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Abstract 20 

 21 

Atmospheric aerosol optical, physical, and chemical properties play a fundamental role in the Earth’s climate 22 
system. A better understanding of the processes involved in their formation, evolution, and interaction with 23 
radiation and the water cycle is critical. We report the analysis of atmospheric molecules/particles collected 24 
with a new sampling system that can fly under regular weather balloons for the first time. The flight took 25 
place on 18/02/2022 from Reims (France). The samples were subsequently analyzed by high-resolution mass 26 
spectrometry (Orbitrap) to specifically derive hundreds of organic components present in 4 different layers 27 
from the troposphere to the stratosphere (up to 20 km). Additional measurements of O3, CO, and aerosol 28 
concentrations a few hours before this flight took place to contextualize the sampling. After separating 29 
common species found on each filter that might be common to atmospheric layers or residuals for 30 
contaminations, we found that each sample yields significant differences in the number and size of organic 31 
species detected that must reflect the unique composition of atmospheric layers. While tropospheric samples 32 
yield significantly oxidized and saturated components, with carbon numbers below 30 that might be 33 
explained by complex organics chemistry from local and distant source emissions, the upper tropospheric 34 
and stratospheric samples were associated with increased carbon numbers (C>30), with a significantly 35 
reduced unsaturation number for the stratosphere, that might be induced by strong UV radiations. The 36 
multimodal distributions of carbon numbers in chemical formulas observed between 15-20 km suggest that 37 
oligomerization and growth of organic molecules may take place in aged air masses of tropical origin that 38 
are known to carry organic compounds even several km above the tropopause where their lifetime 39 
significantly increases. Overall, these results are consistent with the injection of fire smoke months before 40 
the insitu observations and with thermodynamics inherent to conditions prevailing in the stratosphere. 41 
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 52 

Highlights: 53 

 54 

• A new experiment setup was designed and used to chemically characterize organic matter present in the 55 
atmosphere (troposphere to the stratosphere) 56 

• We found that each sample collected in different atmospheric layers yields significant differences in 57 
terms of the number and size of organic species detected that must reflect the unique composition 58 
of atmospheric layers. 59 

•The multimodal distributions of carbon numbers in chemical formulas observed between 15-20 km 60 
suggest that oligomerization and growth of organic molecules may take place in aged air masses 61 
of tropical origin that are known to carry organic compounds even several km above the 62 
tropopause. 63 

• The present results are consistent with the injection of fire smoke months before the in situ observations 64 
and with thermodynamics inherent to conditions prevailing in the stratosphere 65 

 66 

1. Introduction 67 

 68 
Particles in the atmosphere arise from natural sources, such as dust, sea spray, wildfires, and volcanoes, 69 

and from anthropogenic activities, such as the combustion of fuels. Primary aerosol particles are emitted 70 
directly into the atmosphere and secondary aerosol particles are formed by gas-to-particle conversion 71 
processes. They evolve in size and composition through condensation/evaporation of gases, by coagulating 72 
with other particles, by chemical reaction, or by activation to become nuclei for liquid or ice clouds formation 73 

Aerosol particles play an important role in the radiative balance of the Earth, with cooling and warming 74 
effects depending on particle optical properties according to their size distribution and composition [1]. The 75 
export of aerosols and of their precursors from their source areas is associated with atmospheric chemical 76 
processes that affect air quality [2] and deplete the stratospheric ozone layer [3]. The aerosol effects depend 77 
on the altitude levels but overall are estimated to provide a net negative radiative forcing associated with a 78 
cooling of the surface [4]. However, uncertainties in the estimation of aerosol impacts are still large because 79 
of the scarcity of observations and the difficulty to characterize the complex aerosol microphysical and 80 
chemical properties with respect to altitude.  81 

Tropospheric aerosols contain major fractions of organics (up to 90 %) [5-7]. The oxidation of volatile 82 
organic compounds results in the formation of secondary organic aerosols (SOA). A number of studies have 83 
been dedicated to the chemical characterization of tropospheric organic aerosol (OA) particles and to the 84 
investigation of the physical and chemical pathways for the formation of OA. In particular, reactions of 85 
carbonyl-containing organic species, including organosulfate formation and oligomerization reactions have 86 
been reported as potential sources of low-volatility organic products in OA [8-10]. Photochemical aging of 87 
the light-absorbing OA by photolysis and oxidation by ozone and OH is a significant sink of OA[11]. 88 
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In the tropics, convective upwelling transports aerosol precursor gases and primary particles from the 89 
lower to the upper troposphere [12] where homogeneous nucleation and particle growth processes form 90 
secondary particles. Once in the upper troposphere/lower stratosphere (UTLS) region, air masses sustain 91 
large-scale transport via the Brewer-Dobson (BD) circulation [13], first upward within the tropical 92 
stratosphere and subsequently poleward to descend finally through the lowermost stratosphere into the 93 
extratropical troposphere. In addition, direct two-way mass exchange between the upper troposphere (UT) 94 
and lowermost stratosphere (LMS), through the extratropical tropopause, occurs along isentropic surfaces. 95 
In the stratosphere, the dominant aerosol population consists of droplets of sulfuric acid and water, formed 96 
via gas to particle conversion of mainly carbonyl sulfide (OCS) and sulfur dioxide (SO2) [14]. OCS photo-97 
oxidizes at high altitudes, within the deep BD branch, while SO2 oxidizes at all altitudes in the stratosphere 98 
[15]. In the stratosphere particles are largely submicrometric and their sedimentation velocities are low 99 
resulting in aerosol residence times of months [16]. Volcanic eruptions represent the strongest source of 100 
variability in stratospheric aerosol as they can inject substantial amounts of SO2 directly into the UTLS as 101 
well as ash particles for some events [17, 18]. 102 

In addition to the sulphate population, aerosols in the UTLS contains fractions of other particle types, i.e. 103 
organic particles, a smaller proportion of black carbon and some extraterrestrial material as derived from in 104 
situ airborne observations using mass spectrometry [19, 20], single-particle soot photometry [21] or aerosol 105 
sample collection/impaction with subsequent composition analysis in the laboratory [22, 23]. The increasing 106 
occurrence of wildfires in the warming climate is an important source of injection of black carbons and 107 
organic particles in the UTLS [24, 25]. Together with sulphates and organics, the presence of nitrates, 108 
ammonium and mineral dust has been reported in the UTLS above the polluted Asian region during summer 109 
monsoon by model simulations [26, 27] with possible subsequent influence on the northern hemisphere 110 
aerosol content [28]. However, recent aircraft and balloon chemical composition measurements indicate the 111 
dominance of secondary aerosols such as nitrate, organics and sulfate with a degree of oxidation increasing 112 
with altitudes [29, 30]. It remains uncertain if these particles are in an internal or external mixture with the 113 
sulfuric acid droplets though [19] suggest rather internal mixtures of sulfate and carbonaceous material. 114 
During their transport, their composition of organic aerosols is transformed by oxidation, cloud processing 115 
and wet/dry deposition [31-33]. However, the detailed processes involved in the formation of organic 116 
aerosols, the chemical composition of the organic fraction and its potential impacts on the chemical and 117 
optical properties of UTLS aerosols are still unclear. Most of the observations of OA have been obtained in 118 
the troposphere (or in laboratory experiments excluding thermodynamical and chemical conditions of the 119 
UTLS). Chemical composition, air mass residence times and UV flux between the lower troposphere and the 120 
UTLS are too different to apply directly the results obtained for tropospheric OA. Available sampling 121 
techniques in the UTLS are limited due to the restricted number of research platforms and instruments 122 
capable of sampling at these altitudes. Therefore, it is particularly important to improve the knowledge about 123 
the organic aerosols in the UTLS in order to identify the sources and processes leading to aerosol presence 124 
and production there.  125 

In this study, we analyze gas and aerosol samples collected on balloon-borne filters from the lower 126 
troposphere to the stratosphere at mid-latitudes for the first time, to our knowledge, with altitude segregation 127 
and subsequent information on the chemical organic composition derived from high resolution mass 128 
spectrometry (Orbitrap, Q-Exactive, Thermo Scientific). The major aim of this study is to present the new 129 
method and gain insight into the differences between the troposphere and the stratosphere in term of organic 130 
chemicals composition. Chemical analysis may help to better understand the sources and processes 131 
controlling the composition of the UTLS region. 132 

 133 
 134 

2. Experimental 135 

 136 

2.1 Materials and methods 137 
 138 

2.1.1 Sampler description 139 

 140 
The CHEM Filter Sampler (referred as Sampler herein below) is a system that collects particles on several 141 
filters for time-resolved sampling[34]. The system was adapted for balloon flight applications using a micro-142 
controller connected via serial communication and an InterMet radiosonde that collects weather parameters 143 
(Pressure, Temperature, Relative Humidity) as well as Global Position System locations (Lon, Lat, Alt). The 144 
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sampler is composed of eight filter cartridges that hold the individual filters (Fig S1-a). The eight channels 145 
allow to perform time-resolved and/or altitude-based sampling. An external rotating disk with permanent 146 
magnets interacts with internal valve magnets so that only one valve opens at a given time depending on 147 
altitudes. The rotating disk is located downstream from the filters. The sampled flow rate is measured by a 148 
laminar flow element on the inlet (Fig S1-b). The sampled flow is controlled by modulating the speed of the 149 
integrated vacuum pump. The sampler is controlled based on the pressure measured by the Imet radiosonde. 150 
Once started, the unit automatically exposes each filter to the sampled flow within a given atmospheric layer 151 
between a lower and an upper pressure bounds. During position change, the pump is turned off. The aerosol 152 
sampler was cleaned thoroughly with isopropyl alcohol before each flight. 153 

 154 

2.1.2 Sampler preparation 155 
 156 
Activated carbon cloth (ACC) referenced CT27 (Mast CARBON UK) prepared from a viscose precursor was 157 
used as an adsorbent to collect the volatile organic compounds (VOCs) and organic aerosols (OAs) present 158 
in the atmosphere[35, 36]. The nanotexture, porosity and chemical functionalities of CT27 have been fully 159 
characterized in a previous work[37]. These activated carbon materials have a highly developed specific 160 
surface and are used in air pollution control applications. Their effectiveness is recognized for the filtration 161 
of VOCs and the trapping of molecules. In the form of fabrics, these materials are self-standing filters easy 162 
to handle and present the advantage of not releasing any fine particles and dusts. The fabrics used are 163 
composed of carbon fibers with an average diameter of 1 μm with a range of porosity covering several orders 164 
of magnitude (micropores < 2 nm, mesopores between 2 and 50 nm, and macropores with diameter > 50nm). 165 
The porosity is directly accessible all along the fibers allowing a quick diffusion of molecules within the 166 
porosity followed by physical or chemical adsorption on adsorption sites and capillary condensation in the 167 
micropores. These fibers were selected for their hydrophilic properties originated from a high oxygen content 168 
3.7 wt % determined by temperature programmed desorption analysis; the oxygen heteroatoms present in the 169 
carbon structure being arranged in acidic functionalities. Their nitrogen adsorption isotherm is of type IV 170 
showing an hysteresis characteristic of a micro/mesoporous material. The specific surface area was over 1100 171 
m²/g with a total pore volume of 0.75 cm3/g, a micropore volume (pores between 0.7 to 2 nm) of 0.43 cm3/g 172 
(N2 adsorption) and a mesopore volume (pores from 2 to 50 nm) of. CO2 adsorption showed a high 173 
ultramicropore volume (pores below 0.7 nm) of 0.45 cm3. The pore size distribution determined by applying 174 
DFT model on nitrogen adsorption isotherm shows mainly two ranges of pore sizes, around 1.2 and 3.8 nm 175 
able to trap small gaseous molecules or oligomers and aerosols respectively.  Based on the properties of those 176 
filters, we therefore assume that the system can collect gases and aerosols.  177 
Two filters, 1.3 cm in diameter, of this fabric were cut out, superimposed and loaded in each filter cartridge 178 
for aerosol and gas collections along the air flow (Fig 1-c). After the flight, filters were placed in individual 179 
aluminum foil and named according to their respective positions. To limit chemical transformation, the 180 
sample were stored in a desiccator which was swept more than ten times its volume with nitrogen (99.995 % 181 
pure) to eliminate all traces of humidity and oxygen. For the flight data presented in this study, the sampler 182 
was loaded at ~13h00 and unloaded after recovery near ~19h00. The chemical analyzes were carried out 183 
three days after the atmospheric sampling. 184 
 185 
 186 

2.1.3 Balloon flights (18/01/2022) 187 
 188 
On 18 January 2022, 3 balloon flights took place from Reims (France) as part of the Radiosondage des 189 
Evenements extremes et des Aerosols de la Stratosphere (REAS) campaign (Dumelie et al., 2022, in prep). 190 
The first flight was launched at 9h08 and included a Particle plus Optical Counter (POPC) for which the 191 
concentration profiles are shown in Fig. 2. The second flight launched a few minutes later embarked an M20 192 
radiosonde, an electrochemical Concentration Cell and an Aircore sampling system. Vertical profiles of 193 
temperature, O3, and CO mixing ratio are shown in the middle panel of Fig. 2. Finally, a third flight took 194 
place at 14h03 with the sampler. The flow rate profile (lpm) colored by position Id (N1 to N5) is shown (Fig. 195 
2, right). The aerosol, trace gases and temperature profiles provide meteorological and chemical information 196 
within the layers sampled during the flight. The cold point tropopause (~13km) marks a transition with a 197 
positive gradient in aerosol concentration (increase by a factor 10) for all sizes as well as ozone concentration 198 
while CO concentration decreases by more than 50%. The transition region between the troposphere and the 199 
stratosphere also known as the UTLS region was sampled on position 4 between 9.4-14.9 km. In the free 200 
troposphere where aerosol concentration for r>0.15 µm is lower than in the stratosphere was sampled on 201 
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position 3. Above the cold point tropopause near 12 km, two distinct regions of the stratosphere exist. 202 
Between 12-16 km, higher concentration of ozone is collocated with increased aerosol concentration for 203 
larger size (>0.4µm) while the layer above 16 km is marked by an increase of ozone but with smaller aerosols 204 
concentration. The region between 12-16 km corresponds to the lowermost stratosphere, an active zone of 205 
exchanges with the tropical and mid-latitude troposphere while the lower stratosphere above 16 km is 206 
generally influenced by the horizontal and downward motions of the Brewer Dobson circulation [23]. We 207 
also note that CO displays behavior changes within the two layers. The upper layer was sampled on position 208 
5 of the sampler and was likely influenced by air masses transported from the tropics. 209 

 210 
Fig. 2. (Left panel). Particle concentration for 9 size radii between 0.15 µm and 0.4 µm measured by the 211 
Particle plus Optical Counter (POPC) on a balloon flight on 18/01/2022 at 9h08 (launch time) from Reims. 212 
(middle) Corresponding temperature, ozone and CO profiles measured by an M20 radiosonde, an 213 
Electrochemical Concentration Cell (ECC) and Aircore on a second flight which took place a few minutes 214 
after. We note that the Aircore retrieved CO was measured during the descent (right). Flow rate on different 215 
filter position (N1 to N5) during a third flight with the aerosol sampler launched at 14h03.  216 
 217 
The goal of the sampler flight was to collect gas and aerosol samples from distinct atmospheric layers for 218 
which differences were highlighted from the POPC observations (Fig.2). The derived layers and 219 
corresponding sampling characteristics are described in Table 1. We selected the levels of each layer using 220 
an aerosol profile derived from the Compact Optical Backscatter for Aerosol Detection (COBALD) the 221 
previous night (Fig.S2). The ozone and aerosol profiles indicate that those layers, in which N4 and N5 were 222 
sampled, have likely different origins. Higher ozone values would indicate a tropical origin also associated 223 
with volcanic aerosols from La Soufriere eruption which took place in April 2021, i.e., 9 months prior to the 224 
balloon flight. The transport of the plume is apparent from the observations of the CALIPSO spaceborne 225 
lidar (Fig. S4). At lower levels (9-15 km), the second peak might be associated with residual of smoke from 226 
biomass burning which took place during the summer and fall 2021. In the troposphere, the boundary between 227 
N2 and N3 was chosen to differentiate aerosols in the planetary boundary layer with a top located near 2 km 228 
(very sharp decrease of aerosol concentration) and the free troposphere above. 229 
 230 
Table 1. Summary of the filter position number, altitude range, samples time (ST), sampled volume (SV), 231 
temperature in Kelvin, atmospheric pressure and number of moles (n) during the balloon flight on 18 232 
January 2022.  233 
 234 

Position # 

(filter No.) 
Altitude 

range (km) 

Pump 

status  

ST (s) SV (l) T(K) P atm  n 

P1 (N1) Ground-0.5 Off 11714 -3 - 1 - 

P2 (N2) 0.5-1.8 On 562 30 273 0.86 1.1525 

P3 (N3) 1.8-9.4 On 2659 134 233 0.38 2.665 

P4 (N4) 9.4-14.9 On 1629 81 208 0.08 0.38 

P5 (N5) 14.9-20 On 1525 66 213 0.02 0.0756 

 235 

 236 
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2.1.3 Sample analysis 237 
Samples collected on ACCs were analyzed by high-resolution mass spectrometry (Orbitrap Q-Exactive, 238 
Thermo Scientific). The IonMax HESI II source has been modified by soldering a gold foil onto the corona 239 
needle. The filters were placed on this new gold support using mounting brackets. We used desorption 240 
electrospray ionization (DESI), a soft ionization technique, to analyze the chemicals present on the filters in 241 
their native state [38, 39]. With this mode of ionization, the ionic intensities do not directly reflect the 242 
concentrations of the chemicals present on the filter. This method of analysis is extremely sensitive (low 243 
femtograms per squared millimeter) [40] but, the present data is therefore only of a qualitative nature. Figure 244 
S3 presented in the Supplements shows the assembly used in this work. 245 
 246 
Analyses were performed by direct instillation of toluene (flow injection analyses - FIA) for chemical 247 
ionization A Heated electrospray ionization source (HESI) was used. The FIA settings for HESI ionization 248 
were: sheath gas 20 arbitrary units (a.u.), auxiliary gas flow 0, vaporizer temperature 120°C, capillary 249 
temperature 280°C, spray voltage 3 kV, flow injection of 6μL/min recorded for 1 min for data averaging. 250 
The Orbitrap® Q-Exactive from Thermo Scientific has a mass resolution of 140,000 and mass accuracy <0.5 251 
ppm RMS. Mass calibrations in positive and negative HESI were performed using PierceTM calibration 252 
mixtures (Thermo Scientific). The maximum ion injection time was set to 200 ms with an automatic gain 253 
control of 106. For each sample, the faces exposed to the atmosphere, were analyzed using positive and 254 
negative ionization modes. All samples were analyzed three times three mass ranges (m/z 50-750, 200-1000, 255 
and 500-2000). The use of different mass ranges aims to correct for the decrease in trapping efficiency at 256 
higher masses. A more detailed description of these technical aspects is available in a recent review[41]. 257 
Using several mass ranges allows detecting simple molecules, oligomers but also nano aerosols of a few 258 
dozen nanometers in diameter. For larger aerosols, only the parts extracted by desorption with m/z< 2000 259 
will be detected[42]. In mass spectrometry, m/z close to 2000 Da correspond to chemicals up to 0.02 um in 260 
size. We observed a gradual growth of the size of VOCs towards that of aerosols (POPC). The DESI 261 
sensitivity which allows the measurement of a few thousandths of a mole, is suitable for the mole 262 
concentrations observed during this flight (Tab.1). 263 
 264 

 265 

2.2 Data Processing 266 
High resolution mass spectrometry generates a large amount of data that is easier to interpret with 267 
visualization tools [43-46]. In this study, we used double bond equivalent (DBE), van Krevelen diagrams, 268 
carbon oxidation state (OSc), and degree of unsaturation as a function of m/z for these representations. 269 
Molecules with carbon, hydrogen, oxygen, nitrogen, and sulfur atoms were sought. Molecular formula 270 
assignments were made with a maximum mass deviation of 3 ppm and an intensity greater than 103. 271 
Molecular formula with an intensity lower than 5.0x103 and detected only once out of three analyzes were 272 
not retained. The DBE represents the sum of the number of unsaturation (double bond and ring) present in a 273 
chemical compound [43]. Decreasing the number of hydrogen atoms increases its value. DBE is defined as: 274 
 275 
DBE = 1+c −h/2+n/2 276 
(c= number of carbon atoms; h = number of hydrogen atoms; n= number of nitrogen atoms) 277 
 278 
for elemental composition CcHhNnOoSs where only divalent sulfur is considered.  279 
 280 
The van Krevelen diagram [47, 48] shows the evolution of the H/C ratio as a function of O/C for a set of 281 
identified chemical formulas. In a complex organic mixture, this type of representation allows the 282 
identification of classes of compounds such as aliphatics, aromatics or highly oxidized compounds.  283 
The carbon oxidation state (OSc) measures the degree of oxidation of organic species (alcohols, aldehydes, 284 
carboxylic acids, esters, ethers and ketones, but not peroxides) [49-51]. It is defined by the following 285 
equation: 286 
 287 
OSc ≈ 2O/C - H/C   288 
 289 
The percentage of unsaturation [52] was calculated by dividing the DBE number for each chemical formula 290 
identified by the number of single bonds in a saturated hydrocarbon having the same number of carbon atoms 291 
(CN). All molecular ratios, DBE numbers, and chemical formulas presented in this article refer to neutral 292 
molecules.  293 
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Unsaturation % = DBE/ (3* CN +1) *100 294 
 295 

3. Results and discussion 296 
 297 
3.1 Obtained main chemical formulas and classification 298 
 299 
The data processing carried out on all six filters (Virgin + 1-5) gave six sets of chemical formulas. Given the 300 
data filtering criteria presented previously, we searched for CcHhNnOoSs molecules in positive and negative 301 
modes. 302 
For the chemical formulas identified as containing sulfur, only the presence of H2SO4 could be verified on 303 
the filters 1 to 5 (negative mode). This detection is expected since sulfur is a major gas emitted in the 304 
troposphere from anthropogenic activities (in the form of SO2) and that sulfuric acid droplets are ubiquitous 305 
in the UTLS and the stratosphere via anthropogenic (SO2, DMS, OCS) and volcanic (SO2) sources. The 306 
stratosphere was likely influenced by La Soufriere eruption as seen by an increase of aerosol concentration 307 
from the OPC (Fig.2) which likely led to reinforce the H2SO4 signature observed with the Orbitrap. For the 308 
other chemical formulas, the isotopic analysis did not confirm their presence, either because of too low 309 
intensity of 32S (if 32S is<105 then 34S<103), or by the absence of the mass containing the 34S isotope. Its 310 
detection on the filters is a first indication of the quality of the samples and the measurements by mass 311 
spectrometry. 312 
We also searched in filter 1 for potential contamination and identified a series of fluorinated compounds 313 
characteristic of PolyTetraFluoroEthylene (PTFE). This contamination was also identified on filters 2 to 5 314 
and coming from PTFE filters used during previous samplings. No other contamination could be identified.  315 
Among all the other chemical formulas detected, we restricted the study to VOCs and OAs composed only 316 
of carbon, hydrogen and oxygen which constitute the majority of VOCs and OAs  present in the atmosphere, 317 
i.e, hydrocarbons, oxygenated VOC, OAs,  and polycyclic aromatic hydrocarbons, (PAHs)[53].  318 
In the first part of this study, we compared the results obtained for the different faces of the filters for the 319 
same sampling zone (face exposed to the atmosphere – AF; face facing each other– FF; and the face oriented 320 
to the diaphragm pump - MF). An average reduction of 20% in intensities is observed and consequently a 321 
reduction in the chemical formulas identified from AF to FF and FF to MF. Therefore, we used the data from 322 
the faces exposed to the atmosphere for comparison. 323 
Under these conditions, for the six filters, we identified a total of 6589 chemical formulas. In order to process 324 
these large data sets, we used graphical tools previously described [43]. We used the van Krevelen 325 
representation and gave for each filter the number of chemical formulas identified (Fig. 4). This allows 326 
identifying families of chemical compounds [54] ; here it highlights differences in oxidation (O/C ratio) and 327 
unsaturation (H/C) specific to the samples collected on each filter.  328 
 329 

 330 
Fig. 4. van Krevelen diagrams for the six filters 331 

 332 



8 

 

We correlated the six lists of CcHhOo chemical formulas identified on filters 2-5 to the physical parameters 333 
of the flight (atmospheric pressure and gas flow). It appears that the amount of gas flowing through the filters 334 
had little impact on the number of chemical formulas detected, unlike the decrease in pressure which, with 335 
altitude, enabled adsorption to be activated on the surfaces of the filters. 336 
In order to highlight the possible logical relationship between these filters, a Venn diagram was built (Fig. 337 
5). 338 
 339 

 
 

 

 340 

Fig. 5. (a) Venn diagram showing common chemical formulas detected in samples 2-5 AF, (b) Venn 341 
diagram showing common chemical formulas detected in samples N2-N5 AF compared to N1. 342 

 343 

This diagram shows (Fig. 5a) 15 sets (0001-1111) which could reflect atmospheric similitudes between the 344 
different sampling zones. We defined four groups of data according to the following criteria. The first group 345 
contains only the data of the set (1111) common to the four filters. These 369 chemical formulas represent 346 
30% of the total population identified for the four filters. Among the 369 common species, some might 347 
represent some levels of contamination but could also be indicative of common species throughout the 348 
atmosphere. The second group consist of sets common to two or three neighboring sampling areas. For 349 
example, these are the sets common to filters 2 and 3, or 3, 4 and 5. The third group consists of the four sets 350 
specific to a sampling zone: (0001), (0010), (0100), and (1000). Finally, the last group contains the other sets 351 
of which at least one of the sampling zones is distant, i.e., not contiguous (e.g., 2-4; 2-3-5). This last group 352 
represents only 20% of all chemical formulas. These distant groups that nevertheless share chemical formulas 353 
have not been studied. They may be the result of exchanges between the different layers. However, the 354 
absence of information on such exchanges has not allowed to confirm this hypothesis [25, 55]. The 355 
constitution of these four groups allowed us to make the new observations described in the next paragraphs. 356 

 357 

3.2 Origin of the group (1111) common to all four filters 358 
 359 
It is important to determine the origin of this group in order to know if these chemical formulas can 360 
correspond to those detected during this flight. This group can have different origins such as contamination 361 
by the media used, residual adsorption inherent to the exposure of these filters before and after the flight or 362 
chemical adsorption related to the flight. To verify the first hypothesis, we compared the data from reference 363 
filters, i.e., N1 et Virgin.  364 
The N1 filter underwent the same theft as the other four filters. However, it was not subjected to a flow of 365 
gas, but simply to the pressure variations due to the theft. Adsorption was therefore reduced. 366 
For the Virgin filter, which was not flown, (no gas flow or pressure variation), the percentage of common 367 
chemical formulas with all four filters (2-5) is only 10%. Common chemical formulas set with space (1111) 368 
is reduced to 1%. In order to complete this comparison, we have represented the Virgin reference and the 369 
group (1111) using a 3D diagram including the DBE number in addition to a van Krevelen graph (Fig. 6). 370 
 371 
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 372 
Fig. 6. Comparison of the two groups (1111) and Virgin: (a) van Krevelen graph with DBE number, (b) 373 
without DBE number and with PAH and oxy-PAHs chemical fingerprint (grey area); inset plot: distribution 374 
of the carbon number (1111) 375 
 376 
This representation has the advantage (i) of avoiding the superposition of points linked to the van Krevelen 377 
representation and (ii) of providing new chemical information, i.e., unsaturation. The differences between 378 
these two groups are clearly visible in terms of the number of unsaturation and the O/C atomic ratios. We 379 
thus observe on the Virgin reference (Fig 6a), a larger number of chemical formulas with a DBE > 15 380 
compared to the group (1111). The chemical formulas with a DBE > 15 are mainly positioned in the gray 381 
zone of the Van Krevelen graph (Fig. 6b). This chemical character (0<H/C<0.75 and O/C<0.35) corresponds 382 
to PAHs and oxy-PAHs. This consistent with the chemical composition of the graphite planes present in the 383 
filters used.  The Virgin filter was not exposed to the pressure variations that occurred during the flight and 384 
that favored a uniform adsorption on the surfaces. Finally, the group (1111) does not present, with some 385 
exceptions, points in common with the gray area. We can then conclude that the existence of this group 386 
(1111) is indeed the result of the flight conditions, without excluding at this stage a contamination before 387 
and/or after the flight. 388 
For residual adsorption inherent to the exposure of these filters before and after the flight (second hypothesis), 389 
one notes that the identified chemical formulas with dispersed low mass (86% in the range 200 to 340 m/z) 390 
and CN centered on 19 (Fig. 6b). Figure S5 shows the central position of this group (1111) among all 391 
identified chemical formulas (a) and those specific to each filter (b). Figure S5c shows the chemical formulas 392 
specific to each filter without the set (1111). Moreover, we note, that the percentage of unsaturation of the 393 
group (1111), in the range 5 to 27%, can result from a wide range of chemical reactions (addition, 394 
fragmentation, oligomerization, etc.). One notes that this set fits both in a chemical continuity (e.g. decrease 395 
of unsaturation with the increase of m/z), and on the other hand that in the absence of these data, no other 396 
chemical formula detected on another filter maintains this continuity. In conclusion, the graphs of Figure 6 397 
show a chemical evolution of the formulas indicating the presence of a common data set. It therefore seems 398 
unlikely, given these observations, that such large contaminations would fit so coherently into a remaining 399 
chemical set. Without excluding a punctual contamination, the set (1111) can be identified as a common set 400 
of chemical formulas present in the atmosphere. 401 
It should be noted that apart from the sampling phases, the filters are isolated and only undergo pressure 402 
variations during the path of the balloon flight. This pressure variation induces adsorption without air flow. 403 
This passive adsorption can be observed principally on the N1 filter which has undergone the longest passive 404 
exposure, i.e., without pump generated flow. On N1, this passive adsorption is characterized by 51% 405 
similarity with the totality of the identified chemical formulas and 80% with the set (1111) present along the 406 
whole flight (Fig. 5(b)). 407 
 408 

3.3 Molecular formulas specific to sampling areas 409 
 410 
We compared the chemical formulas detected specifically in each sampling area: N2-AF (0001), N3-411 
AF(0010), N4-AF (0100), and N5-AF(1000). The properties of these chemical formulas were plotted in a 412 
Van Krevelen diagram with an extra dimension assigned to unsaturation (DBE). In this type of representation, 413 
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the nature of the oxidation (formation of alcohols, carbonyls, unsaturation, etc.) is better described thanks to 414 
the inclusion of the DBE parameter (Fig.7-b). To complete these analyzes of the properties of chemical 415 
molecules, we have added for each filter the distribution of the carbon number. 416 

 417 
Fig. 7. (a) Carbon number distributions for filters 2 to 5; (b) Van Krevelen graph with DBE number. 418 

 419 
We observe on this graph a specific fingerprint of each sampling zone characterized by a centered dispersion 420 
of the chemical formulas, the oxidation level, and the amount of unsaturation. These results are correlated 421 
with the carbon number (Fig. 7a) and all of these data are particularly significant for filters 3, 4 and 5. For 422 
filter 2, the low number of chemical formulas specific to this filter and the dispersion of chemical formulas 423 
in this space limits the interpretation of the data. One should note that filter 2 was the one which was the less 424 
exposed to air flow between 0.5-1.8 km.  425 
For filter 3, one can observe a more important oxidation with a distribution centered on O/C = 0.5, unlike 426 
filters 4 and 5 showing a distribution centered on O/C=0.25 (Fig. 4). The distribution of carbon number is 427 
bimodal, but it is difficult to specify whether this observation is part of a process of fragmentation or growth. 428 
It is nevertheless observed that the DBE number increases with the length of the carbon number (CN = 10 to 429 
CN= 25). 430 
On filter 4, all the chemical formulas with distribution centered on O/C=0.25 and with an average DBE of 431 
12 show unsaturation not linked to the formation of ketones or aldehydes. Similar to filter 3, the growth of 432 
the molecules naturally increases this DBE number without significantly modifying the O/C ratio. This 433 
growth gives, here too, a multimodal distribution of the carbon number (CN = 23, 28 and 35) and could be 434 
assimilated to oligomerization. 435 
On filter 5, the distribution of chemical formulas is centered on O/C = 0.25, with a strong reduction of the 436 
DBE number (centered on 5), compared to filter 4. This reduction of unsaturation occurs in parallel with 437 
fragmentation /growth and a multimodal distribution of carbon number (CN = 20, 30, 37, 45, and 54). It also 438 
occurs in an environment where HOx and O(1D) radicals, abundant in the stratosphere, react with unsaturated 439 
species. The reduction in the DBE number could result from a breaking of double bonds after addition. At 440 
the same time, we observe a strong increase in the number of molecules with an O/C ratio close to 0.25 (2 441 
times higher than the distribution observed on filter 4), which corresponds to an increase in oxidation. (Fig 442 
S6). This decrease in unsaturation may explain this wide distribution of CN. More generally, if we observe 443 
an effect of atmospheric pressure on adsorption (i.e., the number of adsorbed chemicals), other variations, 444 
such as ozone concentration, concentration of oxygen atoms and ionizing radiation (UV) depending on 445 
altitude could affect products distribution. Thus, for filter 5, the relatively low pressure (leading to lower 446 
reaction kinetics) and the presence of UV radiations could explain the degradation of unsaturated chemicals 447 
and an increasing number of oxidized molecules. This type of oxidation would have no significant impact on 448 
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the O/C ratio. The OSc graph of Figure 8 offers another visualization of the results and highlights the 449 
particularities of each sample. There, we observe a clear oxidation in the low CN range of the N3 filter, much 450 
more visible than on filter 2. There is also a strong increase of the CN between the N4 and N5 filters with 451 
significant evolution of OSc. There, the group of chemical formulas (1111) is again integrated into a 452 
continuum between the different samples. 453 
It is difficult to connect the evolution of chemicals' size with aerosols radii observed by POPC. However, our 454 
HRMS observations show that the size the evolution of chemicals' size follows the trend observed by POPC 455 
across the atmospheric layers. 456 
 457 

 458 
Fig. 8. OSc vs. number of carbon atoms presented for samples N2 to N5. The ellipses show the 459 

preferential zones of the different filters. 460 
 461 
The data in general, and more particularly on filter 5, do not allow to specify if this increase in the number 462 
of carbon atoms is linked to an aging phenomenon. 463 

 464 

3.4 Flux between sampled neighbor areas 465 
 466 
The sampling zones were defined based on aerosol concentration and backscatter properties from the 467 
troposphere to the stratosphere determined during a flight on the previous day. These boundaries are 468 
somewhat arbitrary and consecutive samples likely share chemical molecules through exchanges and 469 
transport. Table 2 shows how these exchanges evolve between the different samples. These exchanges are 470 
analyzed using the number of chemical formulas contained in the common sets. In addition to the number of 471 
common chemical formulas, we have expressed this value as a percentage with respect to each of the layers. 472 
There are many common species between these layers, greater than 50%, which nevertheless leave room for 473 
the particularities observed for each filter, i.e., (0001), (0010), (0100), and (1000). 474 
 475 
Table 2. common species at the interfaces of the sampling areas 476 

 477 

Interface N2-N3 Interface N3-N4 Interface N4-N5 

607 (N2-71%; N3-68%) 527 (N3-59%, N4-46%) 789 (N4-69%, N5-51%)  

 478 

3.5 Link between distant areas sampled  479 
 480 
Fluxes of organic matter between atmospheric layers are poorly documented. Nevertheless, recent works 481 
have shown that the ejections of organic matter (e.g. during gigantic fires)[25, 56, 57] or mineral matter (e.g.  482 
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during volcanic eruptions) [58]  could reach altitudes above 30 km. The distribution of these materials as a 483 
function of altitude and the resulting exchanges between atmospheric layers as well as the chemical evolution 484 
of carbonaceous matter along its transport, remains to be studied using chemistry-transport models. Our 485 
analyzes show common chemical formulas in non-consecutive layers (e.g., sets (0101), (1001), and (1010)). 486 
The number of these chemical formulas remains small compared to the total 2073 chemical formulas 487 
identified on the filters (2-5). The occasional presence of chemical formulas common to distant layers remain 488 
unexplained at this stage of the study, but although the number is small, it is large enough not to be considered 489 
as an experimental error. 490 
 491 

4 Matching of the identified chemical formulas with the literature 492 
Stratospheric levels corresponding to filter 5 are shown to be impacted by air masses transported from the 493 
tropical lower stratosphere (Fig. S2) pointing at a tropical origin of the sources of the detected carbonaceous 494 
molecules. O/C ratios in the UTLS have been occasionally reported in the literature and have shown values 495 
of 0.18-0.2 [59][23] matching our results obtained for filters 4 and 5. This organic signature is expected to 496 
stem from organic volatiles and primary aerosols from the troposphere [23], mostly from the tropical latitudes 497 
[19, 20]. However, our method focusses on heavy molecules whereas reported studies may integrate a wider 498 
spectrum of organic species and also much large aerosols. Moreover, one should keep in mind that O/C 499 
values could depend on the location and season corresponding to various influences of overlying stratospheric 500 
layers as controlled by the BD circulation. Wildfires with subsequent injection to stratospheric levels are 501 
expected to alter the O/C ratio in this region. However, our values for UTLS levels corresponding to filter 4, 502 
possibly impacted by past fire events, appear well below 0.5-1, typically reported for young biomass burning 503 
plumes [60, 61]. The measured O/C here could be linked to chemical aging processes all along smoke 504 
transport. 505 
 506 
The small quantities of materials adsorbed on the filters (2-4) did not allow the use of High Performance 507 
Liquid Chromatography (HPLC) for a possible identification of the chemical compounds present. 508 
Nevertheless, in the hypothesis of an origin linked to injections from wildfires in Northern America, regularly 509 
observed in summer and fall over the past few years, we studied the similarities with chemical composition 510 
of biomass burning samples presented in the literature. This comparison remains partial, because it was 511 
carried out using chemical formulas and does not consider the phenomena of aging or dilution. Nevertheless, 512 
it constitutes a necessary step for a better understanding of the evolution of biomass burning plumes in the 513 
atmosphere. For this screening, we selected three studies dealing with biomass burning and containing 514 
chemical compounds data. Details on these studies are given in Table 3. 515 
 516 

 517 

 518 
Table 3. References and characteristics of biomass burning studies with percentage of similarity with 519 
identified chemical formulas in our study. 520 

 521 

Bibliographic reference Samples Fuels Instrument (see 

supplementary)  

Chemical 

formulae 

Percentage 

similarity 

Smith et al. [52] Laboratory Biofuel LTQ-Orbitrap 73 60% 

Gilman et al. [62] Laboratory Biofuels GC, PTR, PIT, 

CIMS, FTIR 

65 36%  

Hatch et al. [63] Laboratory 

Prescribed fires 

Biofuels GC-ToF 15 0% 

 522 
For each study, a Venn diagram was built and presented in the Supplements (Figures S7-S9). For the three 523 
studies considered, only the chemical formulas were considered. For example, the study by Hatch et al. 524 
reported 135 chemical compounds with numerous isomers which, in the end gave, 15 chemical formulas. In 525 
this case, the lack of similarity with the filter samples can be explained by this low sampling targeted on 526 
terpenes with a very low dispersion in number of carbons (mainly between 9 and 12 carbon atoms). For the 527 
other two studies, the similarities are significant and support the hypothesis that biomass burning products 528 
could have been collected on filters in the present study. The data from these two studies also indicate the 529 
existence of a common set of chemical formulas observed at different altitudes. We have 22% and 9% of the 530 
chemical formulas identical to the set (1111) for the work of Smith et al. and that of Gilman et al., 531 
respectively. Levoglucosan, considered to be the most important and stable marker of biomass burning [64]  532 
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is present in the study of. Smith et al. However, due to its estimated time life of 8 days in the atmosphere, it 533 
could not be observed in our samples, as could be expected. 534 
 535 

5 Conclusion and perspectives 536 
 537 
The results of several flights are presented. A range of instruments and techniques were used. A Particle plus 538 
Optical Counter, an M20 radiosonde, an electrochemical Concentration Cell, an Aircore sampling system, 539 
and a new sampler equipped with carbon filters were used. We collected atmospheric samples on carbon 540 
filters through 4 atmospheric layers between 0.8 km to 20 km to separate different source regions. They were 541 
analyzed by DESI coupled to high-resolution mass spectrometry.  542 
The samples show 30% common chemical formulas. However, a non-negligible, proportion of chemical 543 
formulas are only present on a specific sample (e.g. 10% for the free troposphere on N3 and 35% for the 544 
stratosphere on N5) reflecting different sources, chemical processes or/and chemical evolution of the organic 545 
matter from the troposphere to the lower stratosphere. 546 
 547 
The main results of the chemical analysis show: 548 
 549 

i) an increase of the carbon chains from the troposphere to the stratosphere  550 
ii) In the stratosphere, the samples collected show a reduction in unsaturation compared to those 551 

collected below (UTLS, sample 4) 552 

iii) the oxidation of organic compounds measured by the O/C ratio remains stable across the layers 553 
corresponding to the UTLS and the stratosphere 554 

iv) The number of oxidized compounds increase with altitude 555 
 556 
Above 15 km, unsaturated organic compounds are strongly influenced by UV light absorption [Ref], which 557 
causes unsaturation breakdown and may also explain the multimodal carbon distribution associated with 558 
molecular fragmentation/growth. Despite the increase of ozone concentration, at this altitude, the oxidation 559 
of organic compounds measured by the O/C ratio does not increase unlike the number of oxidized 560 
compounds, which increases. The fragmentation, possible outcome of the decrease of unsaturation, can 561 
explain the observed simultaneous phenomena. 562 
 563 
While quasi-coincident aerosol number concentration and size measurements collected with an optical 564 
particle counter might be related to the chemical analysis shown here, the sizes of particle measured, a few 565 
nanometers with the sampler and more than 300 nm with the optical particle counter make the comparison 566 
difficult. Nevertheless, it is not unrealistic to assume that the source regions have produced specific 567 
aerosols/molecules that were encountered by both instruments but the connections between both remain 568 
challenging to assess.  569 
 570 
Ozone and aerosol profiles obtained a few hours before the sampler flight shows that sample 5 was likely 571 
influenced by air masses from the tropics associated with enhanced O3 and aerosols likely influenced by La 572 
Soufriere eruption which took place 9 months prior to the flights. At such levels, satellite observations point 573 
at air mass origins from tropical latitudes where the higher quantities of organic material have been reported 574 
in the literature [19, 20]. It is expected that carbonaceous compounds can remain for months in the 575 
stratospheric aerosol particles [19].  576 
The origin of the organic compounds we have detected is still to be determined especially in the UTLS and 577 
the stratosphere (e.g. Asian pollution transported upward by cloud convection and then distributed to the 578 
northern hemisphere, seasonal fires in South America and Africa). The way combustion products emitted 579 
from anthropogenic emissions and natural wildfires evolve, sustain breakdown, results in unsaturated 580 
organics and organic radicals, recombine to result in a spectrum of products under varying pressure, 581 
temperature, humidity and solar flux all along their transport from the source regions is not clear.  582 
 583 
At this stage, although efforts have been made to compute chemistry of secondary organic aerosols and 584 
particulate organic matter from the surface to the stratosphere [27], no chemistry-transport model is able to 585 
comprehensively simulate the various sources, content and chemical evolution of the organic matter for the 586 
heavy molecules we have pointed out in our study. 587 
 588 
An important question is whether or not our results are reproducible and correspond to a snapshot of the 589 



14 

 

atmosphere state or point at a steady feature. Further investigations at other seasons and latitudes, in period 590 
non-impacted by volcanic and fire plumes would be necessary to address this question. 591 
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