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[1] Characteristics and origin of the aerosol in the lowermost stratosphere at northern
midlatitudes were studied using measurements from a passenger aircraft (Civil Aircraft for
Regular Investigation of the Atmosphere Based on an Instrument Container, or
CARIBIC). Aerosol samples were collected during 60 intercontinental flights during
1999–2002 and analyzed for elemental composition with particle-induced X-ray emission
(PIXE). Concurrent measurements of trace gases were used to interpret the aerosol
measurements. It was found that particulate sulfur concentration increased steadily in the
potential vorticity (PV) region of 2–7 PVU, whereas particulate potassium and iron
showed no such dependence. The variability in concentration of the latter two elements
was mainly connected with season, similar to their variation in the upper troposphere,
whereas PV dominated the particulate sulfur variability. An ozone-based model was
developed to quantitatively determine the mixing of stratospheric and tropospheric air
masses. A significant dependence on PV was found, and the stratospheric fraction of the
air peaked during spring. It was found that the particulate sulfur concentration was
strongly dependent on the origin of the air masses. The concentration increased by a factor
of 3 over the lowermost stratosphere. A discontinuity in the concentration over the
tropopause indicated particle formation from sulfur dioxide transported across the
tropopause. The concentration at the top of the lowermost stratosphere was used to
estimate that the particulate sulfur production in the stratosphere is 0.066 Tg S/yr with
approximately half of the amount transported across the top of the lowermost stratosphere
originating in carbonyl sulfide.
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1. Introduction

[2] The lowermost stratosphere is bounded upward by the
potential temperature at the tropical tropopause (380 K) and
downward by the tropopause [Holton et al., 1995]. It
constitutes a significant fraction of the atmospheric column
at midlatitudes, in the range of 15–20% in terms of mass.
It is thus of similar size as the remaining, overlying
stratosphere or the mixing layer of the planetary boundary
layer. The properties of the aerosol in this large reservoir
are poorly known in terms of chemical composition

and amount. Aerosol particles affect the radiation balance
of the Earth by scattering of solar radiation and by changing
the radiative properties of clouds [Intergovernmental
Panel on Climate Change, 2001]. Stratospheric aerosol
is involved in heterogeneous chemical reactions and
the formation of polar stratospheric clouds, where rapid
heterogeneous destruction of ozone occurs [Newman et al.,
2002].
[3] The presence of an aerosol layer in the stratosphere

has been known for a long time [Junge et al., 1961]. This
aerosol mainly consists of sulfuric acid and water [Rosen,
1971; Arnold et al., 1998]. Long-term measurements
using balloon-borne instrumentation [Hofmann, 1993],
satellite-based measurements [Kent et al., 1995], and
ground-based lidar measurements [Zuev et al., 2001]
demonstrate a highly variable aerosol load in the strato-
sphere, the variability of which is largely caused by
explosive volcanic events. During the years from the
early 1970s to present, there have been only a few
periods without significant influence from volcanism,
where stratospheric background conditions could be stud-
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ied. The present study of the lowermost stratosphere over
the years 1999–2002 spans such a period.
[4] The Brewer-Dobson circulation [Brewer, 1949;

Dobson, 1956], a large-scale circulation of upward transport
across the tropical tropopause, poleward transport in the
stratosphere, and downward transport to the troposphere at
midlatitudes and the polar regions, has a fundamental
impact on the trace gases and aerosol in the lowermost
stratosphere. This diabatic, downward transport brings
down large quantities of ozone and sulfuric acid aerosol
to the lowermost stratosphere. Both are formed by photo-
chemical reactions initiated by energetic photons at higher
altitudes.
[5] The lowermost stratosphere differs from the overly-

ing, the so-called, stratospheric overworld [Hoskins, 1991]
in the way that surfaces of equal potential temperature cross
the tropopause and thus allow isentropic transport between
the troposphere and the lowermost stratosphere [Dessler et
al., 1995]. A bidirectional transport across the extratropical
tropopause was inferred from measurements of radioactive
debris [Danielsen, 1968]. The magnitude of these cross-
tropopause flows has been the topic of recent modeling
efforts [James et al., 2003; Sprenger and Wernli, 2003]. The
transport from the troposphere to the lowermost stratosphere
causes strong gradients for many chemical species above
the tropopause. The concept of mixing lines for, e.g., ozone
and carbon monoxide have been used to study this mixing
[Hoor et al., 2002; Zahn et al., 2004a], but still no
quantitative estimate of that process is available [Stohl et
al., 2003].
[6] Large quantities of sulfur dioxide and dimethyl sul-

fide are emitted from the Earth’s surface. Chemical process-
ing in the troposphere converts large fractions of these
species to sulfate aerosol. Upward transport induces cloud
formation in the moist troposphere, causing scavenging of a
large fraction of the aerosol particles and water-soluble
gases present. The formation of precipitation acts as a
barrier to upward transport of these atmospheric constitu-
ents. The efficiency of this removal mechanism and its
effects on the concentrations appearing in the upper tropo-
sphere are not understood quantitatively [Rasch et al.,
2000].
[7] Carbonyl sulfide (OCS) was proposed as a source of

the stratospheric background aerosol [Crutzen, 1976]. OCS
is the most abundant sulfur compound of the atmosphere. It
is quite stable in the troposphere, but once transported into
the stratosphere OCS is dissociated to finally form partic-
ulate sulfur. Recent measurements of particulate sulfur
[Papaspiropoulos et al., 2002] and sulfur dioxide [Thornton
et al., 1999] in the tropical middle troposphere as well as
model results [Chin and Davies, 1995; Weisenstein et al.,
1997] indicate that these compounds contribute significantly
to the particulate sulfur of the stratosphere. In addition, they
can have a considerable effect on the stratospheric particle
size distribution as a result of the high number concentration
of aerosol particles observed in the vicinity of the tropical
tropopause [Brock et al., 1995].
[8] This work deals with the aerosol in the lowermost

stratosphere. The concentrations of particulate sulfur, po-
tassium, and iron were measured along with ultrafine
particle size distributions [Hermann et al., 2003] and a
large number of trace gases [Zahn et al., 2002] during

regular, intercontinental flights within the Civil Aircraft for
Regular Investigation of the Atmosphere Based on an
Instrument Container (CARIBIC) project [Brenninkmeijer
et al., 1999] (www.caribic-atmospheric.com) in the lower-
most stratosphere at northern midlatitudes. The aim of this
study was to explore the properties and origin of the aerosol.
An ozone-based model was developed to quantify the
mixing of air masses in the lowermost stratosphere and to
estimate the particulate sulfur concentration at the lower and
upper boundaries of the lowermost stratosphere. Further-
more, the contributions from precursors of the stratospheric
particulate sulfur are inferred and production rates during
background conditions are estimated.

2. Methods

[9] Sampling of aerosols and trace gases in the upper
troposphere and lowermost stratosphere was undertaken
from the CARIBIC platform, a Boeing 767-300 ER from
LTU International Airways [Brenninkmeijer et al., 1999].
The measurements presented here span a 3-year period
from March 1999 to April 2002. The data set comprises
observations from 60 intercontinental flights between
Germany and destinations in the Indic (33 flights), South
Africa (six flights), and the Caribbean (21 flights) (see
Figure 1).
[10] Measurements were undertaken in the altitude

range 8.2–12 km. A specially designed probe with
separate inlets for trace gases and aerosols was placed
8 m from the nose of the aircraft and protruding 20 cm
from the fuselage to prevent influence from the aircraft’s
boundary air layer. The aerosol inlet was of the diffuser
type with an apex half-angle of 5�. Using wind tunnel
experiments, the sampling efficiency of aerosol particles
in the size range of interest here was estimated to be 90%
[Hermann et al., 2001].
[11] A dedicated aerosol sampler [Papaspiropoulos et al.,

1999] was used to collect aerosol particles in the diameter
range 0.07–1.5 mm [Martinsson et al., 2001], based on
impaction technique. The sampler contained 14 sampling
channels that were used to collect one integral sample
covering the entire flight distance, and three to four samples
in a time sequence (sequential samples) from each flight.
The present study is based on the 205 sequential samples
available. The sampling time was mostly 2.5 hours, extend-
ing down to 1 hour, which corresponds to flight distances of
2250 and 900 km. The samples were classified with respect
to climate zones in the tropics (23�S–23�N), northern
subtropics (23�N–37�N), and northern midlatitudes
(37�N–64�N).
[12] The aerosol particles were collected on 0.2-mm

polyimide films (AP1
TM

), which were analyzed for elemental
composition using particle-induced X-ray emission (PIXE)
[Johansson and Campbell, 1988]. The analyses were un-
dertaken at the Lund accelerator facilities, using 2.55-MeV
protons. X-rays were detected at 135� using a lithium-
drifted silicon detector from Kevex

TM

and a high-purity
germanium detector from Canberra

TM

. The proton beam
current was 60 nA, and the accumulated beam charge per
sample was 80 mC. The setup was calibrated with thin
standards from Micro-Matter

TM

, and the resulting inaccuracy
in the elemental analysis was 10%. Further details about the
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analysis as well as the handling of the detection limit are
given by Papaspiropoulos et al. [2002]. The analytical
results are presented as mass concentration normalized to
STP (standard pressure (1013 hPa) and temperature (273
K)).
[13] A large number of trace gases are measured from the

CARIBIC platform. In the present study the O3 measure-
ments were used. O3 was measured with a time resolution of
17 s with a method based on UV absorption. Data averaged
over 2–3 min were used here. The uncertainty is estimated
to the greatest of 4% and 4 ppbv [Zahn et al., 2002].
[14] The identification of samples taken in the strato-

sphere was based on the dynamical tropopause. Typical
threshold values of the potential vorticity (PV) are in the
range of 1.5–3.5 PVU (potential vorticity unit; 1 PVU =
10�6 K m2 kg�1 s�1) [Hoerling et al., 1991; Hoinka, 1997].
PV was calculated from archived European Centre for
Medium-Range Weather Forecasts (ECMWF) analyses with
a resolution of 1 � 1 degree in the horizontal and 31 (1999–
2001) to 60 (2001 to present) vertical hybrid sigma-pressure
model levels. The PV values were interpolated linearly in
longitude, latitude, log pressure, and time to the position of
the aircraft. Five-day back-trajectories were calculated from
the position of the aircraft every second minute. Figure 2
shows the relation between the 5-day average PV along the
trajectories and the PVat the position of the aircraft. In most
cases they agree well, implying that the PV at the aircraft
position well represents the PV in the air mass over the last
5 days. On the basis of PV at the aircraft position, the
aerosol samples in a first step were classified with respect to
whether air from the lowermost stratosphere was sampled.
In a refined analysis, the samples identified from the PV-
based evaluation were further analyzed regarding the origin
of the air sampled in the lowermost stratosphere, based on

the O3 concentration. This will be described in detail in
section 4 and Appendix A.

3. Results

[15] The CARIBIC sampling flights (Figure 1) most of
the time covered northern midlatitudes, the subtropics, and
the tropics and only occasionally reached the subtropics
of the Southern Hemisphere. Figure 3 shows the particulate
sulfur concentration in relation to the sample average PV
along the flight track for all the sequential samples. It can be
seen that most of the samples (74%) were taken at average

Figure 1. The 1999–2002 flight tracks of CARIBIC. Flights were carried out between Germany and
the Indic (33 flights), South Africa (six flights), and the Caribbean (21 flights).

Figure 2. Average potential vorticity along 5-day back-
ward trajectories related to the potential vorticity along the
flight track.
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PV of below 1.5 PVU, indicating that they were mainly
representative of tropospheric air. At PVs larger than 3 PVU
only samples from midlatitudes are found. This observation
is consistent with the fact that the tropopause height
decreases with increasing latitude and that the sampling
was undertaken at fairly constant altitude. A few samples
from the subtropics were taken at average PVs up to almost
3 PVU. It can be seen that they generally agree with the
particulate sulfur concentration at midlatitudes. However,
given the small amount of data available from the tropics
and subtropics, this study of the lowermost stratosphere is
confined to northern midlatitudes.
[16] Although PIXE is a multielemental analytical tech-

nique, the present study is limited to three elements, sulfur,
potassium, and iron, because the small amount of sampled
particulate mass causes problems with the detection limit
[Papaspiropoulos et al., 2002]. Figure 4 shows the concen-
tration of the three elements as a function of the sample
average PV along the flight track. The measurements were
subdivided into five PV groups (0–1, 1–1.5, 1.5–2.5, 2.5–
5, and >5 PVU) in order to analyze the PV dependence of
the concentration. The average concentrations are depicted
as filled diamonds at the average PVof each group together
with the standard deviation of the average. For two of the
elements, potassium and iron, the PV dependence is small
compared with the overall variability of the data. No trend
deviating from the average concentrations of 0.50 and
0.59 ng/m3 STP over all PVs (dotted lines) can be identified
for potassium and iron.
[17] The particulate sulfur concentrations were analyzed

in the same way as potassium and iron. In Figure 4 it can be

seen that the concentrations in the two lowest PV categories
are similar. For PVs larger than 1.5 PVU the particulate
sulfur concentration steadily increases with PV. This aver-
age behavior was approximated with two linear segments

Figure 4. Aerosol elemental concentration at northern
midlatitudes as a function of the average potential vorticity.
Circles represent the measurements. The diamonds give
averages and their standard deviations over the PV regions
marked by the vertical dotted lines. The dotted horizontal
lines show the average concentrations of potassium and
iron, whereas the bold line of the sulfur graph consists of
two linear fits to the data.

Figure 3. Particulate sulfur concentration as a function of
the potential vorticity.
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(the bold, solid line of Figure 4). In the PV range 0–
1.5 PVU the average particulate sulfur concentration is
15.9 ng/m3 STP. This can be regarded as an estimate of
the concentration in the upper troposphere at northern
midlatitudes, using 1.5 PVU as the dynamical tropopause.
At higher PVs, air from the lowermost stratosphere is
sampled, and the concentration increases steadily with PV
and reaches on average 62 ng/m3 STP at 7 PVU.
[18] The focus of this study is the aerosol in the lower-

most stratosphere. Therefore the attention in the forthcom-
ing analysis is limited to samples that to a large degree, were
taken in the lowermost stratosphere. The limit was set to
samples with the average PV of 2.5 PVU. In total, 26
samples were taken in air with the average PV above that
limit.
[19] The concentrations of the elements in Figure 4 vary

significantly around their average. One factor behind this
behavior could be a seasonal variation. For potassium and
iron the slope of the average concentration as a function of
PV is zero. This means that the measured concentrations can
be used without any conversion to study the seasonal
variation. The particulate sulfur concentration depends
strongly on PV. To study the seasonal dependence of this
element, we subtracted the PV-dependent average concen-
tration from the actually measured concentrations. The
data were analyzed separately in two PV groups, 2.5–5
and >5 PVU. With the limited amount of lowermost
stratospheric data available, the year was divided into two
seasons, the spring (March–June) and the remainder of the
year, with approximately the same number of samples. In
Figure 5 it can be seen that the three elements are present in
significantly higher concentrations during spring compared
with the remainder of the year. It can also be seen that this
pattern holds in both PV groups, with the exception of iron
in the 2.5–5 PVU group.
[20] By comparing Figures 4 and 5 with respect to the

concentration of particulate potassium and iron, it can be
concluded that the season is more important than the PV
level, i.e., how deep into the lowermost stratosphere the
sample was taken. The seasonal pattern of a strong peak in
concentration during spring coincides with the peak con-
centration in the upper troposphere [Papaspiropoulos et al.,
2002]. This indicates that the potassium and iron originate
in the troposphere and reach the lowermost stratosphere as a
result of transport across the tropopause.
[21] The particulate sulfur concentration peaks in the

same month as the other two elements studied. However,
whereas the average concentration increases by 46 ng/m3

STP in the PV interval 1.5–7 PVU, the seasonal variation
accounts for approximately ±5 ng/m3 STP. This increasing
particulate sulfur concentration as the measurements are
taken deeper into the lowermost stratosphere will be inves-
tigated further in the next section, using the O3 concentra-
tion measurements.

4. Origin of Air and Particulate Sulfur in the
Lowermost Stratosphere

[22] To put the results from the lowermost stratosphere
further into a dynamic context, the fraction of the air
originating in the stratospheric overworld (fSOV), i.e., above
the 380-K potential temperature surface, was estimated for

Figure 5. Aerosol elemental concentration at northern
midlatitudes as a function of season for samples of average
potential vorticity of more than 2.5 PVU. The particulate
sulfur concentrations are given as difference between the
original value and the linear model of Figure 4.
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each sample. This quantity can in principle be obtained
from modeling of the fluxes to, from, and within the
lowermost stratosphere. However, there are still large
uncertainties associated with these fluxes. Therefore the
long-lived O3 [Solomon et al., 1997; Smith et al., 2001],
which is produced higher up in the stratosphere, was used as
a tracer together with only simple, overall assumptions
about the air fluxes to obtain an estimate of fSOV. The model
used to compute fSOV is presented in the Appendix A.
Appendix A also contains a sensitivity study showing that
the model is a robust tool for estimation of the fraction of
the air and particulate sulfur of stratospheric origin.
[23] The 26 CARIBIC measurements investigated here,

covering 1–2.5 hours of aerosol sampling time, were
broken down into eight PV levels, one with tropospheric
air having PV less than 2 PVU, one with PV > 8 PVU, and
six layers of 1 PVU width between 2 and 8 PVU. The PV,
O3 concentration, and latitude were averaged in each PV
layer for each of the 26 sampling occasions. The seven
stratospheric layers were used to estimate the fraction of air
from the stratospheric overworld (fSOV) sampled in each of
the layers by relating the measured average O3 concentra-
tion of each layer to the O3 concentrations at the two
boundaries of the lowermost stratosphere, as obtained from
the model. For the entire time period of an aerosol sample,
fSOV was obtained as the product of the time spent in each
layer and fSOV of the layers divided by the entire sampling
time.

4.1. Seasonal Variation in Air Origin

[24] The atmosphere has a strong gradient in PV in the
tropopause region, which is used to define the dynamical

tropopause. Tropospheric air enters the lowermost strato-
sphere as a result of transport across the tropopause. The
gradient in PV thus could also be expected to cause a
gradient in fSOV. Figure 6 shows the relation between fSOV
and PV for the PV layers of the samples. Overall, it can be
seen that fSOV varies substantially for a given PV and that
the average fSOV increases steadily with PV. (The linear
model in Figure 6 is used in the sensitivity study described
in Appendix A.)
[25] A clear seasonal variation in the dependence of fSOV

on PV can be seen. The measurements taken in October–
December were more affected by tropospheric air than those
from March–July. It is also clear that the measurements
from January show large variability. Mostly they behave
similar to the October–December measurements (Jan A),
but they can also appear at the other extreme (Jan B) in
Figure 6. The January data were obtained from eight
sampling events. Those marked Jan B were the results from
two of these events. They were sampled 18 and 19 January
2000. The other six events were from 2001 and 2002.
Clearly, observations of the strong winter/spring downward
transport from the stratospheric overworld were made
already in January of the year 2000. The remaining January
events are less influenced by air from the stratospheric
overworld.
[26] The seasonal pattern thus consists of a strong influ-

ence of air from the stratospheric overworld on the lower-
most stratosphere during late winter, spring, and early
summer, which in some years can be observed already in
January. Later in the year, influence from the overworld
fades, and thus the fraction of the air originating in the
troposphere is larger during fall and early winter. A similar
seasonal behavior was obtained by studying the O3 gradient
with PV (dO3/dPV), yielding a maximum in April and a
minimum in October [Roelofs and Lelieveld, 2000; Zahn et
al., 2004b]. However, dO3/dPV is not directly comparable
with fSOV because the seasonal variability of the former is
the combined effect of the seasonal variability of the O3

concentration at the top of the lowermost stratosphere and
mixing with tropospheric air in the lowermost stratosphere.

4.2. Particulate Sulfur Dependence on Air Origin

[27] In Figure 6 the data from the different PV levels of
each sampling occasion were used. As we now turn the
attention to particulate sulfur, the results from the PV levels
of each sample are combined to describe fSOV of the entire
sampling period. This quantity should be compared with the
particulate sulfur concentration reduced for the impact from
the troposphere (CS, strat), i.e.,

CS;strat ¼ CS;meas � 1� fSOVð ÞCS;troposph; ð1Þ

where the concentration and seasonal variation of upper
tropospheric particulate sulfur was obtained from the
CARIBIC data set. The results are shown in Figure 7.
The particulate sulfur concentration increases with fSOV. A
linear model was fitted to the CS, strat � fSOV relation, using
a forecasting method. The dash-dotted lines indicate on the
95% probability level that a measurement will appear within
these borders. The bold dashed lines relate to the linear
model and show the limits where the line is contained with
95% probability. In Figure 7 it can be seen that the

Figure 6. The fraction of the air that originated in the
stratospheric overworld as a function of the potential
vorticity for each sample and their PV levels as defined in
the text. The January measurements are divided into two
categories: those from the year 2000 (Jan B) and those from
2001 and 2002 (Jan A). The solid line is a linear fit, the
dashed lines are the 95% confidence interval of the model,
and the dash-dotted lines are the 95% confidence interval of
the data points.
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variability relative to the linear model cannot be assigned to
season. The samples with the largest fSOV were, with the
exception of one of the January 2000 measurements, taken
during spring, thus concurring with the finding of Figure 6
that fSOV is larger during these months. The seasonality of
the transport from the overworld thus provides an explana-
tion for the seasonal dependence of the particulate sulfur
concentration in the lowermost stratosphere (Figure 5).

5. Discussion

[28] The tropospheric component was removed for the
particulate sulfur concentrations of Figure 7 (CS, strat).
Restoration of CS to the total concentration is obtained by

CS ¼ CS; strat fSOVð Þ þ 1� fSOVð ÞCS; troposph: ð2Þ

[29] The average upper tropospheric concentration at
northern midlatitudes was 15.9 ng/m3 STP. In Figure 7 it
can be seen that CS, strat(0) = 8.3 ng/m3 STP, according to
the linear model. This value is larger than zero with a
high probability (approximately 97%). The tropopause thus
likely produces a discontinuity in the particulate sulfur
concentration, being 16 ng/m3 STP in the tropospheric limit
and 24 ng/m3 STP in the stratospheric limit of the tropo-
pause. The cause of this discontinuity could be transforma-
tion of sulfur dioxide that is transported along with
particulate sulfur across the tropopause, as proposed by
Papaspiropoulos et al. [2002]. At the top of the lowermost
stratosphere, at atmospheric pressure of typically 138 hPa
(130–145 hPa depending on latitude), the particulate sulfur
concentration becomes CS, strat(1), namely, 75 ng/m3 STP.
The results are summarized in Figure 8.

[30] Deshler et al. [2003] compared three data sets in two
altitude intervals based on balloon-borne instrumentation at
Laramie (41�N), Wyoming, and Lauder (45�S), New Zea-
land [Liley et al., 2001], and satellite-based measurements
from SAGE II [Bauman et al., 2003]. During the time
period of the present measurements, spring 1999 to spring
2002, the total aerosol volume columns according to these
measurements were 1.5 � 104 and 2 � 104 mm3/cm2 for the
5-km intervals 20–25 km and 15–20 km. Making the
assumptions that the aerosol consists of 75% sulfuric acid
and 25% water [Rosen, 1971] and that the column concen-
trations are representative of the middle pressure of the
altitude intervals, the total aerosol volume columns trans-
forms to 200 and 130 ng/m3 STP of particulate sulfur at 50
and 98 hPa atmospheric pressure.
[31] The balloon-borne and satellite-based measurements

cannot directly be compared with the results from the
CARIBIC platform, because they are from different alti-
tudes and because the former measurements are not chem-
ically specific. However, a linear extrapolation of the results
from the stratospheric overworld to the top of the lowermost
stratosphere (the dashed line of Figure 8) results in a similar
concentration as obtained from CARIBIC, thus suggesting
that the data sets are in coherence.
[32] The results of this study were obtained for a period

where the influence from volcanism on stratospheric sulfur
was small, and are thus representative of what is often
referred to as stratospheric background conditions. In the
same way as meridional mixing of O3-poor tropical air with
the down-welling air from the production altitudes causes a
strong vertical gradient in the O3 concentration [Gettelman
et al., 1997], such a mixing of the particulate sulfur
produced from carbonyl sulfide (OCS) explains the profile

Figure 7. Measured particulate sulfur concentration at
northern midlatitudes reduced by the estimated contribution
from the troposphere as a function of the fraction of the air
that originated in the stratospheric overworld. Jan B and Jan
A samples were taken in January 2000 and 2001–2002,
respectively. The solid line is a linear fit, the dashed lines
are the 95% confidence interval of the model, and the dash-
dotted lines are the 95% confidence interval of the data
points.

Figure 8. Particulate sulfur concentration at northern
midlatitudes for various atmospheric pressures. The circles
are from the present data set, and the triangles represent
literature data from Deshler et al. [2003]. The latter data
were given as particle volume in 5 km altitude columns.
They were converted to particulate sulfur mass concentra-
tions assuming the particle composition to be 75% sulfuric
acid and 25% water. See the text for further details.
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of particulate sulfur in the extratropical stratosphere. In the
lowermost stratosphere, mixing with tropospheric air caused
by transport across the tropopause further reduces the
particulate sulfur concentration. At low altitudes, in the
planetary boundary layer (PBL), the particulate sulfur
concentration is high as a result of oxidation of sulfur
dioxide and dimethyl sulfide and primary particle emissions
from surface sources. Vertical transport of particulate matter
in the troposphere is suppressed by wet scavenging. Thus
mixing dilutes the stratospheric source and wet scavenging
removes particles from the surface sources to create a
minimum in the STP mass concentration of particulate
sulfur in the upper troposphere at midlatitudes.
[33] Bauman et al. [2003] estimated the effective diam-

eter of the aerosol to 0.3 mm during volcanically quiescent
periods. The standard deviation of their lognormal distribu-
tion was estimated 1.6, implying that 90% of the mass was
carried by particles less than 0.6 mm in diameter. With the
particle composition according to Rosen [1971], the sedi-
mentation velocity becomes 0.15 km/month for the latter
particle size and the conditions in the lowermost strato-
sphere. The vertical extension of the lowermost stratosphere
at midlatitudes is several kilometers. Comparing these
numbers with the estimated air residence time of 2.5–6
months (see Appendix A) in the lowermost stratosphere
indicates that transport across the tropopause along isentro-
pic surfaces into the troposphere is the main removal
mechanism of particulate sulfur from the lowermost strato-
sphere at midlatitudes.
[34] On the basis of budgetary considerations, Chin and

Davies [1995] questioned the dominance of the OCS source
for background conditions. Sulfur dioxide injected to the
stratosphere is converted to particulate sulfur at lower
altitudes than OCS. As already pointed out, deposition
processes of particulate sulfur in the stratosphere are weak.
Therefore it is possible to estimate the strength of sources to
the aerosol based on concentrations appearing at key
locations. Ideally the concentration of particulate sulfur
and sulfur dioxide at the tropical tropopause should be
available. The concentration measurements available from
8–12 km altitude will be used as a substitute to estimate that
concentration. After processing of OCS in the stratosphere
and mixing with tropical, stratospheric air, the particulate
sulfur concentration at the top of the lowermost stratosphere
represents the sum of the tropospheric contributions of
particulate sulfur (9 ng/m3 STP [Papaspiropoulos et al.,
2002]) and sulfur dioxide (30 ng/m3 STP [Thornton et al.,
1999]) and the aerosol produced from OCS. The concen-
tration at northern midlatitudes was estimated to 75 ng/m3

STP in the present study. These numbers thus indicate that
OCS is responsible for approximately half of the particulate
sulfur mass that is transported down to the lowermost
stratosphere.
[35] The stratospheric aerosol concentrations are similar

at southern and northern midlatitudes [Deshler et al., 2003].
Taking the present estimate of the particulate sulfur con-
centration at the top of the lowermost stratosphere to be
representative of the extratropics and using the flux across
the 380-K potential temperature by Appenzeller et al. [1996]
results in a production of 0.032 Tg S/yr from OCS, whereas
the flux of particulate sulfur and sulfur dioxide from
the tropical troposphere to the stratosphere becomes

0.034 Tg S/yr. The estimate of the production from OCS is
somewhat lower than that from Chin and Davies [1995] of
0.052 Tg S/yr. Other recent estimates on the production
of the stratospheric background aerosol are 0.049 and
0.011 Tg S/yr [Weisenstein et al., 1997], 0.013 and
0.178 Tg S/yr [Kjellström, 1998], and 0.036 and 0.031 Tg
S/yr [Takigawa et al., 2002] from OCS and sulfur dioxide,
respectively, transported from the troposphere. Clearly,
further efforts are needed to better quantify the sources of
the stratospheric background aerosol.

6. Conclusions

[36] Regular measurements of particulate sulfur and other
elements of the aerosol in the upper troposphere and the
lowermost stratosphere (8.2–12 km altitude) were under-
taken from the CARIBIC platform during 1999–2002.
During this time period the volcanic influence on the
stratospheric aerosol was low. The focus of this study was
the aerosol of the lowermost stratosphere at northern mid-
latitudes under these volcanically quiescent conditions.
[37] Three chemical elements were investigated in rela-

tion to the potential vorticity (PV) of the air mass, which has
a strong gradient of increase from the tropopause. Particu-
late potassium and iron showed no measurable change in
concentration as PV increased. Particulate sulfur, on the
other hand, strongly increased from the average concentra-
tion of 16 ng/m3 STP (standard temperature and pressure) in
the upper troposphere to 62 ng/m3 STP at the PVof 7 PVU.
The samples taken in stratospheric air masses having PV >
2.5 PVU were investigated with respect to seasonal varia-
tion. Particulate potassium and iron strongly peaked in
concentration during March–June, which is similar to their
seasonal behavior in the upper troposphere. Particulate
sulfur concentration peaked during the same months, but
not as pronounced as the other two elements. Combining
the results of the PV and seasonal dependences, it can be
concluded that particulate potassium and iron in the lower-
most stratosphere originate in the troposphere and appear as
a result of transport across the tropopause, whereas partic-
ulate sulfur has a strong stratospheric source in addition to
the transport across the tropopause.
[38] The problem of quantifying the mixing in the low-

ermost stratosphere is still unsolved. Here a solution to the
problem is proposed, based on a tracer technique. A model
was developed to estimate the fraction of the intercepted
lowermost stratospheric air masses that originated in the
stratospheric overworld (fSOV). The model was in its essen-
tial parts based on ozone (O3) as tracer, due to its long
chemical lifetime in the lowermost stratosphere, and avail-
ability of O3 measurements concurrent with the aerosol
measurements from the CARIBIC platform as well as
ozonesonde measurements of the concentration at the top
of the lowermost stratosphere and in situ measurements in
the upper troposphere. The concentrations at the top of the
lowermost stratosphere and the upper troposphere were
integrated in time using estimated values of the chemical
lifetime and the residence time of air in the lowermost
stratosphere, to obtain the O3 concentrations from the two
boundaries affecting the lowermost stratosphere at any
given time. These concentrations from the boundaries were
then applied to the O3 measurements in the lowermost
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stratosphere to obtain the estimate of fSOV. A sensitivity
study showed that this model produced robust estimates of
the fraction of the lowermost stratosphere air that had
passed through its upper boundary.
[39] The relation between fSOV and PV showed a strong

seasonal variation in the lowermost stratosphere, with the
strongest influence from the overworld during late winter,
spring, and early summer, whereas fSOV was low during fall
and early winter. The measurements in January showed
large variability, ranging from the fall group two of the
years of measurements to the spring group (one year), thus
indicating an interannual variability in the seasonal onset of
the intensified transport from the overworld.
[40] The fSOV estimates were related to the measurements

of particulate sulfur. Evidence of a discontinuity at the
tropopause was found in the average particulate sulfur
concentration, being 16 ng/m3 STP in the tropospheric
and 24 ng/m3 STP in the stratospheric limit. A cause for
the step in concentration could be the oxidation of sulfur
dioxide, which was transported across the tropopause along
with the particles, to form sulfate aerosol in the prolonged
residence time since passage through the tropopause. The
particulate sulfur concentration increases with fSOV and
reaches on average 75 ng/m3 STP for fSOV = 1. This is
the estimated concentration without any influence from the
troposphere, hence reflecting the concentration at the top of
the lowermost stratosphere.
[41] This strong increase with altitude in the STP con-

centration (mixing ratio) of particulate sulfur in the lower-
most stratosphere connects to the stratospheric overworld.
Satellite and balloon-based measurements show further
increase of the STP aerosol concentration with altitude.
This gradient appears as a result of mixing of down-welling
midlatitude air masses with air masses from the tropical
stratosphere that are poor in sulfate aerosol mass and active
sulfate precursors. As the diabatic flux reaches the lower-
most stratosphere, further dilution of the particulate sulfur
content results from mixing with tropospheric air on the
way down to the tropopause.
[42] The concentration at the top of the lowermost strato-

sphere was used together with the concentration of sulfur
species from the tropical troposphere to estimate that
approximately half of the particulate sulfur mass transported
from the stratospheric overworld to the lowermost strato-
sphere was formed from carbonyl sulfide (OCS), the re-
mainder being dominated by particulate sulfur and sulfur
dioxide that was transported across the tropical tropopause.
The results were further used to estimate the production of
particulate sulfur in the stratosphere to 0.066 Tg S/yr.
Recent budget estimates arrived at 0.060, 0.067, and
0.21 Tg S/yr.
[43] The influence from non-OCS sources becomes stron-

ger in the lowermost stratosphere due to transport of
particulate sulfur and sulfur dioxide from the troposphere
across the extratropical tropopause. The stratospheric mea-
surements of this study were on average taken at 254 hPa
atmospheric pressure with the average PV of 5.4 PVU. The
average contribution from the stratospheric overworld was
estimated at 40% in terms of air mass and on average two
thirds of the particulate sulfur originated in the stratospheric
overworld. The particulate sulfur at this level in the lower-
most stratosphere thus is made up of three sources of

approximately equal importance: the OCS contribution,
the particulate sulfur and sulfur dioxide transported across
the tropical tropopause, and the same constituents trans-
ported across the extratropical tropopause.

Appendix A: O3-Based Model on the Air Origin

[44] The long chemical lifetime of ozone of more than 1
year in the midlatitude lowermost stratosphere [Solomon et
al., 1997; Smith et al., 2001] was utilized to estimate the
fraction of the air in the lowermost stratosphere originating
in the overworld. A simple model was formulated. It takes
its starting point at the upper bound of the lowermost
stratosphere. As the air descends farther into the lowermost
stratosphere, the O3 concentration is reduced mainly as a
result of mixing with air of tropospheric origin. Thus the
measured O3 concentration can be described by

Cmeas ¼ fSOVCSOV þ 1� fSOVð ÞCT ; ðA1Þ

where fSOV is the sought fraction of air from the
stratospheric overworld, whereas CSOV and CT are the O3

concentrations at the lower bound of the stratospheric
overworld and the troposphere obtained after integration
with suitable time constants.
[45] The O3 concentration at the measurement altitude is

the result of mixing of air masses having resided for various
time periods in the lowermost stratosphere after they have
been transported either across the top of the lowermost
stratosphere or the tropopause. The distribution of air mass
ages present basically is determined by the air residence
time in the lowermost stratosphere. To obtain the O3

concentrations from the two boundaries (CSOV and CT),
the momentary concentrations at the two boundaries need to
be integrated backward in time. The range of momentary
concentrations affecting the lowermost stratosphere is de-
termined by the air residence time. The chemical lifetime is
also involved in the integrations and produces a correction
for chemical loss of O3.

A1. Model Input Parameters

[46] In situ measurements of O3 in the upper troposphere
have been undertaken by the CARIBIC and MOZAIC
[Marenco et al., 1998] platforms. Their monthly mean
concentrations, as presented by Zahn et al. [2002], were
used to obtain concentrations needed to estimate CT.
[47] The O3 concentration at the top of the lowermost

stratosphere was estimated from ozonesonde data taken at
four stations between 38�N and 74�N [Fortuin and Kelder,
1998], where the O3 concentrations were given as a function
of atmospheric pressure. The upper limit of the lowermost
stratosphere mostly is described in terms of a potential
temperature surface, commonly 380 K. The pressure
increases by approximately 15 hPa from 40�N to 60�N on
the 380-K surface [Appenzeller et al., 1996]. The latitude
dependence of annual average concentrations was fitted to a
linear model using 130 hPa concentrations at 40�N and
145 hPa at 60�N. The seasonal variation of the O3 concen-
tration was close to sinusoidal with a small latitude-
dependent phase shift (O(Q)). The amplitude (A) of the
seasonal variation showed small, but irregular variation and
was therefore taken to be independent of latitude in the
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model. The latitude and season dependent O3 concentration
at the potential temperature 380 K for northern midlatitudes
thus was described by

CSOV Q;Dð Þ ¼ C0 Qð Þ 1þ A sin 2p
Dþ O Qð Þ

365

� �� �
; ðA2Þ

where Q is latitude, D is the Julian day and C0 is the
latitude-dependent, annual average O3 concentration. The
resulting O3 concentration at the top of the lowermost
stratosphere used in the model is shown in Figure A1.
[48] The lowermost stratosphere is ventilated by transport

to the troposphere. This stratosphere to troposphere trans-
port (STT) determines the residence time of air in the
lowermost stratosphere and hence the integration time
constant of CSOV and CT making up the O3 concentration.
Estimates of STT vary significantly and are method depen-
dent [Gettelman and Sobel, 2000]. Stohl [2001] estimated
the annual average STT to be in the range of 15 � 109 to
35 � 109 kg s�1 for the Northern Hemisphere, depending

on the PV depth of the tropopause. Making the assumption
that the residence time of air can be approximated by its
average value in the stable structure of the lowermost
stratosphere and using a value of the STT in the range of
Stohl’s [2001] in relation to the mass of the northern
lowermost stratosphere [Appenzeller et al., 1996] yields
an average residence time in the range of 2.5–6 months.
In the present model, the residence time of air in the
lowermost stratosphere was set to 4 months.

A2. Sensitivity Study

[49] The two linear models on the fSOV� PVandCS, strat�
fSOV relations shown in Figures 6 and 7 describe in a
reduced form the outputs of the O3-based model presented
here. Hence the sensitivity of these linear models to changes
in the input parameters of the O3-based model was used to
test the stability of the results. Each of the two linear
relations was investigated in two points. The fSOV � PV
relation was checked for the PV where fSOV = 0, which can
be regarded as the average PVof the tropopause, and fSOV at
PV = 10 PVU. The other relation was investigated with
respect to the particulate sulfur concentration (CS, strat) for
fSOV of 0 and 1. The values at these four points are given in
Table A1 together with the 95% probability range of the
linear models; for example, the PV of the dynamical
tropopause on average is 1.79 PVU and the 95% confidence
interval of that estimate 1.21–2.21 PVU.
[50] The mixing of air masses of various ages in the

lowermost stratosphere was described using the residence
time of air in the lowermost stratosphere. Typical O3

concentrations of air from the two borders of the lowermost
stratosphere were obtained from integration in time. O3

destruction was accounted for by the inclusion of the
chemical lifetime in the model. The central value and test
range of the residence time and chemical lifetime were 4
months (2.5–6 months) and 18 ± 6 months. In Table A1 it
can be seen that the large range in the air residence time of
more than a factor 2 affected the four parameters investi-
gated by ±7% or less. A slightly larger effect was found
when the O3 lifetime was reduced to 12 months on CS,

strat(0), which was reduced by 10%, whereas the other
parameters were affected by ±7% or less. Comparing with
the statistical uncertainty of the estimates, only fSOV(10) is

Figure A1. Ozone concentrations (ppbv) used to describe
the conditions at the top of the lowermost stratosphere
defined by the potential temperature 380 K. The concentra-
tions were extracted from Fortuin and Kelder [1998]. See
the text for further details.

Table A1. Sensitivity Test of the O3-Based Model on the Origin of the Air in the Lowermost Stratosphere

Parametera Sensitivity Testa CS(0),
b ng/m3 STP CS(1),

b ng/m3 STP PV,c PVU fSOV(10)
d

Model central valuee . . . 8.3 75.2 1.79 0.98
Model 95% statistical intervale . . . �0.8–17.4 59.4–90.9 1.21–2.21 0.89–1.05
tO3 (18 months)f 12; 24 7.5–8.7 72.5–76.6 1.71–1.84 1.05–0.94
tair (4 months)g 2.5; 6 8.0–8.5 80.6–71.5 1.87–1.76 0.90–1.04
CO3 annual average (C0)

h 0.9C0; 1.1C0 8.1–8.5 69.9–80.4 1.79–1.80 1.10–0.88
CO3 amplitude (0.34)h 0.306; 0.374 8.5–8.1 74.5–75.8 1.80–1.79 0.98–0.97
CO3 phase (Q months)h ±0.5 8.5–8.3 73.8–75.8 1.74–1.85 0.98–0.98
Transport delay (0 months)i 1 8.8 69.4 1.70 1.06
Range in sensitivity test . . . 7.5–8.8 69.4–80.6 1.70–1.87 0.88–1.10

aThe central values of the parameters are given in parentheses. The same units apply to the sensitivity test.
bParticulate sulfur concentration for fSOV 0 and 1.
cPotential vorticity for fSOV = 0.
dFraction air from stratospheric overworld at 10 PVU potential vorticity.
eCentral values and 95% confidence intervals of the linear models in Figures 6 and 7.
fChemical lifetime of O3 in the lowermost stratosphere.
gThe residence time of air in the lowermost stratosphere.
hThe O3 concentration at top of the lowermost stratosphere is described by equation (A2).
iTransport delay before air from top of the lowermost stratosphere starts to appear at measurement altitude.
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affected to a degree comparable with the statistical uncer-
tainty of the linear model.
[51] Three of the tested input parameters of the O3-based

model concerned the O3 concentration at the top of the
lowermost stratosphere. The interannual, monthly standard
deviation at northern midlatitudes is dependent on altitude,
latitude, and season. At the top of the lowermost strato-
sphere at northern midlatitudes the standard deviation
typically is in the range of 20–30% [Fortuin and Kelder,
1998]. Their data were, however, based on a large number
of years, implying that most of this variability should be
accounted for by their averages. Still, to test the O3 model
sensitivity to uncertainties in the average, the annual aver-
age was varied by ±10%, as was the amplitude of the
seasonal variation, whereas seasonal dependence was shifted
by ±0.5 months. The latter two parameters only have a weak
influence, 3% or less, on the four points tested (see Table
A1). Changing the annual average O3 concentration by
±10% had little effect on CS, strat(0) and PV(fSOV = 0),
±3% or less, whereas CS, strat(1) changed by ±7% and
fSOV(10) changed by�10% or +13%. Only fSOV(10) showed
sensitivity comparable with the statistical ranges.
[52] Obviously some transport time is required before air

at the top of the lowermost stratosphere starts to appear at
the measurement altitudes. Ozonesonde data presented by
Fortuin and Kelder [1998] show that the early spring
maximum at northern midlatitudes appears in the same
month at the top of the lowermost stratosphere and at
pressures of above 200 hPa at four stations in the range
38–74�N. On the basis of this observation the delay time
before the air masses appear at our measurement altitudes
was set to 0; that is, the starting time of the integration
backwards in time to obtain CSOV was set to the time of the
measurement as the model central value. The sensitivity to
this transport time was tested by a delay of 1 month; that is,
the backward integration started 1 month before the time of
observation. In Table A1 it can be seen that the deviation
from the central value was 8% or less, which is small
compared with the statistical ranges for all testing points
except for fSOV(10).
[53] The influence of the interannual, monthly standard

deviation was tested by changing the O3 concentration by
±25% during the most recent month of each measurement,
whereas the concentration followed the average behavior
the preceding months. This test is somewhat unrealistic
when applied to the parameters of Table A1, because all
samples, taken during a 3-year period, are affected in the
same direction (±25%) by the test. However, this estimate
can be used to test the behavior of individual measurements.
On average, fSOVover all the stratospheric model layers was
0.395. Increase of the O3 concentration by 25% decreased
the average fSOV by 7.7% and became 0.365, whereas the
25% decrease in O3 increased average fSOV by 9.1%. These
numbers thus can be regarded as an estimate on the
variability in fSOV induced by the interannual variability in
the O3 concentration at top of the lowermost stratosphere.
[54] In conclusion, it was found that the O3-based model

constitutes a robust tool to estimate the particulate sulfur
concentration at the tropopause and the top of the lowermost
stratosphere. This is also true for the average position in PV
of the tropopause, whereas the fraction of air from the
lowermost stratosphere at PV = 10 PVU showed sensitivity

to estimated values used in the model that were similar to
the statistical uncertainties of the linear model used.
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