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Abstract

Aerosols are small liquid or solid particles suspended in air or gas, or in this case in
the atmosphere. Aerosols have a significant impact on climate and are one of the main
causes of uncertainty in climate models. Snow samples were collected from the Austrian
alps from Febrary 8 until March 18, 2017 to research dissolved organic matter (DOM)
originating from deposition of atmospheric aerosols. In this study a novel method was
further developed to study DOM using Proton Transfer Reaction-Mass Spectrometry
in combination with thermal desorption. The measurements were done at different
settings to be able to get nuanced results and to further develop the method. The
concentrations found were linked with available meteorological data. The results show
that the concentration of organic matter increases in periods with no snow and decreases
sharply with fresh snow. A positive correlation was also found between atmospheric
pressure and concentration of organic material. Especially pinonic acid and some related
ions showed clear correlations.
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1 Introduction

1.1 Aerosols

Aerosols are small, liquid or solid, particles suspended in air. The size of these particles
ranges from 10−3 up to 1 µm for fine and ultrafine particles to about 10-100 µm for coarse
particles [9]. These coarse particles generally originate from mechanical action of the wind
on the earths surface, whereas the fine particles of less than 1 µm are formed by condensation
of precursor gases such as H2SO4 [10].

Atmospheric aerosols are also divided into primary and secondary aerosols. Examples
of primary aerosols are ash, dust from erosion, or sea salt emitted from the ocean surface,
which are often coarse particles. These are all emitted directly at the source, in contrast to
secondary aerosols that result from chemical reactions [2]. Other examples of primary aerosols
are particles emitted from biomass burning, fossil fuel combustion or volcano eruption. A
common marker for biomass burning is levoglucosan, m/z 97.028 [3].

Secondary aerosols, which are usually fine particles, are formed by chemical reactions in
the atmosphere. A typical example of this is sulfur dioxide, which is a product of particles
coming from fossil fuel combustion. This reacts with water to form gaseous sulfuric acid
which in turn will in turn condense to form aqueous sulfate particles which is a fine aerosol.
Many other gases condense in the same way to form aerosol [10].

An important part of aerosols is secondary organic aerosols (SOA), which are organic
particles formed as oxidation products of volatile organic compounds (VOCs). VOCs are
organic compounds that easily change between liquid and gas form. Some of these VOCs
are monoterpenes which are emitted from vegetation such as conifers or oaks. Some studies
give a yield of 30 percent of VOCs coming from monoterpenes [1]. One oxidation product of
monoterpenes that is looked at in this study is pinonic acid. Another important contribution
to VOCs is Isoprene, which is emitted from plant foliage. About 38 percent of VOCs is made
up of isoprene and its products [6]. According to another study the global amount of isoprene
emitted per year is estimated at about 400 to 700 Tg or 440 to 660 Tg carbon.[5].

Aerosols scatter radiation, so most aerosols produce a net negative radiative forcing. In
other words, they have a cooling effect [15]. Besides this direct radiative forcing, aerosols also
affect the radiation budget indirectly, through their role in cloud formation. They increase
the concentration of droplets and decrease the precipitation efficiency and so increase the
lifetime of clouds. In other words, they increase the reflectivity of clouds and the overall
amount of clouds [14]. Both directly and indirectly, they have a significant effect on the
Earths radiation budget.

One of the main sources of uncertainty in climate models is due to aerosols. Climate
change and warming due to greenhouse gases has been thoroughly researched and is well
known and understood. The effects of perturbations due to greenhouse gases can be modeled
fairly easily, but this is more difficult for aerosols [2].

The reason aerosols cause so much uncertainty is because they have much shorter lifetimes
than (greenhouse) gases, usually in the order of weeks for the fine and ultrafine particles, or
even as short as minutes for some particles [8]. This means that aerosols are not distributed
evenly across the globe and stay concentrated close to the source [14]. It is this lack of
uniformity that makes it difficult to give much information about aerosols on a global scale.
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 Figure 8-1 Typical composition of fine continental aerosol. Adapted from
Heintzenberg, J., Tellus, 41B, 149-160, 1989.

 Figure 8-2 Production, growth, and removal of atmospheric aerosols

Figure 8-2 illustrates the different processes involved in the
production, growth, and eventual removal of atmospheric aerosol
particles. Gas molecules are typically in the 10-4-10-3 µm size range.
Clustering of gas molecules (nucleation) produces ultrafine aerosols
in the 10-3-10-2 µm size range. These ultrafine aerosols grow
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Figure 1: Aerosols and precursor gases are emitted at some source and form into fine and
ultrafine aerosols through nucleation and condensation. Coarse aerosols are also emitted due
to action of wind on the earth’s surface. They are the deposited by wind or rainout. [10]

Typical sinks of aerosols are wet deposition (precipitation), dry deposition (through wind)
and sedimentation. At some source precursor gases, such as sulfuric acid and organics, are
emitted which nucleate and condense to ultrafine and fine aerosol. Due to their lower mass
they can travel longer distances than coarse aerosols before deposition. Coarse aerosol is
also emitted due to wind. These aerosols either come back to the surface through dry or
wet deposition or are formed into clouds and are then rained out. Figure 1 provides a visual
summary of the sources and sinks of aerosols.

1.2 Dissolved Organic Matter in Snow

Of all aerosol particles, the focus in this study is on organic aerosol. This is about a quarter
of all fine continental aerosol, though composition varies from place to place due to a lack of
uniformity[9]. Snow samples collected from Sonnblick Observatory, in Austria, are measured
for dissolved organic aerosol in order to learn more about aerosol composition and travel. Dis-
solved organic matter (DOM) is an important field of research and many different approaches
have been taken to study it. Some widely used methods are fluorescence spectroscopy with
excitation emission matrix (EEM) spectroscopy and parallel factor analysis (PARAFAC), as
well as UV-Visible spectroscopy. Fluorescence spectroscopy depends on the optically active
fraction of DOM, called colored DOM. These particles fluoresce when excited by UV and
visible light, especially blue light. This method results in an excitation emission matrix of a
series of excitations over multiple wavelengths. PARAFAC is a way to deal with the complex
information in EEMs [16].

A novel method is developed by Materić et al [12] to measure DOM from snow samples
using Proton Transfer Reaction - Time of Flight - Mass Spectrometry (PTR-ToF-MS). This
is a unique method, as PTR-MS only works for gases, not for liquid. PTR-MS is explained
further in the material and methods section.
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Through deposition and emission, the snow interacts with the atmosphere, and the con-
centration of aerosol and of DOM in the snow is affected, though not all DOM is originative
from aerosols. We linked these measurements with recordings of snowfall and other me-
teorological data to learn how the concentration of dissolved organic matter coming from
atmospheric aerosol is affected. The aim of this study is to learn how the weather affects the
concentration of organic compounds found in the snow and to further develop this method
for studying DOM.
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2 Materials and Methods

2.1 Samples

Snow samples were collected at Sonnblick Observatory in Austria daily from February 8 until
March 19, 2017 in the morning between 7:00 and 9:00. Snow was scooped with a sampling
flask almost horizontatlly over the surface of the snow, to a depth of about 2 cm. The
observatory is located at the top of Mt. Sonnblick, which has a height of 3106 meters above
sea level. The mountain is in the main ridge of the Austrian Alps and is one of the highest
peaks of the area so it is exposed to winds from all directions. This combination makes this
an ideal location to collect samples [4]. The amount of precipitation was also monitored.
These samples were kept frozen until the experiment was executed in November 2017.

2.2 Sample Preparation

The snow samples were melted at room temperature and then filtered. The samples were
taken with a syringe and then filtered through a 2 µm UNIFLOTM 25/0.2 PTFE filter unit
into a 10 ml glass chromatography vial, prebaked at 250 ◦C. From this vial 1.5 ml was taken
with a pipet and transferred into a new 10 ml glass vial. These 1.5 ml samples were capped
with a Teflon cap with two 2 mm holes and placed in a desiccator to evaporate at low pressure,
after which only semi-volatile organics remained.

To get a low enough pressure, a rotary pump was used and a liquid nitrogen cold trap
was placed between the pump and the desiccator to trap the evaporated/sublimated water
and backflow of oil vapors from the pump. Typical evaporation time for 1.5 ml samples is
about 3 - 4 hours though normally more time was taken to be sure evaporation was complete.
See figure 33 for a diagram of the low- pressure evaporation system. After evaporation was
complete the desiccator was repressurized gradually by adding nitrogen for about 15 minutes
until the desiccator was back at atmospheric pressure. When pressure was restored the vials
were removed and the caps were replaced with PTFE caps so that the vials could be measured
the following day. The vials and caps were baked overnight at 250 ◦C before use.

2.3 PTR-ToF-MS

The samples were measured using PTR-ToF-MS, specifically, the PTR-TOF 8000 (IONICON
Analytik, Austria). Some of the advantages of PTR-MS are a fast response time, high
sensitivity and a low detection limit [11]. VOCs in air are ionized with hydronium ions in
the following process:

H3O
+ +MiHj →MiH

+
j+1 +H2 (1)

where M is a combination C, O, N and S atoms. H2O has a proton affinity of 7.22 eV
and common organic molecules have proton affinities between 7 and 9 eV, so this reaction
is exoergic and quite fast. At the same time, the exoergicity is low enough that there is
little break-up of detected neutrals. H3O

+ is ideal as a proton donor since the most common
constituents in air all have electron affinities lower than that of H2O. In this way, a significant
loss of H3O

+ is avoided. However, some H3O
+ is lost through the reaction of H3O

+ with
H2O with any neutral partner to form a complex H3O

+H2O. This loss is decreased by using



2 MATERIALS AND METHODS 5

Figure 2: From the website of IONICON: a schematic of PTR-ToF-MS and a picture of the
IONICON PTR-TOF 8000 used in this experiment

a high enough E/N (with E being the strength of the electric field and N being the number
density of the buffer gas, so E/N is the amount of energy per particle) [7]. In this experiment
E/N 120 and E/N 80 were used.

The H3O
+ ions are produced in a hollow cathode from water vapor. The sample is injected

continually in the adjacent drift tube, in which the ionization of the VOCs occurs by the
H3O

+ ions. After these protonated VOCs enter the time-of-flight mass spectrometer via a
transfer lens system and are accelerated the flight times are measured, and from this mass
to charge ratios, m/z, are determined [11]. See figure 2 for a visualization.

2.4 Thermal Desorption (TD)

In order to measure the samples with the PTR-MS, the sample was heated to release the
compounds. The caps of the vials were replaced with caps with two small holes to allow
narrow tubes to be placed inside. One tube brings in zero air and the other tube goes to the
PTR-MS, which pumps in air. The vials were put in a small oven that fit the vials snugly,
which was was heated 40 ◦C/min to the final temperature of 350 ◦C, staying at 350 ◦C for 5
minutes and then cooled down. During this time, the compounds were released (thermally
desorbed) and the signal is measured by PTR-MS.

During the TD the samples were flushed with clean air at a rate of around 60 mL/min.
Zero air was generated by burning the inflow of ambient air so that no organics from the
lab would be read by the PTR-MS. This means extra CO2 was produced in the zero air
generator, but this was not read since the electron affinity is lower than 7.22 eV. The airflow
was controlled and at all times there was about 10 ml/min of air more going into the vial
than being pumped in by the PTR-MS. The overflow went into the lab. Figure 3 shows a
diagram of the TD system. As time and temperature increase during the TD, the amount
of molecules registered increases, as can be seen in figure 4 for these particular masses of
levoglucosan and pinonic acid, measured in ppb.
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with 0.5 mL of HPLC water, VWR chemicals), which were evaporated together with other samples in the LPE 
system. We measured 3 replicates of each sample to assess the reproducibility of the method.

Raw PTR-ToF-MS data were analysed by PTRwid which performed peak identification and integration32. 
For each TD run, measured concentrations were integrated for 5 min starting from the point when the TD oven 
reached 50 °C (Fig. 2a). Figure 2b shows a typical thermogram of a TD analysis. The signal obtained from blanks 
measured during the same day was subtracted from each mass. The limit of detection (LoD) was established for 
each ion using the 3σ method, so ions signals below the LoD threshold were excluded. We compared ion signals 
from different groups for statistical difference by t-test and performed principal component analysis.

The chemical formula for each peak was calculated and assigned using PTRwid and cross-compared using the 
open source mass spectrometry tool mMass.

Method optimization. The PTR-ToF-MS analyser is so sensitive that it detects even small impurities that 
originate from different sources in the system. Exposure of vials to the laboratory air was minimized because 
longer exposure introduced clearly measurable impurities (e.g. m/z 63 and 41). These impurities were found to 
be higher in dry blanks than in blanks loaded with HPLC water. This could be due to the larger glass surface area 
in the dry blanks compared to blanks in which the bottom of the vials were covered with water. When comparing 
clean vials with vials exposed to the LPE system, several impurity masses were discovered, which all contained 
Si atoms. We attributed this contamination to vapours originating from vacuum grease that was used to connect 
various parts of the system. However, these silica-based impurities are not an issue for data interpretation because 
they could easily be accurately identified and excluded. Nevertheless, this issue could be avoided in the future by 
using a vacuum seal that does not use vacuum grease.

After optimization of the LPE and TD system we performed the measurements of samples together with 
blanks; dry blanks and HPLC water blanks were run at the beginning and at the end of measurements, at least 2 of 
each per day. Samples were randomly run in 3 replicates over the course of the experiment (3 weeks).

For data analysis, we found that averaging 3 replicas for each sample, subtracting the backgrounds measured 
on the same day, and then averaging them assures that masses close to the detection limit are retained.

Results and Discussion
Utilising our method, we successfully separated more than 250 organic ions ranging from 28 to 305 m/z (Fig. 2c). 
Ion concentrations were found to be reproducible over multiple replicates, which were run in a random order over 
the entire measurement. As PTR-ToF-MS is a soft ionization technique and we applied moderate temperatures 
during TD, we attribute most of these ions to protonated molecular ions, rather than fragments of compounds of 

Figure 1. (a) Low pressure evaporation/sublimation system. (b) Thermal Desorption (TD) system coupled to 
PTR-ToF-MS.

Figure 3: (a) Low pressure evaporation system (b) Thermal Desorption system [12]

Figure 4: Two thermal desoroption spectra for pinonic acid (green) and levoglucosan (or-
ange). As the temperature increases (the blue line), the amount of these chemicals measured
increases and then decreses again as it is close to being completely desorbed. The first
desorption is of a blank and the second is of an actual sample.
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2.5 Measurement

Each sample was measured in duplicates or triplicates at E/N=120 Td and at 80 Td to allow
a robust statistical analysis. However, for some samples there was not enough available for
three measurements at each E/N. Priority was given to 120 Td, since this is a standard that
balances potential fragmentation and clustering. At 120 Td the velocity of the particles is
higher, which results in more fragmentation, and so a higher concentration of hydronium ions
and a higher fraction of ionized particles. For the february samples there was not enough time
to do three measurements at each E/N. See Table 1 for an overview of all the measurements.

To avoid and assess contamination, several measures were taken. To avoid carryover of
compounds that could get stuck in the system during measurement, the measurement of
samples was randomized. Also, each day of measurement five field blanks were measured as
a background. In addition, three or four system blanks with an empty vial were measured
at the beginning of the day to clean the system. The sample preparation was done in such
a way as to limit contamination as much as possible, as recommended in the previous work
[12].

Depending on which E/N was used, the parameters of the PTR-MS were set as follows.
For E/N = 120, the drift voltage (Udrift) in the drift tube was set to 600V and for E/N 80
Udrift was 400V. Setting the drift voltage affects the reaction time according to the following
relation:

t ≈ L

vd
=

L2

µUdrift

(2)

where L is the reaction length, Vd the drift velocity, and µ the mobility of the primary ions
H3O

+ [17]. The temperature of the drift tube was set to 120 ◦C and the pressure was 3.02
mbar. The Transfer Lens System and the TOF chamber were close to vacuum.
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Table 1: Each sample was measured in duplicates or triplicates at both E/N = 120 and E/N
= 80. The table shows the dates when the replicas of each sample were measured. Priority
was given to E/N = 80 in case there was not enough available for three measurements at
each E/N. For the february samples there was not enough time for three measurements at
each E/N.

2.6 Analysis

Each measurement with the PTR-MS results in a file with a mass spectrum for each temper-
ature step. This was integrated to a file with ppb values for each m/z and the engineering
data per complete desorption. With the start and end time of the desorption it was possible
to identify each desorption and add the sample date. For each E/N all the blanks were
averaged and subtracted from each sample at that E/N. The limit of detection (LOD) was
set to two times the standard deviation of all the blanks. Each measurement value that was
less than this was set to zero. After this, the ppb values were converted to ng/ml with the
following formula:

Concentration(ng/ml) =
8 · ppb ·M · F

24.45 · V
(3)
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with M the molecular mass of the compound, F the flow rate in L/min, and V the volume
of the sample loaded in L, times 8 which is the integration time and divided by 24.45 which
is the molar volume.

The total concentration of organics was calculated by first excluding all the inorganic
compounds and subsequently adding up the total concentration of each compound for each
measurement, resulting in up to three values for total concentration. The average of these
values was taken and the standard deviation calculated for the error bars if there were two
or more measurements.

2.7 Exclusion of outliers

The data showed a few outliers and contaminations. First of all, there were a few outliers in
the blanks. For the measurements done on November 22 and 23, 2017, most of the blanks
showed exceptionally high values for multiple masses. The values measured for many of
the masses on these days were multiple standard deviations higher than the average for all
the blanks, so these blanks were excluded from the analysis. Including these blanks would
result in much fewer results passing the limit of detection, as more would be subtracted, and
the LOD itself would be higher. Normally, the average of the five blanks per measurement
day would have been subtracted from the measurements done that same day, but because
of these outliers the decision was made to subtract the average of all the blanks from each
measurement.

These outliers probably occurred due to some contamination during the sample prepa-
ration since the same sample was used for other blanks that did not have such high con-
centrations. Of the different steps of the sample preparation, the contamination was likely
introduced during the preparation of the low pressure evaporation. If the contamination was
during filtering it would have shown in all the measurements. During this stage the same
pipet was used to transfer 1.5 ml to two or three vials for the low pressure evaporation since
they all were extracted from the same vial, so this would have worsened the problem and
caused all three blanks to be contaminated.

Another outlier was the sample 10-3. Figure 5 shows the total concentration of organic
matter with 10-3 included. As can be seen when compared to Figure 6, the measured concen-
tration of 10-3 is very high. The values for 10-3 are consistently very high, with acceptable
error bars, so these high values must be due to the sample itself, and not due to measurement
error or contamination during loading. This means the sample was either contaminated dur-
ing filtering or during collection of the sample, in March. The final possibility is that 10-3 is
not an outlier but is actually correct. 10-3 follows the highest amount of snow in the period
that is looked at in this study, but this would actually make it more likely that 10-3 is an
outlier since the rest of the data shows that a higher amount of fresh snow would predict
a lower concentration of organics. For this reason, it was decided to exclude 10-3 from the
results.

Finally, the last outliers are one of the measurements of sample 2-3 and one of 11-3 at E/N
= 120. In this case something probably went wrong with the measurement or the loading
for the low pressure evaporation since it is only one of the three measurements that has an
issue. For the 2-3 sample the average of the two normal measurements is 203 while the third
measurement is 2600 and for the 11-3 sample the average of the two normal measurements is
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Figure 5: Total concentration of organic matter at E/N = 120 and E/N = 80. Extremely
high values are measured for the 10-3 sample constently, so this sample was very likely
contaminated, and so is excluded

434 ng/ml while the third measurement is more than 12,000 ng/ml, so these measurements
were also excluded.
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3 Results and Discussion

In this section the results will be ordered from more general information to more specific
compounds. First some information about the total organic mass will be shown and the
method will be evaluated. Then some meteorological data will be shown and compared to
these results and some data of specific ions and groups of ions.

3.1 Total concentration of organic compounds

The data shows some clear variation over time for the total mass of organics, as can be seen
in Figures 6 and 7. At E/N = 120, the plot has peaks on February 27, March 15, and also on
March 8 and 18, though with larger error bars. For E/N = 80, the peaks are similar though
not exactly the same, as it shows a peak on 17-2 which is not visible in Figure 6.

Figure 6: Total concentration of organic mass in snow over time, measured at E/N = 120

Comparing the total concentration of organic mass at each E/N shows that in general
the results are fairly equal, though there are a couple results that significantly affect the
strength of the correlation. The next plot, Figure 8, shows the total average concentration
for both E/N to compare them, with the measurements on E/N = 80 on the vertical axis
and E/N=120 on the horizontal axis. The best fit line is given by y = 1.41x − 13.73 and
the correlation coefficient for this fit is r2 = 0.442, which means the fit matches the data
but the correlation is not very strong, though the coefficient could be lower (and better), by
excluding samples 17-2 and 18-3 as these are far above the line.

Excluding these two samples would lead to a best fit line of y = 1.01x+5.81 and an R2 of
0.855. There is no obvious reason to exclude these samples however. 17-2 corresponds to the
first peak at E/N 80. The plots of total organic compounds, figures 6 and 7, show that for
E/N=80 the peak is at 17-2 whereas for E/N=120 this peak does not show. Also, the peak
at 18-3 for E/N = 80 is twice as high as for E/N=120. Because there was only one replica for
the 17-2 sample, it is difficult to tell what the root is of this difference. The slope of the best
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Figure 7: Total concentration of organic mass in snow over time, measured at E/N = 80

fit line is close to 1 with a relatively small negative y-intercept, so the measurements on each
E/N are close, though on average at E/N 80 a slightly higher concentration is measured.

There are 14 samples above the dotted line and 12 below this line, meaning that a slightly
higher number of samples have a higher measured mass on E/N 80 than on E/N 120. This
could be because some compounds have fragmented into smaller compounds at E/N = 120
and not at E/N 80, and have subsequently been excluded because they had a mass smaller
than 50 m/z or because the measured mass did not pass the limit of detection.

A similar comparison was done for two specific ions, pinonic acid (m/z 115.072) and
levoglucosan (m/z 97.028), which can be seen in figure 9. For pinonic acid the results are very
similar at each E/N. The corresponding best fit line is y = 1.06x− 0.02 and the correlation
coefficient, R2 is 0.92, which is quite high. The results for levoglucosan do not match as well
however. The data is much more spread out and the results are vary more between each
E/N. The best fit line is given by 0.57x+ 1.02 and R2 is 0.39.
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Figure 8: Total average concentration of organics for each E/N. The blue solid line is the best
fit line, given by y = 1.41x− 13.73 and the dotted line is the line of equal concentrations.

Figure 9: A comparison of the results for pinonic acid, mass 115.072 and levoglucosan,
mass 97.028, at each E/N. The blue solid line is the best fit line of pinonic acid, given by
y = 1.06x−0.02, the red solid line is the best fit line of levoglucosan, geven by y = 0.57x+1.02
and the dotted line is the line of equal concentrations.
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3.2 Relative mass of the compounds

Ions with a higher mass have a greater chance of fragmentation, so it is expected to find more
mass in the lower mass ranges, which overall is indeed the case. This can be seen in figure
10 and 11, which shows the relative mass distribution for different mass ranges. Since there
should be less fragmentation at 80 Td, it is also expected to find that at E/N = 80 there is
a higher concentration of mass measured in higher mass ranges than on E/N = 120. This is
the case for most of the samples but not for all.

Figure 10: Relative mass in each mass range for E/N = 120

Figure 11: Relative mass in each mass range for E/N = 80

It is interesting that the results are quite different for the different E/N settings. For
example, E/N = 120 shows peaks on samples 5-3 and 9-3 for the 200-250 the mass range,
whereas for this range E/N = 80 shows peaks on 12-2 and 21-2. These are also exceptions
to the expectation to find more mass in the lower mass ranges. It is unclear whether this is
the result of a contamination or if something else is going on. The 5-3 sample shows fairly
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Figure 12: Relative number of ions in each mass range for E/N = 120

Figure 13: Relative mass in each mass range for E/N = 80

little deviation across three measurements but the 9-3 sample does have a higher deviation.
For the samples in february there was only one replica which makes analysis more difficult.

The next figures, figures 12 and 13, show the relative number of ions in each mass range
for each E/N. These plots are made from the ppb values after subtraction of the blanks and
LOD filtering, but before the conversion to ng/ml. February 12 and 21 are again unique,
with a relatively high amount of mass in the higher mass ranges, which is expected since the
number of ions and the mass is related. These anomalies warrant further research but that
is beyond the scope of this study.

3.3 Meteorological data and mass concentrations

There were some significant variations in the weather over the period that was sampled and
it is worth comparing the variation in concentration of organic mass to the variations in the
different meteorological data that is available. The concentration can be compared to the
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amount of snowfall, wind direction and velocity, humidity, air temperature and atmospheric
pressure. Table 2 shows a summary of the total concentration of organic compounds, as was
also shown in figures 6 and 7. The table also includes records of snowfall per day and the
predominant wind direction, corresponding to figures 14 and 16. Wind direction is given in
degrees, with 360 degrees being a Northern wind.
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Table 2: Summary of total mass concentration, snowfall, and predominant wind direction.
Snow for February 8 is recorded from Feb 7 at 8:01 until Feb 8 at 8:00, and the same for all
the following days.
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3.3.1 Snowfall

When concentration is compared to snowfall, it seems that during periods of snowfall there
is a lower concentration of organic mass than during periods of dry deposition, when there
is no snowfall. In the period that was sampled, there are several periods of snowfall, with
wet deposition of organic aerosol, and several dry periods with dry deposition. Figure 14
shows a few instances where, during a period of no snow, there is a gradual increase in the
concentration of organic compound followed by a decrease after the first snow. This happens
for the samples for 11-2, 18-2, 22-2, 1-3, and 19-3. This means that during periods of snow
there would be less deposition of aerosol.

This trend could make sense because during a period of no fresh snow there is more time
for organic compounds to be deposited, whereas new snow may cover this up with a new layer
with a lower concentration. On the other hand, the sampling depth is close to 20 mm so not
only new snow would be taken. It is worth noting that sample 10-3 showed an exceptionally
high concentration, as was discussed in the exclusion of outliers, and that this corresponds
with the highest measurement of snowfall. Most of the other peaks of snowfall correspond
with dips in the concentration of organics however, which would confirm sample 10-3 being
an outlier due to some kind of contamination. A notable exception is that between the snow
on 25-2 and 1-3, the peak is on 27-2 and then concentration decreases before the snow comes.

Figure 14: Overview of snowfall and total concentration of organic matter. Snowfall is on the
left vertical axis and total concentration is on the right vertical axis. Snowfall is measured
from 8:01 the previous day until 8:00 on the day that it shows on this plot.

In order to statistically prove the difference between periods of snow and now snow, a
t-test was done for each m/z and at both E/N for concentrations during snow versus no
snow. Table 3 shows the ions for which the p-value was less than 0.05 at both E/N. The
dataset contained many zeros due to the limit of detection filtering which caused many of
the P-values to be unrealistically low. The t-test was done again excluding the zeros. After
excluding the zeros, many of the data sets were too small so the t-test was only done for
the ions for which there were 5 or more values in both the snow as well as the no snow
samples. At E/N = 120 there were 138 ions that had a P-value under 0.05 and at E/N =
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80 there were 50. Many of these still had exceptionally low p-values of less than 1% but
most of those were for masses where the P-value was under 0.05 only for one of the E/N.
For total concentration of organic aerosol, the results seemed to show a correlation between
snow and no snow, where during periods of no snow there was an increase in concentration,
followed by a decrease when it snowed, which suggests that dry deposition has a larger effect
on concentration.

Table 3: Ions for which the P-values as a result of the t-test are below 0.05 at both E/N

3.3.2 Atmospheric Pressure

Figure 15 shows atmospheric pressure with concentration of organic matter on each E/N.
This plot shows clear variation across the samples. Due to the high altitude the pressure is
consistently lower than standard atmospheric pressure, but with some clear peaks and drops.
The expectation is that an increase in pressure should play a role in deposition of aerosol,
namely to cause an increase in deposition, which seems to indeed be the case. Increases in
atmospheric pressure seem to correspond with increases in concentration of organic matter,
which would match the prediction. There are a few mismatches however, as the peak in
concentration on 2-3 precedes the peak in atmospheric pressure, which does not follow the
overall trend. Also, the peak for atmospheric pressure is on March 15, whereas the peak for
organic matter is a few days later, on March 18.
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Figure 15: Overview of atmospheric pressure and total concentration of organic matter, with
pressure on the left axis and concentration on the right axis.

3.3.3 Wind direction and velocity

Figures 16 and 17 show the wind direction and velocity. Overall the predominant wind
direction is Northern. The wind velocity varies both throughout the day as well as across
days. February 10-12, 21, 24, 28, March 3-5 and 18 show some extra high wind speeds of
above 16 m/s. These are gale force winds, or 8-10 on the Beaufort scale. It is possible that
such winds would cause more dry deposition in periods with no snowfall, but this does not
seem to be the case looking at these figures.

Figure 16: Overview of wind direction and total concentration of organic matter. Wind
direction is on the left vertical axis, in degrees, with 360 degrees being a Northern wind and
90 degrees being an Eastern wind. Total concentration is on the right axis.
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Figure 17: Overview of wind velocity and total concentration of organic matter. Wind
velocity is on the left vertical axis, in m/s and total concentration is on the right vertical
axis.

3.3.4 Humidity

Related to snowfall is the humidity, which is shown in figure 18. Higher periods of snowfall
correspond to higher humidity in this plot. A relation between humidity and concentration of
organic mass would probably be due to the same mechanism as the relation of concentration
with snowfall. A clear relation cannot be found however.

Figure 18: Overview of humidity and total concentration of organic matter. Humidity is on
the left vertical axis, in % and total concentration is on the right vertical axis.

3.3.5 Air Temperature

Figure 19 shows the air temperature. There are some significant variations across these few
weeks but the temperature consistently stays below zero, so the temperature shouldnt have
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a large impact on the concentration of organic compounds. Any impact temperature does
have would be positively related to concentration. There are peaks in the temperature on
February 14-16, 21-24, 27, a small peak on March 3, March 9, and a general increase to
march 18 and 19. Looking at figure 19 it is possible that temperature and concentration are
related as can be inferred from the correlation between the peaks around february 27 and
28 and the peak around march 17-18, but the correlation does not continue for the rise in
temperature around february 14-16 and february 20-23.

Figure 19: Overview of air temperature in ◦C, measured 2m above the ground, and total
concentration of organic matter.

3.4 Pinonic Acid

A further look at table 3 with the the ions that show a significant difference between snowy
and dry periods, shows that many of the the ions for which the P-value was less than 0.05
for both E/N have a similar shape, corresponding to the shape of the plot of pinonic acid,
mass 115.072. Pinonic acid is an oxidation product of monoterpenes, which are emitted from
vegetation, the plot of which can be seen in figure 20. The plots of these ions have peaks
at 16-2, 27-2, and a general increase to a peak at 18-3. There are also several smaller peaks
in between that are also mostly similar for these plots. Table 4 shows the ions that have a
correlation coefficient, R2 higher than 0.6 when compared to pinonic acid.

The correlation between snowfall and the behavior of pinonic acid is even more clear
than for the total concentration of organic matter. This can be seen in figure 21. When
compared to atmospheric pressure, seen in figure 22, the results are also clearer than those
for total concentration. There seems to be quite a clear correspondence between pressure
and concentration.

The list of ions with similar behavior to pinonic acid is quite long, with 221 ions with an
R2 coefficient higher than 0.6, and the behavior of pionic acid is fairly similar to that of the
total concentration, seen in figures 6 and 7, which suggests that the total concentration of
organic compounds is strongly dependent on these ions that are similar to pinonic acid.
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Figure 20: Plot of concentration of pinonic acid, mass 115.072

Figure 21: Overview of snowfall and concentration of pinonic acid
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Figure 22: Overview of atmospheric pressure and concentration of pinonic acid

Table 4: The ions that have a similar shape to pinonic acid, m/z 115.072, with the corre-
sponding R2. Only the ions are shown for which R2 is higher than 0.6.
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3.5 Levoglucosan

Another group of ions corresponds to the behavior of levoglucosan. See table 5 for an overview
of the ions that show this behavior, with their respective R2 values. Only the ions with an R2

higher than 0.6 are shown. Levoglucosan shows significantly different behavior from pinonic
acid and total concentration, which can be seein in figure 23 in the plot of levoglucosan. All
these ions show very little or no activity until March 6 and then increase to a peak at March
18. As levoglucosan is a marker for biomass burning it is interesting to find out where these
ions may have come from and what changed after March 6.

The predominant wind direction during this period from March 6 until 18 was Northern,
as can be seen in table 2 so these molecules would come from the direction of Germany and
possibly from Salzburg and Munich. However, this should not be the cause of the increase
in levoglucosan as there were also other times with Northern winds during the period that
was sampled.

Figure 23: Plot of the concentration of levoglucosan, mass 97.028

Table 5: The ions that have a similar shape to levoglucosan, m/z 97.028, with the corre-
sponding R2. Only the ions are shown for which R2 is higher than 0.6.
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4 Conclusion

The total concentration of organic compounds measured with the PTR-MS varies between
about 5 ng/mL on February 23 and 1 µg/ml on March 2, 8 and 18, with another slightly
lower peak on February 27 for E/N = 120. At E/N = 80 there is also a peak on February
17 and the peak at March 18 is significantly higher than at E/N = 80. These two values are
what cause the best fit line to be more on the side of E/N = 80. Besides these two values,
however, the rest of the measurements are grouped around the line of equal concentrations.
Overall the conclusion can be made that both the E/N = 120 and E/N = 80 give close to the
same results, though slightly higher amounts are measured at E/N = 80 due to some more
fragmentation at E/N = 120. Because of these differences it is recommended to continue
using both E/N settings to be able to compare the results.

Linking total concentration of organic compounds to the meteorological data shows that
during periods of no snow and dry deposition the concentration of organic material in the
snow increases significantly, and then decreases with a new layer of snow. Fresh snow does
have some concentration of organic compounds, but dry deposition adds more to the total
concentration. The total concentration also corresponds positively to atmospheric pressure.

For pinonic acid, and the long list of other ions that have similar behavior, the results are
more clearly related to snowfall and atmospheric pressure. During the periods with no snow
there is a very clear increase in concentration and a very clear decrease during the snow.
Increases in atmospheric pressure are also clearly followed by increases in concentration of
pinonic acid.

It is yet unclear whether the variation is directly or indirectly dependent on the weather.
It could be that the weather affects aerosol formation in the atmosphere or aerosol deposition.
From the correlation with snow, the variation is more likely based on deposition.

Further research could take a more in depth look into the different ions that show the
same behavior and what the cause could be.
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