco et al. (2019) in an analysis of data from the In-
frared Atmospheric Sounding Interferometer (IASI) on the
MetOp-A satellite. Measurements of the Ozone Monitoring
Instrument (OMI) (http://www.temis.nl/airpollution, last ac-
cess: 20 January 2025) show that a possible source of the
NOx amounts required for PAN formation is anthropogenic
pollution in the eastern United States. However, lightning
activity can also play a major role. According to Hudman
et al. (2007), lightning is the dominant source of the upper-
tropospheric NOx observed during summer above the south-
eastern United States. Compared to the large plume above the
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Figure A1. Global distributions of (a) C2H2 and (b) HCN measured by MIPAS at 10 km altitude during December to February, averaged
over the time period 2002 to 2012. White areas: no data due to cloud filter.

Figure A2. Global distributions of (a) C2H6, (b) C2H2, (c) HCN, (d) PAN, and (e) HCOOH measured by MIPAS at 10 km altitude during
July, averaged over the time period 2002 to 2012.
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Figure A3. Global distributions of (a) HCOOH and (b) HCN measured by MIPAS at 5 km below the tropopause during August, averaged
over the time period 2002 to 2012.

northern Atlantic, there is only a weak and spatially very re-
stricted PAN enhancement over Central America. This might
be due to lower amounts of NOx in this region, as indicated
by OMI measurements.

Global HCOOH and HCN during August

In Fig. A3, we show global distributions of the August
composites of HCOOH and of HCN at 5 km below the
tropopause. The HCOOH distribution (Fig. A3a) exhibits
one tropical source in the Amazon region and another one
in western/central Africa. The enhanced HCOOH amounts
above tropical South America obviously originate from bio-
genic sources, since only background HCN amounts were
observed there (Fig. A3b). The elevated HCOOH above
western Africa is accompanied by a local HCN maximum,
which, however, is centered somewhat further south. This
hints to biogenic sources of the HCOOH observed in this
region but to release by biomass burning as well. While the
HCOOH enhancement at southern hemispheric midlatitudes
is as strong as in the tropical source regions, HCN is only
moderately enhanced in this region. This indicates that the
HCOOH amounts observed at southern midlatitudes during
August are also dominated by biogenic sources in tropical
South America and potentially in western Africa as well.

As already shown in Fig. A2, there is another source of en-
hanced HCOOH in central and eastern North America with
outflow over the northern Atlantic. Since these HCOOH en-
hancements are not correlated with HCN, they seem to also
have biogenic sources. For the HCOOH enhancements above
northern Europe, Siberia, and the Canadian Arctic, such a
clear separation between biogenic sources and biomass burn-
ing can not be performed.

Data availability. MIPAS HCN, CO, C2H2, C2H6, PAN, and
HCOOH data can be downloaded from the IMK data server (https:
//www.imk-asf.kit.edu/english/308.php, KIT, 2024).
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