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Measurement of aerosol ulfuric acid 

2. Pronounced layering in the free troposphere during 
the second Aerosol Characterization Experiment (ACE 2) 

J. Curtius, 1'2 B. Sierau, 1'3 F. Arnold, 1 M. de Reus, 4'5 J. Str6m, 4'6 
H. A. Scheeren, 7 and J. Lelieveld 5'7 

Abstract. Measurements of aerosol sulfuric acid in the free troposphere were performed in 
the vicinity of Tenerife, Canary Islands (28øN, 16øW), in July 1997. These measurements 
were carried out on board a Dutch Cessna Citation II research aircraft within the framework 

of the second Aerosol Characterization Experiment (ACE 2). We used the Volatile Aerosol 
Component Analyzer for the detection of sulfuric acid (H2SO4). Vertical profiles between 2 
and 13 km altitude were obtained. Typically, H2SO4 mixing ratios ranged between 10 and 
120 pptv. Between 4 and 6 km altitude a distinct H2SO4 aerosol layer was observed 
repeatedly with H2SO4 mixing ratios of up to 550 pptv. The measurements are in agreement 
with total aerosol mass concentrations inferred from simultaneous measurements of aerosol 

size distributions using two condensation particle counters, a differential mobility analyzer, 
and an Optical aerosol counter. At altitudes above 4 km the predominant aerosol component 
was sulfuric acid, frequently correlated with ozone, suggesting photochemical air pollution as 
a common source. Sulfur dioxide measured by chemical ionization mass spectrometry 
technique revealed typical mixing ratios between 10 and 60 pptv at altitudes above 6 km and 
up to 200 pptv in the lower troposphere. 

1. Introduction 

Sulfate aerosol particles in the atmosphere have received 
considerable attention during recent years because their 
changing concentration influences climate. These particles 
contribute to direct and indirect climate forcing, the former 
through solar radiation scattering and the latter through their 
influence on cloud properties [Charlson et al., 1992]. Sulfate 
particles are important cloud condensation nuclei (CCN) and 
are presumably the most common aerosol species in the upper 
free troposphere. Formation of sulfate aerosol particles from 
reduced and partly reduced sulfur gases is a major component 
of the atmospheric sulfur cycle [Langner and Rodhe, 1991]. 
Number concentrations of aerosol particles in the free 
troposphere are highly variable between 10 to several 103 cm -3 
[e.g., Seinfeld and Pandis, 1998]. 

The unresolved questions concerning direct and indirect 
climate forcing by sulfate aerosols have triggered numerous 
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scientific studiles [e.g. Quinn et al., 1995; Chuang et al., 1997; 
Kasibathla et al., 1997; van Dorland et al., 1997]. Since 
anthropogenic sulfur dioxide (SO2), which is converted to 
sulfuric acid (H2SO4) within the atmosphere in the aqueous 
phase or in the gas phase, is the most important source of 
sulfate aerosols, these climate effects are largely considered to 
be of anthropogenic origin. 

Measurements of the sulfate contained in free tropospheric 
aerosol particles are still scarce, and furthermore large-scale 
measurements from satellites or from a ground-based network 
are not available. Most commonly the aerosol sulfate burden 
is measured by airborne filter collectors which allow only a 
limited spatial and temporal resolution. Additionally, these 
filters can be contaminated or altered during storage, 
transport, and analysis procedures. 

First, we summarize some of the recent findings about 
aerosol composition and total aerosol mass in the free 
troposphere. Putaud et al. [2000] present filter measurements 
sampling free tropospheric air at night, which were obtained 
during the second Aerosol Characterization Experiment (ACE 
2) campaign at Izana, a measurement station located on the 
island of Tenerife (elevation 2370m). In background 
conditions (no fresh continental pollution or dust) they find 
the submicron aerosol mass to be composed of-32% non-sea 
salt sulfate ions (nssSO42-),-2% NH4 +, -43% organic carbon 
compounds, and-23% other species. The NH4+/nssSO4 2- 
molar ratio (<0.4) indicates that <20% of the aerosol could be 
fully neutralized by NH4 +. The nssSO42' fraction of the 
aerosol mass is equivalent to 0.14 gg/m 3. Novakov et al. 
[1997] describe measurements along the east coast of the 
United States performed with a nephelometer, an absorption 
photometer, and filter samples onboard a C-130 research 
aircraft. These measurements were conducted at altitudes 
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between 0.5 and 3 km. The measurements show that on 

average, 50% of the aerosol mass may consist of organic 
material. Measurements of total aerosol mass indicate a wide 

range, i.e., 0.5-70 gg m '3. Murphy et al. [1998] performed 
aircraft-borne qualitative measurements of aerosol 
composition with a Particle Analysis by Laser Mass 
Spectrometry (PALMS) instrument over the United States, the 
Caribbean Sea, and Central America at altitudes between 5 
and 19 km. They found sulfuric acid to be a major component 
of the free tropospheric aerosol while they also inferred a 
significant contribution by organic compounds. P6sfai et al. 
[1999] report that a large fraction (10-45%) of the free 
tropospheric sulfate particles sampled during several 
measurement campaigns contain soot (including data that was 
collected during the ACE 2 campaign in Izana, Tenerife). 
Clarke [1993] performed airborne aerosol measurements in 
the free troposphere over the Pacific Ocean at altitudes of 8- 
12 km. These measurements were performed with several 
condensation particle counters (CPCs) and Optical Particle 
Counters (OPCs) and included volatility studies of the aerosol 
at different temperatures. These measurements showed that 
the aerosol was mainly composed of sulfuric acid. Total 
aerosol mass ranged between 0.01 and 1 gg m '3. Vertical 
profiles obtained during several aircraft ascents and descents 
revealed distinct aerosol layers. Holmes et al. [1997] present 
free tropospheric long-term measurements of aerosol 
composition obtained with filter samplers at the Mauna Loa 
Observatory, Hawaii. The 2-year average mass of the aerosol 
was 0.47 •tg m '3, mainly composed of sulfates (50 wt %). The 
remaining 50% was largely associated with dust particles 
transported to Hawaii from Asia, characterized by strong 
seasonal variations. Sheridan et al. [1994] present aerosol 
composition data obtained from X-ray and electron 
microscope analysis of free tropospheric particles sampled 
with impactors at altitudes between 8.6 and 12.7 km. These 
investigations revealed that sulfate particles were by far the 
dominant aerosol species (---90%). Dibb et al. [1999] 
performed filter measurements over the Pacific, finding that 

SO42' ions were usually a major constituent of the upper 
tropospheric aerosol. Dibb et al. [1998] present similar filter 
measurements over the United States. Mean SO42' mixing 
ratios of 78, 36, and 44 pptv were observed for the altitude 
ranges of 4-8, 8-10, and > 10 km, respectively. 

Global model calculations of the tropospheric sulfur cycle 
estimate the total sulfate abundance at altitudes between 2 and 

12 km at 30øN to be around 100 pptv [Langner and Rodhe, 
1991; Feichter et al., 1996]. Calculations by Benkovitz et al. 
[ 1994], who model aerosol sulfate in the troposphere over the 
North Atlantic Ocean, also suggest concentrations around 100 
pptv during October and November 1986, for all altitudes 
between 30øN and 40øN. 

Pronounced plumes of aerosol particles in the atmosphere 
are often observed in connection with volcanic eruptions or 
dust storms. Furthermore, aerosol layers in the free 
troposphere have been reported as well [Kent et al., 1998; 
Rosen et al., 2000]. Kent et al. [1998] analyzed global 
satellite data sets and found layers with elevated aerosol 
concentrations especially between 20øS and 40øS at almost all 
longitudes. Biomass burning was suggested as the primary 
source of these layers. Rosen et al. [2000] observed aerosol 
layers in large areas of more than 500 km extent, and the 
layers were correlated with enhanced ozone mixing ratios. 
Distinct horizontal layers of other trace substances in the free 

troposphere have been observed as well [Newell et al., 1999; 
Stoller et al., 1999; Wu et al., 1997; Collins et al., 1996; 
Newell et al., 1996]. Newell et al. [1999] inferred a frequent 
occurrence of quasi-horizontal layers of ozone and water 
vapor with a mean thickness of 1 km at altitudes between 5 
and 7 km. They found these structures to be ubiquitous in the 
troposphere and state that up to 20% of the troposphere may 
be occupied by such distinct laminae. Stoller et al. [1999] 
analyzed data sets of ozone, water vapor, methane, and carbon 
monoxide from three Pacific measurement campaigns for 
vertical structures. Many layers were found, up to several 
kilometers thick and exceeding 2000 km in horizontal extent. 
They report that stratospheric air, sometimes mixed with 
tropospheric polluted air, contributes predominantly to the 
most frequently detected type of layer. During ACE 2, 
dohnson et al. [2000] conducted extensive Lagrangian 
experiments to study the evolution of a polluted continental 
boundary layer from Europe into an intermediate layer above 
the marine boundary layer (MBL) and below the free 
troposphereø Here we report aircraft-based in situ 
measurements of aerosol sulfuric acid in the free troposphere 
along with measurements of aerosols, SO2 and ozone 
concentrations, which were obtained during the ACE 2 
campaign. 

2. Experimental Details 

Within the second Aerosol Characterization Experiment 
(ACE 2) the Volatile Aerosol Component Analyzer (VACA) 
was used for the first time to perform in situ measurements of 
background aerosol in the free troposphere. All 
measurements were carried out on board a Cessna Citation II 

research aircraft within the Free Tropospheric Aerosols and 
Their Mixing With the Boundary Layer (FREETROPE) 
project part of the ACE 2 campaign. For an overview of the 
project, see Raes et al. [2000]. The Citation aircraft was 
operated from Los Rodeos airport, Teneriffa Norte, Canary 
Islands. The measurement flights reported here took place 
between July 8 and 18, 1997. Vertical distributions between 1 
and 13 km altitude were obtained by flying stack profiles over 
the ocean near Tenerife. 

Details of the VACA instrument are described by Curtius 
and Arnold [this issue]. Only a brief description, highlighting 
the specific features of the instrument, is therefore given here. 
A schematic of the aircraft setup of the instrument is depicted 
in Figure 1. A backward facing inlet (6 mm ID) is used for 
sampling. The inlet widens to a flow tube of 4 cm inner 
diameter. A critical orifice of 2.5 mm diameter reduces the 

pressure inside the flow tube to ---100 hPa. A flow velocity of 
typically 2 m s '• is maintained by a mechanical pump. All 
flow tubing is made of stainless steel. The sample flow is 
heated to ---100øC to evaporate sulfuric acid contained in 
aerosol particles. Nitrate core ions of the form 
NO3-(HNO3)n(H20)m are then injected into the center of the 
flow tube. An external high-frequency discharge was used to 
produce the reagent ions in the presence of a buffer gas of 02 
and NO2. Gaseous sulfuric acid reacts with the reagent ions to 
produce ions of the form HSOa-(HNO3)n(H20)m [Viggiano et 
al., 1997]. Reagent ions and product ions are detected by a 
quadrupole mass spectrometer located at the end of the flow 
reactor. The flow velocity is measured with an anemometer. 

The backward facing inlet is employed to avoid 
anisokinetic oversampling of particles. Supermicron particles 
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Figure 1. Schematic of the VACA instrument as installed on board the Cessna Citation II research aircraft 
during the FREETROPE/ACE 2 mission. 

of high inertia are not able to follow the sharply bent stream 
lines. To characterize the cutoff diameter of the inlet, the 
aerosol size dependent aspiration efficiency was calculated 
following the approach by Vincent [1989] as described by 
SchrOder and StrOm [1997]. For an altitude of 8 km the 
calculated cutoff diameter (50% aspiration efficiency) is 1.30 
[tm. 

Note that the VACA instrument actually measures the sum 
of gaseous and aerosol sulfuric acid. Gaseous sulfuric acid 
concentrations are found in the range between l x10 s and 
2x10 ? molecules cm '3. This is due to the very low vapor 
pressure of sulfuric acid at atmospheric temperatures. 
However, this range is below the detection limit of the VACA 
system, and therefore the free tropospheric measurements of 
the VACA instrument are regarded as measurements of 
aerosol sulfuric acid alone [Curtius and Arnold, this issue]. 
Note also that the VACA only measures sulfuric acid that has 
not been neutralized by ammonia. As shown by Curtius and 
Arnold, ammonium(bi)sulfate is not vaporized by the VACA 
instrument at the temperatures applied, and therefore the 
VACA instrument measures only the sulfuric acid, not total 
sulfate in the aerosol. 

A second mass spectrometer for the detection of sulfur 
dioxide (SO2) using the chemical ionization mass 
spectrometry (CIMS) technique was installed aboard the 
Cessna Citation II. The instrument and detection method are 

described by Arnold et al. [1997]. The SO2 detection limit is 
-10 pptv. During the ACE 2 campaign measured SO2 mixing 
ratios were often found to be close to this detection limit. At 

high relative humidity (especially in and around clouds) the 
small mass spectrometric signal was sometimes found to be 
influenced by a neighboring mass peak. This part of the SO2 
data was therefore rejected. The mass spectrometric peak at 
112 amu, identified as SOs-, was used for the determination 
of [SO2]. This identification is not unique since CO4-(H20)2 
has the same molecular mass. Although studies which were 
performed by our group at Max-Planck-Institute for Nuclear 
Physics do not indicate a significant influence of the 

CO4-(H20)2 ion because the GO 4- ion is not likely to hydrate 
strongly, a partial influence cannot be entirely excluded (F. 
Grimm, personal communication, 2001). The concentrations 
of SO2 may therefore represent an upper limit. 

Furthermore, the Cessna Citation II research aircraft was 
equipped with a comprehensive particle detector system 
consisting of two condensation particle counters (CPC) (TSI 
3760 and TSI 3010), a custom built differential mobility 
analyzer (DMA), and an optical particle counter (OPC) (PMS 
PCASP). These instruments are described in detail by de 
Reus et al. [2000a]. 

Ozone measurements were performed using a modified 
pressure-independent chemiluminescence monitor (Bendix 
8002 [see Bregman et al., 1997]), with an uncertainty of-5%. 
The measurements of SO2 and 03 will be discussed here only 
in relation to the aerosol measurements. Trajectory 
calculations for identification of the origin of the encountered 
air masses were performed by the Royal Netherlands 
Meteorological Institute (KNMI) using analyzed three- 
dimensional wind fields from the European Centre for 
Medium-Range Weather Forcasts (ECMWF) [Scheele et al., 
1996]. 

3. Results 

Here we describe six measurement flights, performed 
between July 8 and July 18, 1997. One particularly 
interesting flight (July 15, 1997, F150797) will be discussed 
in detail first. The flight pattern of F150797 was typical for 
almost all flights of the FREETROPE experiment. A vertical 
profile of the free troposphere was obtained by scanning 11 
different altitude levels between 2 and 13 km in a series of 

steps ("stack flight" pattern). The flight was conducted 
northwest of Tenerife. The flight pattern and the temperature 
profile are depicted in Figure 2. The temperature profile 
shows a continuous decrease indicating that all of the flight 
levels were located in the free troposphere above the 
temperature inversion around 1.5 km and below the 
tropopause. 
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Figure 2. Flight track and temperature profile of F 150797. Eleven altitude levels between 2 and 13 km were 
sampled during a stack flight conducted northwest of Tenerife, Canary Islands. 

Plate 1 shows ten-day backward trajectories for air parcels 
encountered during the flight for several flight levels. From 
the trajectories it can be seen that the air encountered had 
traveled across the North Atlantic Ocean during the past 5 
days, coming directly from the north for the last 24 hours. 
Some of the air masses had traveled across North America 

precisely (e.g. trajectories with endpoints at the 506 and 572 
hPa pressure levels), while others had circulated over the 
Atlantic Ocean (e.g., 671 and 360 hPa). The pressure history 
(Plate 1, top) of the air indicates that some of the air masses 
had undergone significant vertical transport (671, 301, and 
360 hPa). These air masses went through substantial cyclonic 
ascent 3-10 days prior to the measurement, while they had 
traveled over the North Atlantic Ocean. The 671 hPa 

trajectory is the only one that appears to have had contact with 
the boundary layer recently. For a more general discussion of 
the meteorological context during the ACE 2 measurement 
campaign, see Vetvet et al. [2000]. 

Figure 3 shows a mass spectrum obtained with the VACA 
system during F150797. Reagent ions of the type 
NO3-(HNO3)n(H20)m and the product HSO4-(HNO3) n are 
clearly discerned. Except for a small instrumental 
background signal at 160 amu, which is discussed in detail by 
Curtius and Arnold [this issue] the chemical identification is 
unambiguous. Additionally, the mass scan reveals several 
other peaks. The peaks at 146, 150, 162, 249, and 251 amu 

are frequently detected by the VACA system. Each of these 
peaks is also present in spectra obtained in laboratory 
investigations using pure particle free nitrogen as sample gas 
[Curtius and Arnold, this issue]. Therefore these peaks seem 
not to be of atmospheric origin and they should not be 
identified as aerosol components. An identification of these 
peaks from their isotopic ratio could not be achieved. Merely 
for the peak doublet at 251 and 249 amu, the spectra indicate 
consistently that it is produced by a molecule which contains 
an atom occurring with an isotopic ratio of-1:2. Copper 
isotopes 64Cu and 62Cu which occur with a ratio of 0.46 are a 
likely explanation. The peak count rate for these two peaks 
rises exponentially with the gas temperature which makes a 
contamination as the source of the peaks probable (e.g., from 
two copper seals used in the flow tube). An in-depth study to 
characterize and identify the unknown peaks would be 
desirable. 

Figure 4 displays two aerosol number and volume 
distributions derived from the combined CPC, DMA, and 
OPC measurements during the F 150797 flight. Distribution A 
(solid circles) represents particle data obtained at 1210 UTC, 
4.3 km altitude, and distribution B (open triangles) at 1350 
UTC, 11 km altitude. Number distribution A is unimodal 
with the maximum around 80 nm particle diameter. Particles 
up to and even larger than l l am are detected by the OPC 
which is coupled to a near isokinetic forward facing sampling 
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Plate 1. (top) Pressure histories and (boSom) ten-day backward trajectories of air masses pe•ainin• to flight 
F150797. Trajectories are •iven for seven flight levels of F150797. Air masses in which high aerosol 
sul•ric acid concentrations were obse•ed (506 and 572 hPa, cyan and pink line) originated from the Noah 
American continent and appear not to have experienced significant ve•ical motion. 

inlet. For the higher flight level (distribution B) the maximum 
of the distribution is shifted to smaller particles (-40 nm). No 
particles larger than I Hm are detected by the OPC in case B. 
The volume distributions for both cases show that the major 
part of the total aerosol volume (and mass when assuming a 
size-independent density of the aerosol particles) is contained 
in particles between 80 and 400 nm. The calibrations of the 
VACA instrument were performed for this size range [Curtius 
and Arnold, this issue]. Note that in case A, particles larger 
than 1 pm also add to the total aerosol mass. For the direct 
comparison of the aerosol volume and aerosol sulfuric acid 
measurements (see below) only the mass up to 1.3 pm is 
considered because of the particle cutoff size of the backward- 
facing inlet of the VACA instrument. 

The relatively high number of particles of 10 nm size in 
case B suggests that particle nucleation has taken place. This 
nucleation probably occurred several hours before the 
measurement flight. A detailed discussion of particle 
nucleation from ACE 2 measurements conducted on the 

Citation aircraft is given by de Reus et al. [2000a]. 
Figure 5 shows a time series of the measurements 

performed during F150797. The total mass is shown for all 

aerosol particles smaller than 1.3 Hm diameter. A uniform 
density of the aerosol particles of 1.6 gcm -3 was assumed 
(corresponding to H2SO4-H20 aerosol of 68 wt % at 0øC). 
The aerosol sulfuric acid measurements are then shown. The 

ozone and the sulfur dioxide measurements as well as the 

flight altitude are also shown. A marked correlation is found 
between aerosol sulfuric acid, total aerosol mass and ozone 
throughout large pans of the flight (e.g., 1130-1250 UTC). 
SO2 is apparently not correlated with the other species. The 
ratio R = mH2SO4,ae/mtot, ae is shown for aerosol sulfuric acid and 
total aerosol mass as a running average over nine data points. 
While in the lowermost flight level (1100-1130 UTC) the 
sulfuric acid makes up only 10-30% of the total aerosol mass, 
in the flight levels above 4 km the aerosol consists mainly of 
sulfuric acid. The sulfuric acid fraction is typically found to 
be around 80%; however, we need to emphasize the 
uncertainty ranges of these measurements. The ratio R takes 
on values larger than 50 to 75% (by weight), which is the 
range of expected percentages for a pure sulfuric acid-water 
aerosol in the free troposphere with the aerosol composition in 
equilibrium with the ambient water vapor. Sometimes R takes 
on values even larger than 1, which can be explained only by 
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Figure 3. Spectrum of negative ions obtained with the VACA system during F150797 at 1212 UTC at an 
altitude of 4.3 km. Signatures of sulfuric acid are detected at 160 and 97 amu. 

the combined uncertainties of the two measurements. Several 

sources add up to the error bars depicted in Figure 5a, 5b, and 
5c. The large uncertainty of the VACA calibration performed 
in the laboratory (+45%, [Curtius and Arnold, this issue]) 
being transferred to the in-flight measurements and 
uncertainties in the calculation of the cutoff diameter (+30%) 
of the inlet are the main contributors to the error bars of the 

sulfuric acid measurements (+54% overall uncertainty). Since 
aerosol particles between 0.8 and 2 pm diameter contribute to 
the total aerosol mass (see Figure 4) the uncertainty in the 
calculated particle cut-off size of the VACA sampling inlet 
cannot be neglected in the overall uncertainty of the aerosol 
sulfuric acid measurements. Here a maximum uncertainty of 
+30% is estimated. Aerosol sulfuric acid measurements are 

probably also influenced to some extend by the instrumental 
background signal [Curtius and Arnold, this issue]. Sulfuric 
acid measurement data at concentrations _< 0.1 gg m -3 should 
therefore be considered as upper limits of aerosol sulfuric 
acid. Uncertainties in the assumptions of aerosol optical 
properties and aerosol density reduce the precision of the total 
aerosol mass data. Uncertainties in the measurement of the 

particle diameter, raised to the power of 3 contribute most to 
the overall uncertainty of the aerosol volume and mass 
derivation. The overall uncertainty of the aerosol mass data is 
approximately +50%. Within the error limits the total aerosol 
mass and the sulfuric acid measurements are consistent with 

each other, although, in comparison, the latter seems to be 
systematically somewhat too high. This discrepancy cannot 
be explained by the small instrumental background only (-10 
pptv, corresponding to 0.02 gg m -3 at 8 km altitude) since R 
takes on values >1 when large total aerosol masses and H2SO 4 
concentrations are measured (e.g., 1210-1230 UTC). At this 
point in time, the fraction of large particles between 0.5 and 2 
pm contributes significantly to the aerosol volume (Figure 4), 

and it is conceivable that uncertainties in the calculated cutoff 

size cause the discrepancy between the two measurements. In 
general, it is shown by the measurements that above 4 km 
altitude the aerosol encountered is predominantly composed 
of sulfuric acid. This appears from the fact that R is usually 
>0.5, and is additionally supported by the good correlation 
between the sulfuric acid and the total aerosol mass. 

Figure 6 shows the total particle number measured by the 
OPC, aerosol sulfuric acid, and ozone data for the same flight 
as vertical profiles. A distinct layer of elevated aerosol 
sulfuric acid concentrations is observed around 5 km altitude 

(-500 hPa). The aerosol layer is also reflected in the total 
number of particles measured by the OPC (particles with 
diameters between 110 and 1300 nm). The aerosol sulfuric 
acid mass reaches maximum values of 1.3 pg m '3 while the 
total particle number (dp > 110 nm) increases to 130 particles 

-3 

cm. A second, less pronounced layer is detected around 7 
km altitude. The two layers were observed during both the 
ascent as well as the descent. Since the ascent and descent 

were spatially separated by -100 km, the layers must have had 
an horizontal extent of at least this size. Both layers are also 
associated with enhanced ozone levels. Additionally, there is 
a layer of relatively high ozone around 8-9 km altitude which 
is not found in the aerosol data and a less pronounced layer at 
3 km, which is reflected in the OPC data, but not in the H2SO 4 
data. At the lowest altitude the aerosol might consist of other 
chemical compounds or the H2SO 4 may be neutralized by 
ammonia. 

In the following, the data and the most interesting findings 
of the other five flights will be briefly discussed. The other 
flights were also stack flights conducted in the vicinity of 
Tenerife (usually upwind of the island). Plate 2 displays the 
total aerosol sulfuric acid data from all six measurement 

flights versus altitude. For comparability with the SO2 data 
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Figure 4. Example of (top) aerosol number and (bottom) volume distributions from the CPC, DMA, and 
OPC measurements for two different altitude levels. Distributions obtained at 1212 UTC are coincident with 
the mass spectrometric data shown in Figure 3. 

(see below) the data are now given as volume mixing ratios. 
It can be seen that aerosol sulfuric acid mixing ratios range 
typically between 20 and 150 pptv throughout the free 
troposphere. These concentrations are similar to other free 
tropospheric observations and they support model calculations 
[e.g., Dibb et aT., 1998, 1999; Clarke, 1993; Langner and 
Rodhe, 1991; Feichner et aT., 1996]. At altitudes between 4.0 
and 5.6 km, enhanced mixing ratios are found during five of 
the six flights (except for flight F080797). In this -•5 km 
altitude layer the concentrations range between 10 and 550 
pptv (average 170 pptv). The layer persisted apparently for at 
least 9 days between July 10 and 18 and had a minimum 
extent of several hundred kilometers. 

Plate 3 displays the air mass trajectories for the other 
flights performed between July 8 and July 18, 1997. Air 
masses encountered during the different flights originated 
from a variety of directions. For example, during flights 
F080797 and F 100797, air masses originated mostly from the 
south or east, whereas air masses encountered during F 130797 

traveled from the northwest and originated from the east coast 
of North America. Several of the air parcels encountered in 
flight F130797 experienced strong vertical motion -2-2.5 
days prior to the measurement flight. The trajectories for the 
two flights of July 18, 1997, indicate that the air masses had 
been traveling slowly across the North Atlantic Ocean from 
west to east. 

For the 4.5 to 6 km altitude region (-•580-480 hPa), where 
the enhanced concentrations were found, the trajectory 
calculations show that the air had also originated from very 
different directions. For F080797 (cyan trajectory) and 
F100797 (cyan, black, and pink trajectories) air masses 
originated from the east (Sahara/West Africa). For F150797, 
on the other hand, air at 5 km altitude originated from the 
northwest (North America, pink and cyan trajectories), and for 
F 180797 air had traveled from westerly directions across the 
North Atlantic Ocean for the past 10 days (blue and green 
trajectories), and apparently did not have a recent continental 
origin. It is unlikely that a regional influence from the Canary 
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Figure 5. Measurements obtained during F 150797 as a function of time. Ratio R = mH2sO4ae/mtot, ae of aerosol 
sulfuric acid and total aerosol mass (running average of nine data points -9 min). A density p of 1.6 g cm '3 
was used to derive the total aerosol mass from the OPC and DMA measurements. 

Islands produced the encountered aerosol layers since flights 
were usually conducted upwind from the islands (see Figure 2 
and Plate 1). Note that during the same flight other air masses 
encountered at different altitudes often had very similar 
origins as those in which the enhanced concentrations were 
found (e.g., Plate 3d, F 180797, cyan and pink trajectories). 

Plate 4 shows the aerosol mass data set plotted as a 
function of altitude. Total aerosol mass decreases markedly 
with increasing altitude below 6 km and shows on average 
only a small decrease with altitude above 6 km. Below 6 km 
the aerosol mass is rather variable, usually ranging between 
0.1 and 10 lam m-3; above 6 km the aerosol mass ranges 
typically around 0.1 gm m '3. These findings are in agreement 
with previous measurements of free tropospheric aerosol mass 
[e.g., Holmes et al., 1997; Clarke, 1993]. While above 4 km 
altitude, sulfuric acid makes up most of the aerosol mass (see 
above), it contributes only a small fraction to the aerosol 
below these altitudes. The lower tropospheric aerosol 
encountered during these flights most probably consisted of a 
variety of other components, for example, organic carbon, sea 
salt particles, or Saharan dust particles. Sulfur components 

are presumably neutralized to a large degree, and the 
measured sulfuric acid makes up only a small fraction of the 
aerosol mass at the lower altitudes. For a detailed discussion 
of the Saharan dust aerosol found between 2 and 5 km altitude 

during flights F080797 and F100797, see de Reus et al. 
[2000bl. 

Plate 5 shows the SO2 data as a vertical profile. Similar to 
the aerosol mass, the SO2 also decreases with increasing 
altitude on average up to 6 km and remains relatively constant 
above this altitude. The measured mixing ratios usually do 
not exceed 100 pptv, and upper tropospheric concentrations 
range typically between 10 and 20 pptv. These relatively low 
concentrations suggest that the encountered air masses were 
not freshly polluted. SO2 had already been converted into 
sulfuric acid to a large degree. The measured average 
concentrations provide general support to model predictions 
for 30øN latitude [Langner and Rodhe, 1991 ]. 

For comparison with the aerosol data sets, Plate 6 displays 
the vertical profiles of ozone. Typically, the concentrations 
range between 25 and 80 ppbv at all altitudes below 10 km. 
Increasing ozone concentrations observed at higher altitudes 
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Figure 6. Vertical profiles of the total number of aerosol particles observed with the OPC (d/, = 110-1300 
nm), aerosol sulfuric acid, and ozone for F 150797. A layer of enhanced aerosol number concentration was 
encountered around 5 km altitude. A second, less pronounced layer was detected at 7 km altitude. 

during two of the flights suggest an increasing stratospheric 
influence (F 130797 and F 180797b). The ozone data are 
rather variable throughout the troposphere, frequently 
revealing layered structures. An analysis of the ozone data 
will be presented by H. A. Scheeren et al. (manuscript in 
preparation, 2001). 

4. Discussion 

An unequivocal explanation of the aerosol sulfuric acid 
layers is difficult. The very diverse origin of the air masses 
makes it complicated to identi• the sources of the H2SO4 
layers. In the case of F150797, when the highest H2SO4 
concentrations were measured, the air was transported from 
North America to Tenerife. It is conceivable that the air 

masses were polluted with SO2 over the North American 
continent after which the SO2 was converted to aqueous 
sulfuric acid either by oxidation in the gas phase and 
subsequent condensation or by aqueous phase oxidation of 
SO• dissolved in cloud droplets. It is thus possible that the 
measured sulfuric acid aerosol particles are residuals of 
evaporated clouds. Clouds often form in layers, while they 
usually evaporate rather than precipitate, and SO2 is processed 
very efficiently by cloud droplets into H2SO4. 

Another hypotheses that might explain the formation of the 
H•SO4 aerosol layer also involves clouds. Enhanced 
scattering of sunlight from clouds increases actinic flux above 
the clouds. Consequently, elevated OH concentrations will 
cause faster gas-phase oxidation of SO2. Enhanced gas-phase 
concentrations of H2SO4 near cloud tops have been observed 
recently [Clarke et aL, 1998]. The H2SO4 would subsequently 
undergo nucleation or condense on preexisting aerosol 
particles. At lower altitudes, sulfuric acid would also be 
formed in the clouds mainly by aqueous phase processing, but 
this sulfuric acid might be subsequently neutralized or 

removed by precipitation of the cloud droplets, leaving behind 
a sulfuric acid aerosol layer at the higher altitudes. 

Polluted air trapped in ozone-rich air masses of 
stratospheric origin, as described by Stoller et al. [1999] could 
also provide an explanation for the layered structures. Similar 
layers of ozone and water vapor, at comparable altitudes, were 
found by Newell et al. [1999]. It is possible that these layers 
and the sulfuric acid layer have a common origin. They infer 
that up to 20% of the troposphere is continuously occupied by 
such layers. Newell et al. [1999] do not present a detailed 
explanation, however, why these layers might form 
preferentially at altitudes between 4 and 7 km. The 
consequences of such layering are manifold. If indeed up to 
20% of the atmosphere is covered by such layers, it could 
mean that the troposphere is vertically not as well mixed as 
previously thought. Since sulfate aerosols influence the 
radiative transport processes of the atmosphere, such layers 
could also potentially influence climate. 

The ratio mH2sOn, ae/mtot, ae (Figure 5) shows that the aerosol 
particles above 4 km altitude are very acidic. It suggests that 
the H2SO4 was formed in the upper troposphere where 
presumably no sources of ammonia are present to neutralize 
the acidic aerosol. This result agrees with other studies of the 
upper tropospheric aerosol composition [Clarke, 1993; Brock 
et al., 1995], but it is in contrast to the recent findings of Dibb 
et aL [1999]. Dibb et al. observed that throughout the 
troposphere, and even at altitudes above 8 km, the aerosol is 
usually neutralized with ammonia at a ratio of NH4+:SO4 2' 
ranging between 1:1 and 2:1, and even higher. They mention 
that there is a possibility that the high ratios from their filter 
measurements could be influenced by ammonia 
contamination, for example, from handling the filters inside 
the aircraft cabin. 

At altitudes below 4 km, where aerosol mass and [SO•] is 
comparatively high (Plates 4 and 5) and aerosol sulfuric acid 
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is low (Plate 2) it is conceivable that the particles contain 
considerable amounts of sulfates which have been neutralized 

by other substances, e.g., ammonia. At the applied 
temperatures these sulfates are not volatilized and hence not 
detected by the VACA instrument [Curtius and Arnold, this 
issue]. 

The measurements by Putaud et al. [2000] and by Novakov 
et al. [1997] showed a large fraction of the aerosol to consist 
of organic carbon. These measurements were conducted at 
altitudes <4 km. In combination with our results, it seems 
conceivable that the submicron-sized free tropospheric aerosol 
in undisturbed conditions (no fresh pollution or dust events) in 
this region of the world at lower altitudes consists 
predominantly of organic carbon, while in the upper 
troposphere it consists mainly of sulfuric acid. 

It is unlikely that the sulfuric acid aerosol layers are caused 
by local sources, such as pollution from the Canary Islands. 
The simultaneously measured SO2 concentrations are small, 
which implies that oxidation of SO2 into sulfuric acid is 
almost complete. The absence of a correlation between 
aerosol sulfuric acid and SO2 suggests that the latter is of 
different origin, for example, from gas phase oxidation of 
dimethyl sulfide (DMS) from the ocean. We emphasize that 
most measurement flights were conducted upwind of the 
Canary Islands to avoid local influences. Therefore, 
considering the relatively high H2SO 4 concentrations, it seems 
most probable that the sulfuric acid layers are associated with 
long-range transport of air pollution. 

5. Summary and Conclusions 
Aircraft-borne measurements of several aerosol properties 

in the free troposphere were carried out within the 
FREETROPE experiment, part of the ACE 2 project. Total 
aerosol mass was measured, ranging typically between 0.03 
and 0.3 I-tg m -3 in the upper free troposphere (>6 km). Free 
tropospheric aerosol encountered in our measurement flights 
consisted predominantly of sulfuric acid that was not 
neutralized by ammonia or other alkaline substances. 
Pronounced layers of aerosol sulfuric acid were detected at 
altitudes between 4 and 6 km. In these layers the aerosol 
sulfuric acid reached concentrations as high as 550 pptv, 
which corresponds to a mass concentration of 1.3 I-tg m -3. The 
average aerosol sulfuric acid mass between 4 and 6 km was 
170 pptv, •3 times larger than average aerosol H2SO4 
concentrations measured at altitudes above and below the 

layers. The aerosol sulfuric acid was many times closely 
correlated to the total aerosol mass. The aerosol sulfuric acid 

concentrations were usually found to be considerably larger 
than the simultaneously measured concentrations of SO2 
showing that most of the total sulfur in the encountered air 
masses was fully oxidized. Clearly, more measurements are 
needed to establish a statistical basis of the frequency of 
sulfuric acid aerosol layer occurrence, to define the sources of 
these laminae, and to provide a complete understanding of the 
transport mechanism. Evidently, vertical mixing is 
suppressed in the subtropics by large scale subsidence, so that 
the layered structure can be maintained for a considerable 
period. Simultaneous measurements of additional chemical 
species such as water vapor, hydrocarbons, and CO would 
help identify the origin of the H2SO 4 aerosol. An analysis of 
the hydrocarbon data measured with canister samples onboard 
the Cessna Citation II is under way (H. A. Scheeren et al., 

manuscript in preparation, 2001). The frequent correlation 
between H2SO 4 and 03 within the H2SO 4 layers suggests a 
common pollutant source and photochemical processing of 
the air masses, after which they become trapped within a 
stable vertical stratification. 

We note that within the FREETROPE project the VACA 
instrument was successfully used for the first time for 
measurements of aerosol sulfuric acid in the free troposphere. 
The high spatial resolution and sensitivity of this in situ 
instrument enabled the detection of fine horizontal structures 

in the atmosphere. Future developments will focus on 
reducing the uncertainties of the aerosol sulfuric acid 
measurements, especially by improving the VACA calibration 
and suppressing the instrumental background. It is 
particularly desirable to develop an in-flight calibration. 
Reduction of the uncertainties will allow a more precise 
determination of the fractional contribution of sulfuric acid to 

the total aerosol mass in the free troposphere. A further 
development should include the possibility to differentially 
heat the VACA instrument to higher temperatures which 
would enable the measurement of total sulfate and the 

differentiation between neutralized and acidic sulfate. 
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