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ABSTRACT

This study focuses on sulphurous and carbonaceous aerosol, the major constituents of particulate matter in the

lowermost stratosphere (LMS), based on in situ measurements from 1999 to 2008. Aerosol particles in the size

range of 0.08�2 mm were collected monthly during intercontinental flights with the CARIBIC passenger

aircraft, presenting the first long-term study on carbonaceous aerosol in the LMS. Elemental concentrations

were derived via subsequent laboratory-based ion beam analysis. The stoichiometry indicates that the

sulphurous fraction is sulphate, while an O/C ratio of 0.2 indicates that the carbonaceous aerosol is organic.

The concentration of the carbonaceous component corresponded on average to approximately 25% of that of

the sulphurous, and could not be explained by forest fires or biomass burning, since the average mass ratio of

Fe to K was 16 times higher than typical ratios in effluents from biomass burning. The data reveal increasing

concentrations of particulate sulphur and carbon with a doubling of particulate sulphur from 1999 to 2008 in

the northern hemisphere LMS. Periods of elevated concentrations of particulate sulphur in the LMS are linked

to downward transport of aerosol from higher altitudes, using ozone as a tracer for stratospheric air. Tropical

volcanic eruptions penetrating the tropical tropopause are identified as the likely cause of the particulate

sulphur and carbon increase in the LMS, where entrainment of lower tropospheric air into volcanic jets and

plumes could be the cause of the carbon increase.

Keywords: lowermost stratosphere, elemental composition, volcanic aerosol, sulphurous aerosol, carbonaceous

aerosol

1. Introduction

Aerosol particles play an important role in the radiation

balance of the earth, with cooling and warming effects

depending on particle composition. The combined aerosol

effects are complex and estimated to provide a net negative

radiative forcing (IPCC, 2007), which implies cooling of

the earth surface. Because of the complexity and the scarcity

of measurement data, the associated uncertainties are still

large. Hence, it is important to learn more about particle

chemical and elemental composition, not only for assessing

the direct radiative effects, but also with regard to aerosol

microphysical properties and, ultimately, cloud formation.

The major part of the particulate mass in the stratosphere

is carried by submicrometer diameter particles (Deshler,

2008). Sedimentation velocities for such particles at these

altitudes are low compared to the residence times of the air

masses (Martinsson et al., 2005). Also for the upper tropo-

sphere (UT) and lowermost stratosphere (LMS), transport

of air masses is of particular relevance for particles and

precursor gases.We first briefly summarise some of themain
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aspects of the dynamics affecting this region of the atmo-

sphere. The lower bound of the LMS is the tropopause and

the upper one the 380 K isentropic surface (Hoskins, 1991;

Holton et al., 1995). Large-scale transport in the strato-

sphere occurs via the Brewer�Dobson (BD) circulation

(Brewer, 1949; Dobson, 1956), in which tropical tropo-

spheric air is first transported upwards to the tropical

stratosphere and subsequently polewards, to descend finally

through the LMS into the extratropical troposphere. Air

reaching the tropical stratosphere can undergo fast trans-

port (month) to mid-latitudes in a transitional branch or

bemoved diabatically upwards in deeper branches of the BD

circulation (years) (Gettelman et al., 2011). The downward

mass flux across the 380 K isentrope varies with season.

In the northern hemisphere, a maximum is found in January

and a minimum in July (Appenzeller et al., 1996). The sub-

sidence through the LMS takes months, resulting in a

seasonal maximum of stratospheric influence at the tropo-

pause inMay (Tang et al., 2011). In addition, direct two-way

mass exchange between the UT and LMS, through the

extratropical tropopause, occurs along isentropic surfaces

(Dessler et al., 1995; Sprenger and Wernli, 2003). The LMS

can thus be regarded as a mixture of air from the tropo-

sphere and the stratosphere. Mixing of air in the LMS

creates concentration gradients of trace gases (Lelieveld

et al., 1997; Zahn and Brenninkmeijer, 2003) and particulate

matter (Martinsson et al., 2005).

Studies on stratospheric aerosol composition started with

Junge et al. (1961). They found a water-soluble sulphurous

component, subsequently identified as sulphuric acid and

water (Rosen, 1971), formed via gas to particle conversion

of mainly OCS and SO2 (Crutzen, 1976; Weisenstein et al.,

1997). OCS photo-oxidises at high altitudes, within the deep

BD branch, while SO2 oxidises at all altitudes in the

stratosphere. A recent study by Brühl et al. (2012) argues

that OCS is the major source of non-volcanic particulate

sulphur in the stratosphere, while Chin and Davis (1995)

advocated that the emission rate of OCS alone is insufficient

to explain the large amounts of particulate sulphur in the

stratosphere. It remains unclear to what degree SO2 from

fossil fuel combustion penetrates the tropical troposphere

because of difficulties to distinguish its contribution to the

stratospheric aerosol from that of OCS and volcanism

(Solomon et al., 2011).

Large volcanic eruptions represent the strongest source of

variability in stratospheric aerosol as they can inject sub-

stantial amounts of particulate matter and SO2 into the

stratosphere (Robock, 2000). The eruption of Mount

Pinatubo in 1991 was observed in the tropics (Dutton and

Bodhaine, 2001) and delayed by more than half a year in the

stratospheric column at mid-latitudes (Trickl et al., 2013).

It perturbed the stratosphere for several years, with an

estimated global surface cooling in the order of 0.58C

(McCormick et al., 1995) the year after eruption. A large

decline in the aerosol load of the stratosphere was then

observed in the following years (Deshler et al., 2006), until

reaching a period of near-background conditions in the

late 1990s.

LIDAR measurements (Hofmann et al., 2009) indicated

increasing amounts of particulate matter in the strato-

sphere at mid-latitudes in the northern hemisphere after the

year 2000. Vernier et al. (2011b) used satellite observations

to address this increase and found that the trend increased

after year 2005 in connection with volcanic eruptions,

reaching the tropical stratosphere. The volcanic aerosol

was eventually transported to mid-latitudes (Vernier et al.,

2009), increasing the aerosol abundance in both the north-

ern (Hofmann et al., 2009; Bazhenov et al., 2012) and

southern hemisphere (Nagai et al., 2010). Solomon et al.

(2011) estimated the effect of the stratospheric volcanic

aerosol for the time period 2000�2010, to have had a mean

radiative forcing of �0.1 W m�2. In addition to the direct

injection via explosive volcanic eruptions, Bourassa et al.

(2012) found evidence that the eruption of the tropical

volcano Nabro in 2011 reached the UT and was lifted to

the lower stratosphere, by the South Asian monsoon,

where the effluents were transported to the extratropical

stratosphere within 4 weeks of the eruption. Neely et al.

(2013) later found that the contribution to the stratospheric

aerosol load in this period from anthropogenic emissions

and that of transport within the South Asian monsoon to

be small, further validating volcanic eruptions in the tropics

as the main cause of perturbation.

In addition to sulphate, a carbonaceous component in

stratospheric particles was observed more recently (Murphy

et al., 1998) and was found to be a large fraction of the

UT/LMS aerosol (Nguyen and Martinsson, 2007; Schmale

et al., 2010). Using electron microscopy, PIXE (particle-

induced X-ray emission) and PESA (particle elastic scatter-

ing analysis), Nguyen et al. (2008) found a mixture of sulp-

hurous and carbonaceous components in UT and LMS

particles, with LMS particles containing a framework

of carbonaceous material. Martinsson et al. (2009) and

Schmale et al. (2010) found a large carbonaceous com-

ponent in the aerosol from the Kasatochi eruption. In a

recent study, based on model results and satellite measure-

ments of extinction ratios from SAGE, Brühl et al. (2012)

suggest that organic particulate matter contributes a sig-

nificant fraction to the light extinction in the LMS, as

particulate sulphur concentrations from the model are

insufficient to fully explain the observed light extinction in

the stratosphere.

In situ measurements for elemental characterisation of

particulate matter in the tropopause region are scarce.

CARIBIC (Civil Aircraft for the Regular Investigation

of the atmosphere Based on an Instrument Container,
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www.caribic-atmospheric.com) is the first project providing

in situ elemental characterisation of particulate matter in the

UT and LMS on a regular basis.

In this study, the LMS background or close-to-

background aerosol is investigated using the CARIBIC

platform. For this purpose, datasets from the period 1999�
2002 and 2005�2008 are used, spanning almost a decade

(data after 2008 are omitted from this study as the LMS

became perturbed by a direct injection of volcanic aerosol in

Aug 2008). These data for sulphurous and carbonaceous

fractions of LMS particles provide, as far as we know, the

longest time series on particulate sulphur and the first long-

term quantitative measurements of the particulate carbon

content in the tropopause region. Aerosol concentrations

are presented relative to the position of the tropopause,

as temporal trends, seasonal differences and inter-annual

variations. In addition, the chemical composition of the car-

bonaceous component is presented as stoichiometric ratios

of oxygen to carbon, and aerosol sources are discussed and

identified.

2. Methods

The first generation CARIBIC measurements (CARIBIC

phase #1) (Brenninkmeijer et al., 1999) using intercontinen-

tal flights were performed in 1997�2002 on board a Boeing

767�300 ER from LTU International Airways providing

the first long-term in situ observations of the chemical com-

position of aerosol particles, combined with particle num-

ber and trace gas concentrations. The present CARIBIC

system (CARIBIC phase #2) is the second generation

consisting of a 1.6-ton container with an extended scien-

tific payload, sampling at cruise altitudes of 9�12 km

(Brenninkmeijer et al., 2007). This new CARIBIC container

is installed in a Lufthansa Airbus 340�600 on a monthly

basis for four consecutive flights, since May 2005 (no

aerosol samples were collected in the period May 2002�
April 2005). This aircraft is equipped with a sophisticated

inlet system for gases and particles. In situ measurements

of aerosol particles and of trace gases (e.g. O3, CO, NO/

NOy, VOCs, gaseous and condensed water) are carried out.

Collected air samples are analysed for greenhouse gases,

hydro- and halo carbons (Brenninkmeijer et al., 2007;

Schuck et al., 2009; Baker et al., 2010; Oram et al., 2012).

Monthly measurement flights depart from Frankfurt for

destinations in South East Asia, East Asia, Southern Africa

and North and South America, thus covering a large

geographical area, mainly in the northern hemisphere.

2.1. Aerosol sampling

The aerosol data presented in this work from CARIBIC

phase #1 and #2 have been obtained using two different

inlet systems. Based on experimental studies and modelling,

the CARIBIC phase #1 inlet efficiency for particle sizes

of 0.1�1 mm was estimated to be 90% (Hermann et al.,

2001). The present CARIBIC inlet system is described by

Brenninkmeijer et al. (2007). Its sampling efficiency is esti-

mated to be 60% at 5 mm particle diameter (Rauthe-Schöch

et al., 2012), and based on modelling and experience with

other aerosol inlets, its efficiency is estimated be at least 90%

for particles of 0.01�1 mm diameter.

Collection of aerosol particles was undertaken by auto-

mated impactors (Nguyen et al., 2006), implemented in

the CARIBIC instrument containers, collecting particles of

0.08�2 mm aerodynamic diameters. The CARIBIC phase #1

(phase #2) impactors have 14 (16) channels for sequential

and integral samples. Each sequential sample is collected

during typically 150 (100) minutes corresponding to flight

distances of approximately 2200 (1500) km at cruise speed.

The integral samples [1 (2) out of 14 (16) samples] are

collected for the purpose of checking for sample contamina-

tion. The air sampling volume for a sequential sample is

approximately 0.09 (0.25) m3 STP [standard temperature

(273.15 K) and pressure (1013.25 hPa)]. Sampling is sus-

pended during take-off and landing, whenever pressure

exceeds 350 hPa, to prevent mixed samples of lower tropo-

spheric (or even boundary layer) and UT/LMS aerosol

particles. Particles accelerated in 0.5 mm diameter impactor

orifices are deposited in four spots (phase #2), forming

a square pattern with centre distances between spots of

1.3 mm, whereas the CARIBIC phase #1 sampler collected

aerosol from a single orifice (Martinsson et al., 2001). The

sampling substrate consists of a 0.2 mm thin AP1TM poly-

imide film, amaterial well suited for ion beam analysis (IBA)

(Papaspiropoulos et al., 1999; Nguyen and Martinsson,

2007).

2.2. Analyses of aerosol particles

Analyses were undertaken with a 2.55 MeV proton beam

at the Lund IBA accelerator. The IBA measurement tech-

niques used are PIXE and PESA. PIXE (Johansson and

Campbell, 1988) was used for elements with an atomic

number larger than 13 and PESA for measurements of

lighter elements (hydrogen, carbon, nitrogen and oxygen).

Analyses were run in two steps, using the technique

described by Nguyen and Martinsson (2007). Typical ele-

mental minimum detection limits (MDL) in units of ng m�3

STP are 1 (hydrogen), 15 (carbon), 7 (oxygen), 2 (sulphur)

and 0.1 (iron). The accuracy of PIXE and PESA is estima-

ted to be 10% (Nguyen and Martinsson, 2007). Concen-

trations below MDL were set to MDL/2. The detection

frequencies, that is, the fraction of the samples with ele-

mental concentrations above theMDLare: 100% (hydrogen),
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83% (carbon), 100% (oxygen), 100% (sulphur) and 50%

(iron).

Films with low deposited aerosol mass occasionally lead

to significantly higher MDLs compared to the majority of

the samples in the PESA analysis as a result of problems in

identifying the aerosol deposit spot, which prevents analysis.

This MDL problem is primarily associated with short sam-

pling times. MDLs, in ng m�3, were derived from sampled

mass density, in mg cm�2, on the exposed films and are thus

highly dependent on sampling time. Samples with sampling

times shorter than 60 minutes (caused for instance by air-

craft landings) were therefore excluded to prevent these

effects of high MDLs on the data set.

The analytical system used for detection of carbon was

developed after 2002. Hence, no analysis of carbon was pos-

sible for samples collected with the first generation collec-

tion system. The carbon data in the present study is thus

obtained from measurements with the second-generation

collection system running since 2005.

2.3. Ozone measurements

We use the concurrent CARIBIC in situ ozone measure-

ments to assist the interpretation of the variations in par-

ticulate carbon and sulphur concentrations in the UT/LMS.

Two ozone analysers are currently installed in the CARIBIC

container; an accurate, dual-beam UV-photometer serving

as a calibrated standard instrument and a fast solid state

chemiluminescence detector. The accuracy was estimated to

be 2% for 10 Hz measurements (Brenninkmeijer et al., 2007;

Zahn et al., 2012), while the uncertainty for the first

generation CARIBIC system was 4% or 4 ppbv, whichever

was larger (Zahn et al., 2002).

2.4. The tropopause definition

The dynamical tropopause, based on potential vorticity

(PV) with a typical threshold value of 1.5�3.5 PVU

(Potential Vorticity Units; 1 PVU �10�6 K m2 kg�1 s�1)

(Hoerling et al., 1991; Hoinka, 1997), is used for identifying

samples collected in the LMS. PV values were derived

from archived ECMWF (European Centre for Medium-

range Weather Forecast) analyses with a resolution of 1�1

degree in the horizontal at 91 vertical hybrid sigma-

pressure model levels and calculated by the Royal Nether-

lands Meteorological Institute, de Bilt, the Netherlands

(KNMI). PV values were interpolated linearly in latitude,

longitude, log pressure and time to the location of the

aircraft and for each sample averaged over the duration of

sampling. Samples at an average PV of over 2 PVU are

accordingly regarded as stratospheric.

2.5. Exclusion of periods affected by direct injection

into the LMS by extratropical, strong volcanic

eruptions

Previous studies have shown a large impact on the LMS

aerosol mass concentrations from volcanoes injecting

directly into the LMS (Martinsson et al., 2009; Schmale

et al., 2010; Andersson et al., 2013). The largest such

eruptions in the period studied here (1999�2008) were

Okmok (July 12, 2008) and Kasatochi (August 7�8, 2008),
of which the latter strongly affected the LMS aerosol load

(Martinsson et al., 2009). The first samples containing vol-

canic aerosol from Okmok and Kasatochi were collected by

CARIBIC on August 15, 2008. Samples containing aerosol

from these eruptions are excluded in our study. This refers

to all LMS samples collected after August 15, 2008. After

excluding samples affected by fresh volcanic clouds, this

study on the background aerosol is based on 181 LMS

samples, whereof 38 were from the period 1999�2002.

3. Results

3.1. Particulate sulphur and carbon concentrations in

the LMS

Figure 1 shows the temporal evolution of particulate

sulphur and carbon concentrations in the LMS for the

period considered. The strong effect on the aerosol con-

centrations via a direct injection of volcanic aerosol into the

extratropical LMS by the Kasatochi eruptions in August

2008, as reported by Martinsson et al. (2009) is evident,

while the rest of the period represents an episode of low

volcanic activity at mid-latitudes. Comparing the early

sulphur data (1999�2002) with later data (2005�2008),
a clear increase in concentration and variation is observed.

Moreover, the concentrations increase substantially in the

period 2005�2008, for both sulphur and carbon, with on

average higher concentrations in 2008 than in any previous

year investigated.

3.2. Vertical gradients and seasonal variations in the

LMS

Ozone is formed deep in the stratosphere and is transported

down to the LMS within the large-scale DB circulation.

In the LMS, ozone has a chemical lifetime of �1 yr

(Solomon et al., 1997; Smith et al., 2001); that is, it is

basically an inert transport tracer and is solely diluted with

inflowing ozone-poor tropospheric air, locally or via the

lower BD branch. Thus, in the LMS ozone constitutes a

reliable tracer for the degree of mixing with tropospheric air

and an accurate measure for the distance above the tropo-

pause (Sprung and Zahn, 2010). In Fig. 2, we use LMS
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ozone concentrations, thus expressing distance to the tro-

popause, for the four different seasons. Increase in aerosol

concentrations is investigated via a scatter plot of particu-

late sulphur vs. ozone to illustrate the vertical gradient of

sulphur from the tropopause into the LMS. A linear fit is

applied to the 1999�2002 data for comparison to the 2005�
2008 data. This fit is based on data for all four seasons

to obtain a significant number of results. Figure 2 shows the

difference between the two periods much more clearly. For

all seasons, over 90% of the observed concentrations in the

period 05�08 is found to be higher than during 99�02,
whereas measurements at lowest ozone concentrations, that

is, close to the tropopause, show similar concentrations

in the two periods. The difference between the periods is less

pronounced during fall. In the period 05�08, the observed

gradient is strongest during winter and decreases in strength

Fig. 1. Temporal variations of concentrations of particulate sulphur and carbon (ng m�3 STP) in the northern hemisphere LMS. Red

dots illustrate observations after the eruption of Kasatochi. The dashed line shows the geometric average particulate sulphur

concentrations during 1999�2002.

Fig. 2. Concentration of particulate sulphur vs. ozone for stratospheric samples (potential vorticity�2 PVU) collected in the northern

hemisphere. Upper left: winter (December, January, February). Upper right: spring (March, April, May). Lower left: summer (June, July,

August). Lower right: fall (September, October, November). A regression model (full line), with 95% confidence interval (dashed lines)

based on the 1999�2002 data is used to facilitate the comparison to the 2005�2008 data.
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during spring and summer, to reach significantly lower

levels in fall.

3.3. Inter-annual variations

To further explore seasonality of particulate sulphur in

the LMS, the distance from the tropopause needs to be

considered. We consider this using PV, a meteorological

parameter with a strong gradient from the tropopause into

the LMS. Hence, the sulphur to PV ratio is used in Fig. 3b

and is subsequently compared to the corresponding ozone

and particulate carbon ratios. The O3/PV ratio in the LMS

is primarily determined by the seasonally varying subsidence

of stratospheric air in the BD circulation and thus maxi-

mises in mid-latitudes in late spring (Tang et al., 2011), at

the seasonal maximum influence from the stratosphere. We

observe no difference in the average O3/PV for the periods

99�02 and 05�08, indicating that nomajor changes occurred

in the transport from the stratosphere during this time.

A sine curve fitting is applied with the relative amplitude

of 0.31, as shown in Fig. 3a, which holds throughout the

period 1999�2008, corroborating the absence of major

changes in transport.

The contribution by downward transport of sulphurous

aerosol formed in the stratosphere is evaluated in Fig. 3b,

using S/PV. To account for the increase in sulphur con-

centrations from 99�02 to 05�08, two sine functions are

used with the same relative amplitude and phase as for the

O3/PV model. In the period 05�08, the S/PV shows

considerable agreement with the seasonal variation of O3/

PV with two large deviations (end of 2006 and 2007), and a

tendency of higher values during 2008 compared to the two

preceding years. Whereas the contribution from the deep

branch is expected to follow the phase of the model,

transport of SO2 and particles in the shallow BD branch

can cause deviation from this seasonal pattern. The data

show that this may have been the case. Interestingly, for

carbon the picture seems more complicated, as the C/PV

ratio (Fig. 3c) lacks any clear resemblance to that of O3/PV

(Fig. 3a). Some larger deviations are found at the end of

2006 and 2007 and during 2008. These deviations will be

further investigated in the Discussion section.

3.4. Composition of carbonaceous aerosol

Besides the very presence of carbonaceous aerosol in

conjunction with sulphur and its variability, any informa-

tion on its actual chemical moiety is valuable. Optical

measurements of black carbon in the LMS (Schwarz et al.,

2010) showed concentrations in the range of 0.1�4 ng m�3

STP. We are however dealing with concentrations that are

up to two orders of magnitudes higher (Fig. 1), indicating

that soot is only a minor constituent of the carbonaceous

fraction in the LMS. The major part of the carbonaceous

fraction is therefore likely to be organic.

By means of stoichiometric calculations we can use the

PIXE and PESA elemental analyses to infer main proper-

ties of the chemical compounds in the samples. Previous

CARIBIC measurements have shown that LMS particles

have two major components, namely a sulphurous and a

carbonaceous one (Nguyen and Martinsson, 2007). In ad-

dition several minor constituents can be found, with mineral

particles from the earth’s crust being the most frequently

observed. Figure 4 illustrates the stoichiometric ratios of

Fig. 3. Temporal trends of ratios to potential vorticity (PV) for a) ozone (ppbv PVU�1), b) particulate sulphur (ng m�3 STP PVU�1)

and c) particulate carbon (ng m�3 STP PVU�1). Sine functions, based on ozone to PV ratios in a) are used in b) and c) to guide the eye.
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oxygen to sulphur against carbon to sulphur, for all LMS

samples with concentrations above the MDLs of these

elements (C, O and S). Oxygen is present in the sulphurous

fraction and also in the crustal fraction. A crustal compo-

nent was identified in 19 samples based on elemental con-

centration ratios between potassium, calcium, titanium and

iron. The crustal contribution to the oxygen content was

subtracted from the total stoichiometric amounts of oxygen

shown in Fig. 4. The correction was based on the average

mineral composition of the earth crust estimated by

Rudnick and Fountain (1995). The contribution from

the sulphurous fraction can be identified at an oxygen to

sulphur ratio of 4 (O/S �4), based on the assumption that

all sulphur is present in the form of sulphate. Figure 4 indeed

supports this, as most of the O/S ratios scatter at values

exceeding 4. A positive trend from the line of O/S �4 with

increasing C/S ratio is present, which reflects the fraction

of oxygen in the carbonaceous component. A relationship

for the O/S ratios in relation to C/S ratios can be derived

using a linear regression. Thus, the oxygen content in the

carbonaceous fraction is obtained at an average O/C ratio of

0.2. Combined with the low concentrations of black carbon

(Schwarz et al., 2010), this corroborates that the main part

of carbonaceous LMS aerosol is organic.

4. Discussion

An upward trend of 5�6% per year in the background

aerosol at 20�25 km altitude for the period 2000�2009 was

observed using LIDARmeasurements. Increasing coal com-

bustion associated with sulphur emissions, primarily in

China, was hypothesised as an explanation (Hofmann

et al., 2009). However, Vernier et al. (2011b) used satellite

observations to study the trend of increasing amounts of

particulate matter in the stratosphere and found that

several moderate volcanic eruptions with explosions reach-

ing the tropical stratosphere had affected the aerosol load.

In addition to volcanism, Vernier et al. (2011a) identified the

South Asian summer monsoon as a likely transport path for

aerosol and precursor gases to the tropical tropopause layer

(TTL). The aerosol load in the TTL in that study was found

to be fairly constant in the period 2006�2008, with a minor

increase in 2008, discussed to be an effect of volcanic

aerosol.

The particulate sulphur concentration increases from

the tropopause into the LMS and is significantly higher

at the 380 K isentrope than at the tropopause or the UT

(Martinsson et al., 2005). The same pattern but magnified

appears in the period 2005�2008 (Fig. 2). The increase in

aerosol concentration in the LMS in the period 2000�2009
thus indicates transport from the stratosphere, rather than

from local mixing of air from the UT.

The difference in sulphur concentrations between the

periods 99�02 and 05�08 is smallest in fall (Fig. 2), when

ozone and particulate sulphur concentrations minimises,

indicating the lowest contribution from the deep BDbranch.

Air mass budget analyses based on aircraft data demon-

strated a strongly varying seasonal partitioning of strato-

spheric and tropospheric air in the LMS with a minimum

influence from the deep BDbranch in fall (Hoor et al., 2005).

In summer and fall, the LMS is flushed with ozone-poor

air from the TTL (Bönisch et al., 2009), additionally

reducing the impact from the deep BD branch. This further

emphasises our finding that the particulate sulphur is of

stratospheric origin and varies in phase with the downward

flux within the BD circulation. Bönisch et al. (2009) found

the LMS above the extratropical transition layer (ExTL)

to be more connected to the stratosphere than to the

extratropical UT. Hence, the composition of the LMS air

is essentially dependent on transport that occurs above the

380 K isentrope, that is, mixing of the deep and shallow

BD branches. The shallow BD branch transports air from

the tropical stratosphere to northern mid-latitudes within

about 1�2 months (Bourassa et al., 2012; Flury et al.,

2013), whereas transport in the deep branch takes a year

or more (Holton et al., 1995).

Air transported polewards from the tropical stratosphere,

experiences different exposure to photo-chemistry depend-

ing on altitude and speed along the transport paths.

Whereas sulphuric acid is produced from SO2 at all alti-

tudes, ozone production and particulate sulphur produc-

tion from OCS occur predominantly within the deep BD

branch. Trace gas concentration distributions bare evidence

of meridional mixing of air at high and low altitudes in the

stratosphere (Gettelman et al., 1997). The ozone concentra-

tion at the 380 K isentrope varies by a factor of 2 (Fortuin

and Kelder, 1998; Martinsson et al., 2005), with its maxi-

mum in March and minimum in September. That varia-

Fig. 4. Oxygen to sulphur vs. carbon to sulphur molar ratios.

The dashed line represents O/S �4, and the full line shows the best

fit, i.e. O/S �4�0.2 C/S.
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tion compares well to the corresponding O3/PV variation in

Fig. 3a, with a phase shift of 2 months (relative to the 380 K

isentrope) and a peak-to-peak ratio of 1.9, indicating a

strong coupling between the LMS and the stratosphere.

Hence, the low ozone and sulphur concentrations in fall are

results of less ozone and particulate sulphur in the air that

is down-welling to the LMS as an effect of less transport via

the deep BD branch, and an increasing importance of the

shallow branch, during summer (Lin and Fu, 2013).

Regarding the sulphurous aerosol component we note

that the approach used in Fig. 3b, based on the O3/PV

variability, does capture the overall pattern of the S/PV

values. Nonetheless, several deviations from the general

pattern indicate that not only OCS contributed to the ob-

served sulphur concentrations. Regarding the C/PV values

in Fig. 3c, larger deviations are seen and only a weak

seasonal cycle exists. This suggests that oxidation of

precursor gases in the deep BD branch in relative terms is

less important for formation of particulate carbon, com-

pared to particulate sulphur. It also indicates that other

processes cause the variability in the carbon concentration.

The O3 concentration at the 380 K isentrope shows its

seasonal minimum in September and maximum in March

(Fortuin and Kelder, 1998; Martinsson et al., 2005). This

seasonal variation is expected also in the concentration of

sulphate aerosol formed from OCS, as it follows the deep

BD branch, while transport of sulphate aerosol to the 380 K

isentrope via the shallow BD branch can cause high S/O3

ratios also during fall. Low ozone concentration in the LMS

in winter concurrent with elevated particulate sulphur

concentration is thus an indication of formation of particu-

late matter in SO2-rich air that was transported in the

stratosphere to mid-latitudes by the shallow BD branch.

Hence to study the importance of particulate matter

formation and transport in the shallow branch we use the

seasonal variations of S/O3 (Fig. 5). For the period 05�08 we
have enough data to produce monthly averages. The S/O3

is once again shown to be significantly higher in the period

05�08 than in the 99�02 ratios with a strong seasonal cycle.

In the period 99�02, the S/O3 remained fairly constant with

a small increase at the turn of the year. For 05�08, the S/O3

shows a clear saw-tooth pattern with a rapid rise from

September to December. This increase in the S/O3 indicates

production and transport of sulphurous aerosol within the

shallow BD branch. Revisiting the strong particulate-

sulphur-to-ozone gradient in Fig. 2 during winter, we

conclude that this is the consequence of down-welling of

air that was transported in the shallow branch, from the

overlying stratosphere, while the gradient in spring and in

summer corresponds to mixing also via the deep branch.

Using Fig. 6, we can inspect deviations of particulate

sulphur and carbon from seasonality in down-welling of

O3 from the stratosphere over a longer time span. During

05�08, there are periods (Fig. 6a) when S/O3 values are

similar to those of the period 99�02, in particular during

July�October 2007. There are also large positive deviations

from the geometric average of May 2005�August 2008

in the end of 2006 and in December 2007, while 2008 shows

higher S/O3 ratios compared to 2006 and 2007. A similar

pattern is evident for the C/O3 ratios in Fig. 6b. Deviations

from the geometric average of the C/O3 are essentially

found in the end of 2006 and in December 2007, and during

most of 2008. In fall 05�08 (Fig. 2), two of the observations

have ozone and sulphur concentrations well above the

average of the season. These were sampled on November

14�15, close to the end of the defined season and look more

connected to the observations in the winter season.

While sulphuric acid is generally considered the main

component in stratospheric and LMS aerosol much less is

known of the other large component; the carbonaceous

aerosol. The following two sections will address the cause

of high concentrations of particulate carbon, and of the

temporal trends of particulate sulphur and carbon in the

LMS aerosol.

4.1. Forest fires and biomass burning

Combustion of biomass emits large amounts of soot and

organic trace gases that lead to secondary aerosol formation

(Andreae and Merlet, 2001). Episodes of increased scatter-

ing ratios coupled to pyroconvection from forest fires have

been observed at altitudes above the tropopause, remaining

for a month or more. A number of authors (Jost et al., 2004;

Fromm et al., 2005, 2010; Damoah et al., 2006) discuss

the possibility and magnitude of forest fire injection of

Fig. 5. Ratios of particulate sulphur to ozone mixing ratio

(Unit: ng m�3 STP ppbv�1) for the periods 1999�2002 and 2005�
2008, expressed as monthly geometric averages (black and light

purple). Purple lines denote averages in the period 1999�2002 for

the months; January, March�May, June�August and November�
December. Error bars represents standard errors.
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smoke particles into the LMS via pyroconvective transport.

Based on optical measurements Fromm et al. (2008)

estimate that a massive fire storm in Canada in the end of

May 2001 injected a mass of smoke, corresponding to more

than 5% of the background aerosol in the northern hemi-

sphere lower stratosphere, that persisted until the end of

summer. Such events are sporadic with uncertain occurrence

frequency. Guan et al. (2010) estimate that approximately

140 plumes reached altitudes above 5 km, in the northern

hemisphere, in the period 1979�2009, that is, on average less

than 5 per year. Potassium (K) is one of the elements, besides

carbon that is generally found in aerosol from biomass

burning (Andreae and Merlet, 2001). Importantly, there is

no correlation between C and K in the stratospheric

CARIBIC samples (R2�0.004), indicating that biomass

burning had a negligible contribution to the LMS aerosol

during the period considered here. The other large potential

source of K in the LMS is crustal material. Besides K crustal

particles also contain silicon, iron, titanium and calcium.

Out of these elements, iron (Fe) is the element with the

highest detection frequency in our samples. In Fig. 7, a

scatter plot of Fe vs. K in stratospheric samples is used to

study the possible impact of biomass burning and crust

particles on the LMS aerosol. Aerosol from biomass

burning would result in ratios B0.1 ng Fe/ng K (Andreae

et al., 1998), while crustal material would be found at ratios

�1 (Rudnick and Fountain, 1995). Only a few observations

lie close to the 0.1 line (dashed), indicating that biomass

burning has a minor impact on the LMS aerosol. A linear

regression model shows a strong correlation between Fe

and K, with an average ratio of 1.58 ng Fe/ng K. These

observations give evidence that biomass burning is insuffi-

cient to explain the high carbon concentrations observed.

4.2. Impact of mid-latitude volcanism

Volcanic plumes bring high concentrations of particulate

matter, SO2 and other gases to the stratosphere. Gas to

particle conversion of SO2 in the stratosphere is fast

compared to the residence times of the air mass and the

entrained submicron particles. Volcanic injections of aero-

sol to the LMS from mid-latitude eruptions are expected

to perturb the LMS for a few months or less depending on

the altitude of the volcanic injection. Kasatochi’s eruption

in August 2008 increased the sulphurous aerosol concentra-

tions by a factor of two in the following months. The SO2

emissions from Okmok were estimated to be 5% (0.1 Tg) of

that of Kasatochi’s (2 Tg) (Yang et al., 2010; Thomas et al.,

2011). In addition some minor eruptions on mid-latitudes

Fig. 6. Ratios of particulate sulphur and carbon concentration to ozone mixing ratio (Unit: ng m�3 STP ppbv�1), for a) particulate

sulphur and b) particulate carbon for stratospheric samples. Full and dashed horizontal lines represent geometric averages for the periods

2005�2008 and 1999�2002, respectively. The February�August period is indicated by a grey background. The four discussed volcanic

eruptions (Manam, Soufriere Hills, Rabaul and Kasatochi) are indicated by vertical lines.

Fig. 7. Mass concentrations of Fe vs. K (ng m�3 STP) for

stratospheric samples. Regression model shown by full line

illustrating a ratio of 1.58 ng Fe/ng K. Dotted line shows Fe/K

mass ratio of 0.1, a typical ratio for effluents from biomass

burning.
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were reported to have reached the tropopause region

(Massie, 2014) in the period January 2005�August 2008.

Satellite images (from OMI, GOME-2 and AIRS) tell that

the SO2 emissions from any of these eruptions were at least

a factor of five lower than that from the eruption of Okmok,

implying a maximum perturbation of the LMS aerosol of

less than 2% in the months following one of these eruptions.

Hence, it is most unlikely that the increases in aerosol

concentrations from the periods 99�02 to 05�08 (Fig. 3) are
caused by mid-latitude eruptions.

4.3. Impact of tropical volcanism

Mixing in the extratropical stratosphere occurs as air from

high altitudes descends and mixes with air at lower altitudes.

As a result, aerosol and trace gases injected into the tropi-

cal stratosphere can reach mid-latitudes in a time scale of

months by stratospheric low altitude meridional mixing, via

the shallow branch of the BD circulation, and in 1�2 yr via

the deep BD branch. The time of the year of a tropical

volcano’s eruption is expected to affect the period of time

for the effects to be observable in the LMS. Main effects

from volcanic aerosol transported via the high-altitude

branch may appear 2 yr after the eruption. Three tropical

volcanoes had eruptions that reached the stratosphere in the

time period 2003�2008, namely Manam, Soufriere Hills and

Rabaul (Table 1). Based on the transport characteristics

of the stratosphere the Manam eruption in January 2005

could affect the mid-latitude stratosphere primarily in

2005�2006, whereas the effects of the two eruptions in

2006 (Table 1) might be observable during late 2006, with

the major effects in the downward transport in 2008. These

patterns are essentially observed in measurements from the

NASA satellite CALIPSO (Vernier et al., 2009, 2011b).

Volcanic aerosol is commonly considered to be composed

of sulphate from the conversion of SO2, combined with a

minor fraction of ash constituents (e.g. potassium, calcium,

titanium and iron) even though large amounts of carbonac-

eous aerosol have been observed in volcanic clouds on

several occasions. Martinsson et al. (2009) found particulate

carbon-to-sulphur-ratios (C/S, in terms of mass) of 2.6 in

fresh plumes in the LMS, decreasing to 1 when most of the

SO2, from the eruption of Kasatochi had been converted,

corresponding to an organic content of 25�50% (assuming

all particulate carbon to have been organic). Measurements

with mass spectrometric methods indicated organic frac-

tions of 20�40% (Carn et al., 2011) and 20% (Schmale

et al., 2010) in fresh and aged volcanic clouds, respectively.

Hence, these studies indicate that particulate carbon is a

major constituent of the aerosol in volcanic clouds, with a

substantial effect on the stratosphere given the observations

of a volcanically perturbed stratosphere in 2006�2008, as
reported by Vernier et al. (2011b).

Despite a number of observations of elevated concentra-

tions of particulate carbon in the LMS connected to

volcanic clouds, little is known about the origin of this

particulate carbon. In a recent study on volcanic aerosol,

Andersson et al. (2013) argue, based on the global distribu-

tion of organic aerosol in the lower troposphere, that

volcanic jets and plumes could bring large amounts of

particulate carbon and organic trace gases to the tropopause

region via entrainment of air from low altitudes. Entrain-

ment of low altitude air to the tropical stratosphere, via jets

from the three tropical volcanoes could be the cause of the

observations of high particulate carbon concentrations in

the present study, whereas particulate sulphur is expected

from transformation of SO2 emitted from the volcanoes.

The term ‘volcanic aerosol’ will therefore be used for

attributing, not only sulphurous, but also carbonaceous

aerosol in the following sections.

It is not possible to attribute every deviation in Fig. 6 to

a specific event of volcanic activity, but the main patterns

will be discussed. The elevated ratios of S/O3 and C/O3

during the end of 2006 and December 2007, suggest down-

Table 1. Explosive volcanic eruptions most relevant for this study in the period 2005�August 2008

Eruption datea Volcano SO2 (Tg) VEIa Longitudea Latitudea Altitude (km)

2005-01-27 Manam 0.09b 4 145 �4.1 18b

2006-05-20 Soufriere Hills 0.2c 3 �62 16.7 20c

2006-10-07 Rabaul 0.2d 4 152 �4.3 18d

2008-07-12 Okmok 0.1e 4 �168 55.3 15f

2008-08-07 Kasatochi 2g 4 �176 52.2 14e

aVolcanic Explosivity Index, from Global Volcanism Program (2011).
bPrata and Bernardo (2007).
cCarn and Prata (2010).
dCarn et al. (2009).
eThomas et al. (2011).
fMassie et al. (2014).
gYang et al. (2010).
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ward transport of volcanic aerosol from the low altitude

branch of the BD circulation, carrying aerosol from the

Soufriere Hills eruption. Towards the end of 2006, in the

build-up to the maximum downward transport to the LMS

in December, Rabaul could also have contributed via the

shallow branch of the BD. When downward transport

increased during the end of 2007, the volcanic aerosol was

located at higher altitudes (Vernier et al., 2009) compared to

the end of 2006, and it therefore took longer for the volcanic

aerosol to be transported to the LMS, resulting in deviations

occurring later in the annual cycle than in 2006. The

February�August periods for 2008 S/O3 ratios are clearly

elevated, and even more so for C/O3 ratios compared to

2006 and 2007, in connection with the down-welling of aero-

sol from the 2006 eruptions of Soufriere Hills and Rabaul.

4.4. Inter-annual trends

The trend of increasing concentrations of particulate matter

above the LMS, as reported by Hofmann et al. (2009) and

Vernier et al. (2011b), should be expected to be visible in

the particulate sulphur and/or carbon concentrations also in

the LMS. The strong influence on the LMS aerosol from the

Kasatochi eruption effectively eliminated the possibility to

study background stratospheric aerosol after August 2008

(Martinsson et al., 2009), shown in Fig. 1. Our data have

3 yr of good coverage for the months February to the

beginning of August for both sulphur and carbon, in the

period 05�08, and for sulphur 2 yr in the period 99�02. This
part of the year, which is also the part of the year when the

LMS is strongly influenced by air from higher strato-

spheric altitudes, is used to study the evolution with time

of particulate sulphur and carbon concentrations in the

LMS. The time dependence of the ‘background aerosol’

concentration is investigated using Fig. 8a and b, where the

averaged concentration ratios of particulate sulphur and

carbon to ozone are plotted, for the February�August

periods. The years 1999, 2002 and 2005 are excluded as they

lack observations for several months, while the data in the

February to August periods of the years 2000 and 2001 are

combined in one average, because of the small number of

data for these years. The observed ratios of S/O3 and C/O3

for the February�August periods are increasing from 2006

to 2008. This coincides with the influence from volcanic

eruptions on the LMS as discussed above, and also found

by Vernier et al. (2011b) in studies of the stratosphere.

The optical measurements on aerosol in the stratosphere

used by Hofmann et al. (2009) and Vernier et al. (2011b) do

not reveal the chemical composition of particulate matter,

but rather capture the average optical effects of the par-

ticulatematter in the studied region. The trend revealed from

the opticalmeasurementsmight therefore bemore connected

to the sum of the concentrations of the major constituents

rather thanwith individual constituents.Hence, the trend for

the sum of the two major components of the LMS aerosol,

the carbonaceous and sulphurous fractions, is investigated in

Fig. 8c. The sulphurous fraction is assumed to be composed

of sulphate, with a mass three times that of sulphur, while

the mass of the carbonaceous fraction is represented by the

mass of carbon. The ratio of the sum of carbonaceous and

sulphurous mass concentrations to ozone [(C�3S)/O3] is

shown in Fig. 8c for the February�August periods. A

significant increase from 2006 to 2008 can be identified.

This increase was 30%, with a stronger relative increase for

carbon (70%; Fig. 8b) than for sulphur (23%; Fig. 8a).

Overall, a doubling is shown in the S/O3 from the 2000/

2001 to the year 2008 (Fig. 8a). Hofmann et al. (2009) found

an increase at 20�25 km altitude of 6.3% year�1 in the mid-

latitudes (Boulder, 408N) over the years 2000�2009, corre-
sponding to a total increase of 73%. The differences to our

data can be caused by difference in altitude, time period

studied or measurement method. The particulate mass

Fig. 8. Geometric average of ratios (a) particulate sulphur (b)

carbon and (c) carbon�3 sulphur concentration to ozone mixing

ratio (ng m�3 STP ppbv�1) for the February�August periods of

2000/2001, 2006, 2007 and 2008.
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concentrations presented here are particle volume oriented,

whereas optical methods are basically particle surface

oriented with a complicated response to particle size, shape

and chemical composition. Another reason is that the data

presented here pertain to the time of the year when the

influence from the deep BD branch is strong.

The steady increase in S/O3 in the LMS (Fig. 8a)

combined with the sudden rise in C/O3 from 2007 to 2008

(Fig. 8b) indicates different compositions for stratospheric

aerosol in 2007 than in 2008. A comparison of particulate

carbon-to-sulphur-ratios (C/S) for these years, shows a

significant difference in the geometric average of 0.66�0.99,
with geometric standard deviations of 1.06 and 1.08, res-

pectively (i.e. a 1-sigma-range of 0.62�0.70 and 0.92�1.08).
Could this increase in the C/S be an effect of different

aerosol compositions from the different volcanic clouds?

The time span for the tropical volcanoes impact on the

stratosphere is expected to depend on their penetration

depth into the stratosphere. Volcanic clouds reaching high

altitudes are expected to affect aerosol via the deep BD

branch, while aerosol injected to lower altitudes would

follow the shallow branch. Based on CALIPSO observa-

tions Vernier et al. (2009) illustrated that aerosol from the

Soufriere Hills eruption reached higher altitude (�20 km)

compared to that from the Rabaul eruption (518 km),

by the end of 2006. Hence, a larger fraction of the Soufriere

Hills aerosol is expected to be transported via the deep

branch, whilst the Rabaul aerosol would to a larger extent

have been transported to mid-latitudes via the shallow BD

branch. As the shallow branch transports air from the

tropics to mid-latitudes within months, the deep branch

affects the mid-latitude stratosphere after a year or more.

The composition of the mid-latitude stratospheric aerosol,

down-welling to the LMS in 2007, would thus be more

connected to aerosol from the eruption of Rabaul, whereas

the main effects of the Soufriere Hills aerosol would be

visible during 2008. Studies based on satellite measure-

ments (Stramska, 2009) and models (Spracklen et al., 2008)

indicate higher regional organic aerosol concentrations in

lower tropospheric air at the time of the Soufriere Hills

eruption than for that of Rabaul. The eruption of Rabaul

thus had a lower potential to entrain particulate carbon in

the volcanic jet and plume. As these two eruptions emitted

similar amounts of SO2 (Table 1) a higher C/S concentration

ratio could be expected for the Soufriere Hills eruption in

agreement with our observations.

5. Conclusions

The present work is based on measurements of LMS aerosol

particle composition sampled by CARIBIC (Civil Aircraft

for the Regular Investigation of the atmosphere Based on

an Instrument Container, www.caribic-atmospheric.com)

in the periods 1999�2002 and 2005�2008. IBA was used to

derive detailed elemental concentrations, finding a sulphur-

ous and a carbonaceous component to be dominant. The

concentration of the carbonaceous component corre-

sponded on average to approximately 25% of that of the

sulphurous, in terms of mass, and could not be explained by

forest fires or other types of biomass burning. Stoichio-

metric O/C ratios of 0.2 and the fact that the measured

particulate carbon concentrations greatly exceed literature

data on black carbon concentrations indicate that the

carbonaceous aerosol is organic in nature.

Particulate sulphur showed a distinct concentration

gradient from the tropopause into the mid-latitude LMS.

The gradient was strongest during winter and weakest

during fall, indicating transport from the stratosphere as

the cause of high concentration of particulate sulphur in the

LMS. The gradient was also significantly stronger in the

period 2005�2008 than in the earlier (1999�2002) period.
Variations in the particulate sulphur and carbon concentra-

tions were compared to that of O3 to track the effect of

transport from high altitudes of the stratosphere via the

deep Brewer-Dobson branch. That comparison indicated

an increased importance for transport of sulphurous aerosol

via the shallow BD branch in the period 2005�2008 com-

pared to that of the earlier period, suggesting oxidation of

SO2 as a likely cause for the strengthening of the concentra-

tion gradient.

The elevation and the variations in aerosol concentra-

tions in the period 2005�2008 are associated with varying

concentrations of particulate matter above the LMS,

depending on mainly three volcanic eruptions in the tropics,

with plumes reaching the tropical stratosphere. Subsequent

transport by the BD circulation then carried the volcanic

aerosol to the LMS, resulting in the elevated concentrations

of particulate matter observed by CARIBIC in the follow-

ing years. Entrainment of air from low altitudes, with

high concentrations of particulate carbon and organic trace

gases, in volcanic jets and plumes is proposed as the cause of

high concentrations of particulate carbon in the strato-

sphere, while sulphur is expected from the volcanic efflu-

ents. The eruption in 2006 by Soufriere Hills reached deeper

into the stratosphere than Rabaul later the same year,

causing a longer duration of the influence from Soufriere

Hills. The higher C/S ratios during 2008 could thus be

connected with higher concentrations of carbonaceous

aerosol at low altitude around the Soufriere Hills volcano.

Comparison of aerosol concentrations in the LMS during

the February�August periods of 2006, 2007 and 2008

reveals an increase of 30% from 2006 to 2008. The rate of

increase over that period was stronger for carbon (70%)

than for the other major constituent sulphur (23%), hence

indicating that volcanism had a stronger relative impact

on the concentration of carbonaceous than on sulphu-
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rous aerosol in the stratosphere, although the increase in

the absolute amount of sulphurous aerosol in the form of

sulphate was larger than that of the carbonaceous aerosol.

Mass concentrations of sulphurous and carbonaceous

aerosol, the two main components in the northern hemi-

sphere mid-latitude LMS aerosol, increased in the period

studied here. The former approximately doubled from the

period 2000�2001 to the year 2008. This could to a large

degree be attributed to intermediate volcanic eruptions in

the tropics. Previous studies found an increasing strato-

spheric aerosol burden above 15 km altitude in the period

2000�2009, which potentially cooled the climate. This study

extends these findings to the LMS.
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