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Abstract. Total gaseous mercury (TGM) was measured onboard a passenger aircraft during monthly CARIBIC flights
(Civil Aircraft for Regular Investigation of the Atmosphere
Based on an Instrumented Container) made between May
2005 and March 2007 on the routes Frankfurt–São Paulo–
Santiago de Chile and back and Frankfurt–Guangzhou–
Manila and back. The data provide for the first time an
insight into the seasonal distributions of TGM in the upper
troposphere and lower stratosphere (UT/LS) of both hemispheres and demonstrate the importance of mercury emissions from biomass burning in the Southern Hemisphere.
Numerous plumes were observed in the upper troposphere,
the larger of which could be characterized in terms of Hg/CO
emission ratios and their probable origins. During the flights
to China TGM correlated with CO in the upper troposphere
with a seasonally dependent slope reflecting the longer lifetime of elemental mercury when compared to that of CO.
A pronounced depletion of TGM was always observed in
the extratropical lowermost stratosphere. TGM concentrations there were found to decrease with the increasing concentrations of particles. Combined with the large concentrations of particle bond mercury in the stratosphere observed
by others, this finding suggests either a direct conversion of
TGM to particle bound mercury or an indirect conversion via
Correspondence to: F. Slemr
(slemr@mpch-mainz.mpg.de)

a semivolatile bivalent mercury compound. Based on concurrent measurements of SF6 during two flights, the rate of
this conversion is estimated to 0.4 ng m−3 yr−1 . A zero TGM
concentration was not observed during some 200 flight hours
in the lowermost stratosphere suggesting an equilibrium between the gaseous and particulate mercury.

1

Introduction

The unique physico-chemical properties of mercury render
it to be the only heavy metal which is being emitted as elemental vapour into the atmosphere. Once emitted it is transported over long distances because of its slow oxidation rate
and low solubility. After oxidation to less volatile and more
soluble compounds, mercury can be deposited in remote areas. Its conversion to highly neurotoxic methyl mercury and
the bioaccumulation of the latter in the aquatic nutritional
chain to concentrations dangerous for humans and animals
has motivated intensive research on the biogeochemical cycle of mercury (e.g. Mergler et al., 2007; Scheuhammer et
al., 2007; Lindberg et al., 2007, and references therein).
Despite decades of research, the atmospheric mercury cycle is still not well understood (Lin et al., 2006; Lindberg et
al., 2007). Several mechanisms of elemental mercury oxidation in the gaseous phase have been proposed (Selin et al.,
2007; Holmes et al., 2006) but their relative importance is
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still unknown (Lin et al., 2006). Neither have the oxidation
products been unequivocally identified so far because of lack
of speciation techniques for individual mercury compounds.
In addition, attempts to constrain the atmospheric mercury
cycle models relied almost exclusively on ground based measurements in the Northern Hemisphere, which severely compromise their results. Only recently, progress in measurement techniques has enabled extensive but short term aircraft
measurements of mercury distribution in the troposphere and
lower stratosphere (Ebinghaus and Slemr, 2000; Friedli et
al., 2003a, 2004; Banic et al., 2003; Ebinghaus et al., 2007;
Radke et al., 2007; Talbot et al., 2007, 2008; Swartzendruber
et al., 2008). These measurements have so far provided information about the emissions of mercury from biomass burning (Friedli et al., 2003b; Ebinghaus et al., 2007) and from
industrial sources (Friedli et al., 2004; Talbot et al., 2008;
Swartzendruber et al., 2008), with sometimes conflicting information about the vertical distribution of mercury (Ebinghaus and Slemr, 2000; Radke et al., 2007; Talbot et al., 2007,
2008). In addition, a pronounced depletion of elemental mercury in stratospheric air masses and air masses influenced by
the stratosphere has been observed (Ebinghaus et al., 2007;
Radke et al., 2007; Talbot et al., 2007, 2008; Swartzendruber
et al., 2008).
In this paper we report the first results of long term
mercury measurements in the upper troposphere and lower
stratosphere made during monthly CARIBIC (Civil Aircraft
for Regular Investigation of the Atmosphere Based on
an Instrumented Container) flights (Brenninkmeijer et al.,
2007). The observations made over the period from May
2005 to March 2007 will be discussed in terms of mercury
emissions, of the mercury distribution in the upper troposphere and of the stratospheric mercury depletion.

2

Experimental

The new CARIBIC container (Brenninkmeijer et al., 2007;
http://www.caribic-atmospheric.com) onboard an Airbus
340-600 of Lufthansa holds automated analyzers for gaseous
mercury, CO, O3 , NO, NOy , CO2 , total and gaseous water vapor, oxygenated organic compounds, and fine particles
(three counters for particles with diameters >4 nm, >12 nm,
and >18 nm), as well as one optical particle counter for particles with diameters >150 nm. In addition, air and aerosol
particle samples are taken in flight and analysed after the
flight for greenhouse gases, halocarbons, hydrocarbons, and
particle elemental composition and morphology.
The inlet system and instrument tubing are described in
detail by Brenninkmeijer et al. (2007). The trace gas probe
consists of a 3 cm inner diameter diffuser tube with a forward facing inlet orifice of 14 mm diameter and outlet orifice of 12 mm diameter providing an effective ram pressure of
about 90–170 hPa depending on cruising altitude and speed.
The inlet cone of the trace gas probe is heated to prevent icAtmos. Chem. Phys., 9, 1957–1969, 2009
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ing. A small fraction of the air passing through the diffuser
is withdrawn from the center flow by a 12 mm ID PFA lined
tube perpendicular to the flow direction. This gas tube, the
attached 3 m long, 16 mm ID PFA lined transfer tube to the
container, and the 1.5 m long 16 mm ID PFA tubing within
the container to an instrument manifold are heated to ∼40◦ C.
The ram pressure forces about 95 l/min at 350 hPa of sample
air through the main sampling line and the manifold. The
air sample for the mercury analyzer is taken at a flow rate
of 0.5 l (STP)/min from the manifold using the 4 mm ID PFA
tubing heated by the energy dissipated in the container to
about 30◦ C. The arrangement is similar to that described by
Talbot et al. (2008). The large flow through the trace gas diffuser tube of more than 2000 l/min and perpendicular sampling at much smaller flow rates of about 100 l/min discriminate against particles larger than about one micrometer diameter (50% aspiration efficiency, Baron and Willeke, 2001).
The mercury instrument, which is based on an automated
dual channel, single amalgamation, cold vapor atomic fluorescence analyzer (Tekran-Analyzer Model 2537 A, Tekran
Inc., Toronto, Canada) is described by Brenninkmeijer et
al. (2007). The instrument features two gold cartridges.
While one is adsorbing mercury during a sampling period,
the other is being thermally desorbed using argon as carrier
gas. Hg is detected using cold vapor atomic fluorescence
spectroscopy (CVAFS). The functions of the cartridges are
then interchanged, allowing continuous sampling of the incoming air stream. A 45 mm diameter PTFE pre-filter (pore
size 0.2 µm) protects the sampling cartridges against contamination by particles which pass through the inlet system.
The sample air was compressed from the total pressure at
flight altitude (ambient static pressure plus ram pressure) to
about 500 hPa needed to operate the instrument with its internal pump. Extensive laboratory tests of this diaphragm
pump did show neither any contamination of the system with
Hg nor Hg losses which would lead to memory effects. To
avoid a contamination of the instrument and of the tubing
connecting the sampling manifold with the instrument during ascents and descents in heavily polluted areas near most
of the larger airports, the sampling pumps are switched only
at ambient pressure below 500 hPa. Consequently, no measurements below an altitude of about 5 km are available.
The atomic fluorescence spectroscopy detector (AFS) of
the instrument is operated at cabin pressure of 750–1000 hPa
(in the analysis mode the detector is decoupled from the inlet pressure). The pressure dependence of the AFS detector
sensitivity was extensively investigated in the range of 300
to 1000 hPa and was found to be proportionally dependent
on the outlet pressure. The measurements were corrected
for this dependence using a pressure transducer in the outlet of AFS detector. This correction is in agreement with
earlier findings by Ebinghaus and Slemr (2000) and can be
explained in the following way. At low concentrations of
elemental mercury and thus small absorption of the excitation radiation from the mercury lamp the fluorimeter signal
www.atmos-chem-phys.net/9/1957/2009/
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is given by
Signal=f (θ )g(λ)φf Po σ Ln
where f (θ) represents a geometrical factor that is determined
by the solid angle of the fluorescing radiation observed by
the photodetector, g(λ) is a factor defining the wavelength
dependent efficiency of the photodetector, φf represents the
fraction of excited atoms that fluoresce (assuming no quenching), Po is the incident radiation power, σ is the absorption
cross section of the mercury atoms for the incident ration, L
is the path length, and n is the number density of the mercury atoms (Strobel, 1973, modified for this particular case).
The pressure dependence of the AFS detector observed by
us essentially reflects the pressure dependence of the number density of mercury atoms in the detector and suggests an
absence of quenching effects. Swartzendruber et al. (2008)
attribute the influence of pressure on the AFS sensitivity to
the changing residence time of Hg atoms in the fluorescence
cell. Both explanations lead to the same pressure dependence
of the AFS detector sensitivity.
As the number of gas cylinders that supply the instruments
in the container is limited, a gas mixture of 0.25% CO2 in argon is used as operating gas both for the CO and mercury instruments. The addition of CO2 to argon was found to reduce
the sensitivity of the fluorescence detector by 35%. Consequently, the sampling interval had been initially set to 15 min
(∼225 km flying distance, flights to March 2006) with an air
sample flow rate at STP of 0.5 l min−1 , and has been reduced
to 10 min since April 2006. The instrument is calibrated after every other flight by repeated injection of known amounts
of mercury. A detection limit ∼0.1 ng Hg m−3 and a reproducibility of about 0.05 ng Hg m−3 is achieved at our operating conditions. All concentrations are reported in ng Hg m−3
(STP, i.e. 1013.25 hPA and 273.15 K).
Swartzendruber et al. (2006) suggest that reactive gaseous
mercury (RGM) concentrations increase with altitude from a
few percent of total gaseous mercury (TGM) near the ground
and may reach substantial proportion of TGM at flight altitudes of the CARIBIC aircraft of 8–12 km. RGM is thought
to include the gaseous bivalent products of GEM oxidation
such as HgO and HgBr2 (Lin et al., 2006) but is, in absence
of substance specific analytical techniques, defined operationally as mercury compounds which are adsorbed by KCl
coated denuder (e.g. Munthe et al., 2001; Landis et al., 2002).
Opposite to gaseous elemental mercury (GEM) which is not
influenced by PFA surfaces, the RGM compounds are known
to be sticky and substantial losses of RGM in inlet systems
have been reported for ground based measurements (Landis et al., 2002; Swartzendruber et al., 2008). On the other
side Temme et al. (2003a) reported no RGM losses in the
sampling tubing during TGM measurements in Antarctica at
conditions similar to that encountered by us in the upper troposphere and lower stratosphere (UT/LS), i.e. at low humidity and low temperature. To find out whether RGM is being
www.atmos-chem-phys.net/9/1957/2009/
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measured by our instrument, a soda lime trap was inserted
downstream of the PTFE filter and upstream of one of the two
gold traps in the instrument. Soda lime trap is known to trap
quantitatively RGM while passing through GEM (Prestbo
and Bloom, 1995; Landis et al., 2002). Mercury measured
with the soda lime trap was substantially lower than mercury
measured without the trap in the upper troposphere during
several flights, and reached occasionally zero concentrations
in the lower stratosphere. This observation is in agreement
with a recent report of zero GEM concentrations in upper
troposphere (8–12 km) by Talbot et al. (2007). Mercury observed with the gold collector without the soda lime trap must
then have consisted entirely of RGM. These observations
demonstrate that a substantial part of RGM is transmitted by
our inlet system to the instrument. A quantitative determination of the RGM sampling efficiency would require a standard RGM addition in the inlet during the flight which is currently challenging even onboard a research aircraft. Within
the constraints imposed by the container operation onboard
a passenger aircraft, it is not feasible. Consequently, for
a final judgment on the RGM sampling efficiency we have
to wait for fly-by intercomparisons with mercury speciation
measurements onboard a research aircraft. Nevertheless, the
experiments with the soda lime trap demonstrated that a substantial part of RGM is being measured by our system. Based
on measurements made by Temme at al. (2003a) we assume
that our measurements represent or are close to total gaseous
mercury (TGM) and we refer to them as such.
The data reported here were obtained between May 2005
and March 2007 during CARIBIC flights listed in Table 1. Seven of these flights were conducted on the route
Frankfurt–São Paulo–Santiago de Chile and twelve on the
route Frankfurt–Guangzhou–Manila and back with flight
paths shown in Fig. 1. The altitude of the long range flights
varies typically from about 9 km at the beginning of the flight
to about 11–12 km at the end. All flights consisted of 4 individually numbered legs. In addition to the meteorological data provided by the aircraft, meteorological parameters
along the flight track were calculated from the ECMWF (European Centre for Medium Range Weather Forecasts) data
(6-hourly, 60 model levels until February 2006 and 90 model
levels thererafter, 1◦ ×1◦ horizontal resolution). Eight day
backward, 3-D kinematic trajectories were calculated with
the KNMI model TRAJKS (Scheele et al., 1996) at one
minute intervals along the flight path. Consequently, 15 or 10
trajectories were available for each mercury measurement.
For the data evaluation, the complementary continuous
meteorological and chemical data were averaged to the sampling intervals of mercury measurements. Wherever slopes
of correlation lines are mentioned, they are calculated using
orthogonal (major axis) regressions (York, 1966; Cantrell,
2008) which take into account the measurement uncertainties of both correlated parameters. For Hg/CO correlations
the measurement uncertainties for TGM and CO were set to
0.05 ng m−3 and 1 ppb, respectively.
Atmos. Chem. Phys., 9, 1957–1969, 2009
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Table 1. CARIBIC flights from May 2005 to March 2007.
Flight No.

Route

Date

Time
resolution [min]

110–113
114–117
118–121
122–125
126–129
130–133
134–137
138–141
142–145
146–149
150–153
154–157
158–161
162–165
166–169
170–173
174–177
178–181
182–185

Frankfurt–Guangzhou–Manila
Frankfurt–São Paulo–Santiago de Chile
Frankfurt–São Paulo–Santiago de Chile
Frankfurt–São Paulo–Santiago de Chile
Frankfurt–São Paulo–Santiago de Chile
Frankfurt–Guangzhou–Manila
Frankfurt–São Paulo–Santiago de Chile
Frankfurt–São Paulo–Santiago de Chile
Frankfurt–São Paulo–Santiago de Chile
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila
Frankfurt–Guangzhou–Manila

19–21 May 2005
20–22 Jun 2005
17–29 Jul 2005
30 Aug–1 Sep 2005
4–6 Oct 2005
14–16 Nov 2005
14–16 Dec 2005
20–22 Feb 2006
20–22 Mar 2006
27–29 Apr 2006
29–31 May 2006
5–7 Jul 2006
31 Jul–2 Aug 2006
7–9 Sep 2006
20–21 Oct 2006
14–16 Nov 2006
13–15 Dec 2006
5–7 Feb 2007
6–8 Mar 2007

15
15
15
15
15
15
15
15
15
10
10
10
10
10
10
10
10
10
10

Fig. 1. Tracks of the CARIBIC flights made since December 2004 to March 2007.

3

Results and discussion

In this section we will first analyse the distinct mercury
plumes observed during the flights to China. The plumes obAtmos. Chem. Phys., 9, 1957–1969, 2009

served during the flights to South America originated mostly
from biomass burning and their analysis has already been
presented by Ebinghaus et al. (2007). In the second part
we will discuss a seasonal distribution of TGM in the upper

www.atmos-chem-phys.net/9/1957/2009/

F. Slemr et al.: Gaseous mercury distribution in the UT/LS

1961

troposphere derived for both flight routes. In the last part we
will analyse the TGM measurements made above the extratropical tropopause, i.e. within the lowermost stratosphere.
3.1

Plumes observed during to flights to Guangzhou

Figure 2 shows an overview of the measurements made during the flight from Frankfurt to Guangzhou on 19–20 October 2006. The potential vorticity (in the uppermost panel
below the heading) implies that most of the flight occurred in
the upper troposphere (PV<2 PVU) with two short sections
around the tropopause (with PV=2.0–3.5 PVU) before midnight and at about 01:45 UTC on 20 October. This is confirmed by the enhanced ozone of 100–139 ppbv and lower
water vapor concentrations of ∼30 ppmv shown in the second and third panels. Note that TGM (the lowermost panel)
also tends to display lower concentrations during these sections. The CO concentrations (second panel), NO and NOy
concentrations (third) and CH3 CN, CH3 COCH3 , CH3 OH,
and TGM (lowermost) indicate the crossing of four distinct plumes at about 02:00–02:40 (plume A), 03:05–03:45
(plume B), 04:00–04:45 (plume C), and after 05:20 (plume
D) at an altitude of 10.2–11.4 km. The plumes each extended
over about 600 km and different ratios of the trace gases in
each plume suggest different origins. The last two plumes
(C and D) were observed also during the return flight about
14 h later at pressure altitudes of 8.4–9.6 km indicating their
substantial vertical extent. Enhanced CH3 CN concentrations
in the plume C indicate a strong contribution from biomass
burning.
The 8-day backward trajectories for plumes A and B
are similar, starting over the Mediterranean, traversing the
Southern Mediterranean coast, then crossing the Mediterranean to the North at about 30◦ E up to Black Sea and heading then east at around 45◦ N (not shown). The trajectories run most of the time at 300 hPa. The sections lowest
in the troposphere and with a pressure as high as 500 hPa
occurred over Southern Spain and Libya from where the observed plumes might originate. In fact, the plumes A and B
might be two parts of the same plume separated by a flight
section at a lower altitude (see Fig. 2). Backward trajectories
for plume C start above the Eastern Atlantic Ocean above
200 hPa, cross the Sahara, Northern Arabic Peninsula, Iran
and Pakistan before arriving at about 34◦ N and 95◦ E. The
lowest point of about 400 hPa was reached above Northern
India. Numerous fire counts were detected by satellite in this
area which is in agreement with the high CH3 CN concentrations observed in this plume. The plume D which is more
pronounced during the return flight on 20 October seems to
originate mostly from Southern China where the backward
trajectories reach 850 hPa or even strike the surface.
The Hg/CO ratios calculated from orthogonal regressions
are summarised in Table 2. Regressions were made only for
plumes C and D of the flight on 20 October since the plumes
A and B were not observed during the return flights and
www.atmos-chem-phys.net/9/1957/2009/

Fig. 2. Overview of the measurements made during the flight #166
on 19 October 2006, from Frankfurt to Guangzhou.

thus there were not enough points for correlations. Further
plumes were observed on 6 July, and 1 August 2006, over
the Chinese province of Szechwan and the backward trajectories suggest that Southern China is the probable source
area. The correlation on 8 September 2006, essentially reflects the TGM and CO gradients between elevated concentrations over the continental shelf area of South China Sea
and low concentrations over Philippines. This and the changing air flow patterns during the flight make it impossible to
ascribe the gradient to a specific plume and may be responsible for an unusually high Hg/CO ratio. Other Hg/CO ratios
in Table 2 compare well with about 5 pg m−3 ppb−1 reported
recently for Asian outflow in Table 3, except the plume C
on 20 October 2006, with a substantially lower ratio. The
low Hg/CO ratio of the plume C of 3.9 pg m−3 ppb−1 and
the elevated CH3 CN concentrations indicate a mixture of the
emissions typical for Asian outflow with those of biomass
burning.

Atmos. Chem. Phys., 9, 1957–1969, 2009
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Table 2. Hg/CO ratios in plumes observed during the flights Frankfurt–Guangzhou–Manila and back.
Date
6 Jul 2006
1 Aug 2006
8 Sep 2006
20 Oct 2006, plume C
20 Oct 2006, plume D

Latitude [◦ N]
25.1–31.1
23.9–30.6
15.3–22.7
30.4–38.1
23.4–31.0

Longitude [◦ E]
100.3–108.2
102.4–112.8
113.6–120.5
89.5–103.3
100.2–112.0

Fig. 3. Time-latitude distribution of tropospheric TGM concentrations observed during the CARIBIC flights from Frankfurt to South
America. The data were binned by the month of the year and by
10◦ latitude.

3.2

Distribution of TGM concentrations in the troposphere

To distinguish between tropospheric and stratospheric air,
Zahn et al. (2002) proposed an empirically derived criterium based on the seasonally varying of O3 concentrations
at the tropopause in the Northern Hemisphere. Unfortunately, a similar criterium for the Southern Hemisphere is not
available. Consequently, for Southern Hemisphere we apply the potential vorticity (PV) criterium of PV<−1.5 PVU
(1 PVU=10−6 K m2 Kg−1 s−1 ) to distinguish between tropospheric and stratospheric samples. In view of the long
sampling times corresponding to a spatial resolution of
150–200 km, a spatially highly resolved description of the
tropopause is not required and the use of PV is justified.
3.2.1

North-South distribution

The North-South distribution of TGM concentrations was
observed during seven flights to South America made beAtmos. Chem. Phys., 9, 1957–1969, 2009

Hg/CO emission
ratio [ng m−3 ppb−1 ]
6.52±0.62
7.31±1.13
9.40±1.92
3.90±0.86
6.93±1.74

R 2 , n, confidence level
0.901, 14, >99.9%
0.722, 18, >99.9%
0.639, 15, >99.9%
0.515, 21, >99.9%
0.457, 20, >99%

tween May 2005 and March 2006. Despite several missing
monthly measurements (January, April, May, November) we
summarized these measurements in Fig. 3 as an annual timelatitude diagram. For this the data were binned by the month
of the year and by 10◦ latitude. Measurements made over
Europe within 45–55◦ N and 3–14◦ E during the flights to
China were added to increase the number of data points at
northernmost latitudes.
The TGM concentrations peaked around 50◦ N and exhibited a pronounced seasonal variation with a maximum
of ∼ 2.2 ng m−3 in September–October and a minimum of
∼1.4 ng m−3 in December–April. A secondary maximum of
∼1.8 ng m−3 in June can probably be ascribed to enhanced
convective activity in the warm season. TGM concentrations
show a general latitudinal gradient from higher concentrations in the Northern Hemisphere, where most of the anthropogenic sources are located, to lower values in the Southern
Hemisphere (SH). A pronounced seasonal variation is observed at the southernmost latitude of 20–35◦ S with a maximum of ∼ 1.5 ng m−3 in August–October and a minimum
of ∼ 0.9 ng m−3 in the austral summer. As described by
Ebinghaus et al. (2007) the high SH TGM values observed in
August–October were almost always connected with plumes
of biomass burning.
The time-latitude distribution can be compared with surface observations and with the distribution of other trace
gases. Opposite to a fairly weak and uniform N-S gradient
in the upper troposphere, a steep north-south TGM gradient
across the ITCZ was observed from ships over the Atlantic
Ocean (Slemr et al., 1985; Temme et al., 2003b). This and
the increasing amplitude of the seasonal variability above the
more northern latitudes of the Northern Hemisphere (NH) are
similar to the observed and modeled global SF6 distribution
(Gloor et al., 2007) and point to northern midlatitudes as a
major mercury source region.
The seasonal variation of mercury concentrations in the
NH at most of the remote surface sites at middle latitudes is
characterized by a maximum around March and a minimum
around September (e.g. Slemr and Scheel, 1998; Ebinghaus
et al., 2002; Kellerhals et al., 2003), although maxima in
summer and minima in winter have also been observed at a
few sites (e.g. Lindberg et al., 1991). The seasonal variation
www.atmos-chem-phys.net/9/1957/2009/
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Table 3. An overview of recently reported Hg/CO ratios.
Source

Average
[pg m−3 ppb−1 ]

Shanghai
Asian outflow
European outflow
Asian outflow
US industrial
Anchorage
Honolulu
Asian outflow
Biomass burning
Biomass burning,
Pacific Northwest
Biomass burning,
Alaska
Biomass burning,
South America

6.4
5.6±1.6 (n=6)
5.0±2.1 (n=15)
4.6±1.3 (n=10)
1.1±1.4 (n=2)
5.9
3.3
6.6±0.3
0.5
1.3±0.8 (n=7)

Range
[pg m−3 ppb−1 ]

0.4–2.4

Friedli et al. (2004)
Jaffe et al. (2005)
Slemr et al. (2006)
Weiss-Penzias et al. (2007)
Weiss-Penzias et al. (2007)
Talbot et al. (2008)
Talbot et al. (2008)
Swartzendruber et al. (2008)
Friedli et al. (2003a, b)
Weiss-Penzias et al. (2007)

1.4±0.6 (n=3)

0.8–2.0

Weiss-Penzias et al. (2007)

1.6±0.7 (n=2)

1.1–2.1

Ebinghaus et al. (2007)

3.6–7.4
1.7–8.4
3.2–6.8
0.09–2.1

6.2–6.8

observed in the upper troposphere of the NH in Fig. 3 with a
maximum in September–October thus provides no clear insight into the predominant pattern.
The only available information about seasonal variation
in the SH, to our knowledge, is provided by measurements
at Cape Point (Slemr et al., 2008). The maximum mercury concentrations at Cape Point over the period 1999–2004
were observed in February and the minimum in August and
September. The maximum at the ground is delayed against
the maximum in the upper troposphere towards the end of
the burning season. N-S transport by the large scale seasonal ITCZ movement with a maximum in December may
also contribute to the observed delay (Slemr et al., 2008).
The lack of data in the time-latitude distribution of TGM
concentrations in Fig. 3, a substantial interannual variability of the atmospheric mercury concentrations observed at
the ground sites (e.g. Ebinghaus et al., 2002), and the lack
of mercury monitoring sites in the SH do not allow to retrieve representative vertical gradients yet. For comparison, only maximum and minimum mercury concentrations
at one surface site in each hemisphere are given. At Mace
Head (53◦ N) with the more typical NH seasonal variation,
the maximum and minimum background mercury concentrations were on average 1.83±0.07 and 1.58±0.07 ng m−3
in March and September, respectively, over the period 1998–
2004. At Cape Point (34◦ S) the maximum background
mercury concentrations of ∼1.34 ng m−3 were observed in
February and the minimum of ∼1.15 ng m−3 in August and
September, averaged over a period 1999–2004 (Slemr et al.,
2008).

www.atmos-chem-phys.net/9/1957/2009/
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Fig. 4. Time-longitude distribution of tropospheric TGM concentrations observed during the CARIBIC flights from Frankfurt to China.
The data were binned by the month of the year and by 10◦ longitude.

3.2.2

Longitudinal distribution in the Northern Hemisphere
over Europe and Asia

The TGM measurements made during the flights on the route
Frankfurt–Guangzhou–Manila are summarized in Fig. 4 as
a time-longitude concentration map. For this the data were
binned by the month of the year and by 10◦ longitude.
Measurements over Europe within 45–55◦ N and 3–14◦ E
made during the flights to South America were added to increase the number of data points in this area. As in Fig. 3,
Atmos. Chem. Phys., 9, 1957–1969, 2009
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Fig. 5. Seasonal variation of the slopes of TGM-CO correlations
observed during the tropospheric sections of the China flights. Only
measurements outside of the pollution plumes were considered in
these correlations.

the highest TGM concentration were found over Europe
with a maximum of ∼2.1 ng m−3 in September–October and
a broad minimum of about 1.6 ng m−3 from December to
April. Low concentrations of 1.1–1.5 ng m−3 without clear
seasonal variation were observed between at 50–90◦ E. At
this longitude flights frequently intersected stratospheric air
sections and the low tropospheric TGM concentrations may
reflect, despite the PV filter, an influence of the low TGM
concentrations in the stratosphere. An alternative explanation, i.e. the low population density within these regions and
the correspondingly low mercury emissions, in not likely because of the fast meridional transport in the upper tropospheric midlatitudes.
Further east the TGM concentrations increase and a slight
seasonal variation becomes apparent with a maximum of
more than 2.0 ng m−3 in September and a minimum of
∼1.2 ng m−3 in February–April and June. Taking into account that the measurements at 100–120◦ E span the latitudes
of about 30–15◦ N, against 45–55◦ N over Europe, the westeast gradient over the whole longitude span of 0–120◦ E is
generally in good agreement with the latitudinal gradient between 15 and 55◦ N shown in Fig. 3. The elevated TGM
concentrations between 110 and 120◦ E then suggest the influence of the mercury emissions in Southeast Asia which
were already discussed in the Sect. 3.1.
The relations of TGM concentrations with other parameters (CO, H2 O, O3 , NOy ) measured during the flights to
Guangzhou and Manila were investigated for the flight sections outside the plumes. The correlations with CO were the
most significant, with the flights on 28 April, 30 May and
6 July 2006 significant at >95% level and all other flights
significant at >99.9% level. The regression slopes of these
correlations show a pronounced seasonal pattern displayed
Atmos. Chem. Phys., 9, 1957–1969, 2009
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in Fig. 5. The smallest Hg/CO slopes of 3.46±1.53 and
3.67±0.61 pg m−3 ppb−1 were observed in April and December, respectively, i.e. in spring and winter, the maximum
Hg/CO slopes around 12 pg m−3 ppb−1 were observed during late summer and early fall. The extreme value observed
in November is accompanied by a rather narrow range of low
CO concentrations (70–100 ppb) which suggest a possibility
of stratospheric influence and is thus considered to be an outlier. The observed seasonal variation of the Hg/CO regression slopes seem to result from the seasonal variations both
of mercury and CO and reflects their different tropospheric
lifetimes. In winter with longer lifetimes of both mercury and
CO the Hg/CO slope should come close to the emission ratios
of both species. The wintertime slope of ∼3.5 pg m−3 ppb−1
falls well within the range of the Hg/CO emission ratios in
Table 3 bracketed by high values for industrial emissions and
low values from biomass burning. As most of the natural
mercury emissions are not accompanied by CO emissions,
the respective Hg/CO slope is expected to be smaller than
the industrial Hg/CO emission ratio.
3.3

Distribution in the stratosphere

The most prominent feature of all CARIBIC mercury measurements made so far is the depletion of TGM concentrations in all stratospheric sections of the flights. This feature
is well illustrated by the overview of data from flight from
Frankfurt to Guangzhou on 6 March 2007, shown in Fig. 6.
Apart from the last short flight section, most of the measurements were made in the stratosphere as indicated by the
elevated PV (the uppermost panel, blue line), O3 and NOy
values (the second and third panel from above). TGM concentrations (the lowermost panel) are positively correlated
with tracers of tropospheric air such as acetone, CO, H2 O,
CH4 , CO2 , N2 O, and SF6 , and anticorrelated with tracers of
stratospheric air such as PV, O3 and NOy . Concentrations in
air samples taken during the flight and shown in the second
panel from the bottom also show a generally positive correlation with TGM. In summary, TGM behaves as most of
the trace gases of tropospheric origin with a gradient in the
tropopause region towards lower concentrations in the lower
stratosphere. Not a single exception from this behavior was
observed during some 180 flight hours spent in the stratosphere during the Germany–China and the flights to South
America (Ebinghaus et al., 2007). As discussed in the experimental section, a transmission efficiency of RGM from
the inlet to the gold traps short of 100% may also contribute
to the reduction of TGM concentrations with increasing proportion of RGM. But as the RGM transmission efficiency of
the sampling tubing is high, this process can explain, if at all,
only a small part of the observed TGM depletion.
For comparison with the tropospheric Hg/CO correlations
discussed above, the slopes of the Hg/CO regression lines in
the stratosphere for the China flights are shown in Fig. 7. Except for the high December value, the slopes vary between
www.atmos-chem-phys.net/9/1957/2009/
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Fig. 7. Seasonal variation of the slopes of TGM-CO correlations
observed during the stratospheric sections of the China flights.

Fig. 6. Overview of the measurements made during the flight #182
on 6 March 2007, from Frankfurt to Guangzhou.

9.1 to 12.8 pg m−3 ppb−1 without any pronounced seasonal
variation. In the SH (South America route) TGM correlated with CO in five of seven flights. The Hg/CO slopes
varied from 6.2 to 30.5 pg m−3 ppb−1 with an average of
15.2±9.5 pg m−3 ppb−1 (n=5). The poorer quality of the
Hg/CO regressions in the SH results from the short periods spent in the stratosphere (and thus smaller number of
relevant data points), mostly during the flights from São
Paulo to Santiago de Chile. As the average Hg/CO slope
of 10.9±1.2 pg m−3 ppb−1 (n=9) in the NH cannot be distinguished from that in the SH we conclude that the Hg/CO
slopes in the stratosphere are approximately the same in both
hemispheres.
The gradients of trace gases with tropospheric origin in
the extra-tropical lowermost stratosphere are, depending on
the chemical lifetime, partly due to mixing and partly due
to the chemical processing. Their proportions can be quantified if the observed air masses can be dated. A substance
with a long lifetime and a steadily increasing trend in the
www.atmos-chem-phys.net/9/1957/2009/

troposphere such as SF6 can be used to date the air masses
in the lower stratosphere (Stiller et al., 2008). High quality SF6 analyses (Maiss et al., 1996) in whole air samples were available for the China flights 154–157, 158–
161, and 162–165. TGM correlated with SF6 during the
flights 154–157 (5–7 July 2006) and 158–161 (31 July–2 August 2006) with slopes of 1.35±0.27 ng m−3 ppt−1 (r 2 =0.78,
n=9) and 2.43±0.68 ng m−3 ppt−1 (r 2 =0.59, n=9), respectively. The correlation during the flights 162–164 was not
significant. The average Hg/SF6 slope of 1.89 ng m−3 ppt−1
combined with the average annual SF6 concentration increase of 0.230 ppt yr−1 (Stiller et al., 2008) results in a TGM
conversion rate of 0.43 ng m−3 yr−1 . We caution that this estimate can be considered only as a first approximation because SF6 analyses in whole air samples taken within about
60 s were combined with TGM measurements with a 10 min
temporal resolution. In addition, the correlations mentioned
above cover only three out of 19 flights. Nevertheless, it is
the first estimate of the order of TGM depletion rate in the
lower stratosphere.
The next question is to which values the TGM depletion
in the stratosphere proceeds. The lowest TGM concentration
ever measured during some 200 flight hours in the stratosphere of both hemispheres was 0.25 ng m−3 observed during the flight #146 from Frankfurt to Guangzhou on 26 April
2006. It was accompanied by O3 and CO concentrations
of 634 and 24.4 ppb, respectively, and by a calculated PV
value of 7.7 PVU. Table 4 summarizes all TGM measurements at CO concentrations below 30 ppb and O3 concentration above 380 ppb which are considered to be the stratospheric end point of the CO-O3 mixing lines in the extratropical tropopause region (Pan et al., 2004). We classify
them as “deep stratospheric samples”. Except of three single measurements, the average deep stratospheric TGM concentrations varied between 0.46 to 0.68 ng m−3 without any
apparent seasonal variation.
Atmos. Chem. Phys., 9, 1957–1969, 2009
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Table 4. Average TGM concentrations at CO<30 ppb and O3 >380 ppb which are considered to be the stratospheric end point of the CO-O3
mixing lines in the extratropical tropopause region (Pan et al., 2004). n is the number of TGM samples. Note that the measurement during
the flight #123 was made in Southern Hemisphere, as indicated also by the negative PV.
Flight

Route

TGM [ng m−3 ]

CO [ppb]

O3 [ppb]

PV [PVU]

n

123
141
145
149
153
157
161
173
181

São Paulo→Santiago
São Paulo→Frankfurt
São Paulo→Frankfurt
Guangzhou→Frankfurt
Guangzhou→Frankfurt
Guangzhou→Frankfurt
Guangzhou→Frankfurt
Guangzhou→Frankfurt
Guangzhou→Frankfurt

1.01
0.48±0.02
0.48±0.03
0.25
0.47±0.08
0.46±0.02
0.66±0.15
1.05
0.68±0.09

26.3
25.8±0.4
25.7±2.4
24.4
26.4±2.0
27.6±0.3
28.9±0.8
26.9
27.4±2.0

423
554±33
657±84
634
548±22
505±8
417±12
436
593±56

−7.4
7.5±0.1
6.7±0.4
7.7
7.6±0.6
7.4±0.4
10.3±1.2
7.8
7.3±0.2

1
3
5
1
6
2
3
1
11

mulation mode particles (0.1 µm<diameter<1.0 µm) which
are most relevant for the aerosol surface area is available.
The observation suggests that elemental mercury or mercury
compounds of which RGM consists are attached to particles
and the attached amount is dependent on the particle number
concentration. The speciation test mentioned in the experimental section and an observation of up to total depletion
of gaseous elemental mercury in air masses of partly stratospheric origin reported recently by Talbot et al. (2007, 2008)
and Swartzendruber et al. (2008) suggest that RGM probably represents a major part of TGM in the stratosphere. In
view of the semivolatile characteristics of RGM compounds
(possibly HgO or HgBr2 ) at the temperatures encountered in
the UT/LS region it is more likely that it is RGM which is
attached to particles.
Fig. 8. The relation of stratospheric end point TGM concentrations
(i.e. at CO<30 ppb and O3 >380 ppb, see Table 4) to particle number concentrations for particles larger than 18 nm. The bars represent the standard deviation of multiple measurements, missing bar
mean there is either only one measurement or the bars are smaller
than the symbol.

A zero TGM concentration has not been observed so far,
not even in the deep stratospheric samples. This might suggest the existence of a dynamic equilibrium between the
TGM depletion and a reverse process that recycles TGM.
The other possible explanation is a steady state between the
TGM import from the troposphere and the TGM depletion in
the starosphere.
Deep stratospheric TGM concentrations listed in Table 4
vary between 0.25 and 1.05 ng m−3 . Analysis of the data
for possible reasons for this variability revealed that they decrease with increasing concentrations of particles larger than
12 and 18 nm, the latter being shown in Fig. 8. Unfortunately, the optical particle counter did not work reliably during these flights and, therefore, no information on the accuAtmos. Chem. Phys., 9, 1957–1969, 2009

In summary, Fig. 8 demonstrates convincingly a link between TGM depletion and particle concentrations in the
lower stratosphere. This has to be expected because mercury as an element cannot disappear from the air and, thus,
the depleted gaseous mercury has to reappear as particulate
mercury which is not seen by the CARIBIC instrument. This
conclusion is further supported by observations of abundant
particulate bound mercury in the lower stratosphere reported
by Murphy et al. (1998, 2006). Unfortunately, measurements
by a particle laser ionization mass spectrometer do not allow
a quantitative determination of the particulate bound mercury.
Our attempts to quantify the particulate mercury concentration by PIXE (proton induced x-ray emission) analyses of
aerosol particle samples taken during the CARIBIC flights
failed so far, despite of the sufficiently low mercury detection
limit of the technique. As the aerosol samples are analysed
at room temperature and in high vacuum, evaporative losses
from the samples of volatile compounds will take place. In
a study by Martinsson (1987) aliphatic hydrocarbons were
used as model compounds to study losses during analysis.
Eicosane with vapor pressure similar to HgBr2 was found
www.atmos-chem-phys.net/9/1957/2009/
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to be vaporized rapidly in the analytical chamber. Hence
HgBr2 with a vapor pressure on the order of 10−3 Pa at 25◦ C
most likely escapes the sample in the analytical environment, whereas HgO with its much lower vapor pressure of
9.2×10−12 Pa at 25◦ C (Schroeder and Munthe, 1998) is expected to remain in the sample during analysis. The failure
of mercury quantification on aerosols thus suggest HgBr2 to
be a more likely product of the stratospheric TGM depletion
than HgO.
Of the three proposed oxidation mechanisms for elemental mercury, the reactions with OH and O3 (Lin et al., 2006)
would lead to HgO and the reaction with Br atoms (Holmes
et al., 2006) to HgBr2 . To the best of our knowledge, no
vapor pressure measurements for these compounds are available for temperatures encountered in the lower stratosphere
of around −50◦ C but they can be expected to be about two
orders of magnitude lower than those determined at the ambient temperatures. It is thus quite probable that the oxidation products behave as semivolatile substances at the low
temperatures in the lower stratosphere with a dynamic equilibrium between particulate and gaseous phase.

4

Conclusions

The measurements presented here represent the first systematic observations of TGM in the upper troposphere and
lowermost stratosphere over a period of almost two years.
The data provide new insights into the seasonal distributions
of TGM in the upper troposphere in both hemispheres and
demonstrate a substantial influence of biomass burning on
the TGM distribution in the Southern Hemisphere.
Numerous individual plumes were observed in the upper troposphere, of which several could be characterized in
terms of Hg/CO emission ratios. One plume on the route
Germany–China with a biomass burning component was
attributed to a long range transport from Northern India.
All other plumes observed on this route were attributed to
sources in China.
During the flights to China TGM correlated with CO in the
upper troposphere with a seasonally dependent slope reflecting the different lifetime of CO and elemental mercury. In
winter with long lifetimes of both CO and TGM the Hg/CO
slopes fall within the range of the Hg/CO emission ratios observed in plumes of industrial areas and of biomass burning.
The large scale Hg/CO correlations and their seasonal variation may serve as a useful constraint for the global models of
tropospheric mercury.
A pronounced depletion of TGM was always observed in
the extratropical tropopause layer but the TGM concentrations never reached levels below 0.25 ng m−3 . Combined
with several observations of a total depletion of elemental
mercury reported by Talbot et al. (2007), our TGM observations imply that TGM might be occasionally quantitatively
transformed to RGM. Within the extratropical tropopause
www.atmos-chem-phys.net/9/1957/2009/
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TGM correlated positively with CO, acetone and other gases
of tropospheric origin, and negatively with O3 and NOy .
The TGM concentrations in deep stratospheric air samples (i.e. stratospheric end of the CO-O3 mixing lines) were
found to decrease with the increasing concentrations of particles larger than 12 and 18 nm. This observation and the
large concentrations of particle bond mercury in the stratosphere reported by Murphy et al. (1998, 2006) suggests a
direct conversion of TGM to particle bound mercury or an
indirect conversion via a semivolatile Hg2+ compound. The
failure to detect mercury by PIXE on aerosol samples taken
during the CARIBIC flights suggests that the more volatile
HgBr2 is a more likely product of TGM depletion than the
less volatile HgO.
A zero TGM concentration had not been observed during
some 200 flight hours in the lower stratosphere. This might
either suggest an existence of an equilibrium between the
gaseous and particulate mercury or a steady state between
the depletion of TGM and its import from the troposphere or
both.
Based on concurrent measurements of SF6 the rate of the
TGM depletion rate in the lower stratosphere was on the order of 0.4 ng m−3 yr−1 during two flights of three for which
precise SF6 measurements were available. Improved precision of SF6 analyses in the future may thus provide more information about the rate of the TGM depletion in the future
and the factors influencing it.
The CARIBIC flights have been continued on monthly basis since March 2007 and the measurements are being continually improved. More mercury data on more routes will
in the future refine the information about the mercury distribution in the upper troposphere and lower stratosphere and
their seasonal variations. Improved precision of the SF6 analyses, measurements of BrO by differential optical adsorption (DOAS) at the level of the aircraft and measurements of
the particle size distribution may provide further information
about the rate and mechanism of the depletion of TGM in the
lower stratosphere.
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