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Abstract

The abundance of marker compounds for primary biological particles in submicron
aerosol was investigated by means of aerosol mass spectrometry. Mass spectra of
amino acids, carbohydrates, small peptides, and proteins, all of which are key building
blocks of biological particles, were recorded in laboratory experiments. Several char-5

acteristic marker peaks were identified. The identified marker peaks were compared
with mass spectra recorded during AMAZE-08, a field campaign conducted in the pris-
tine rainforest of the Central Amazon Basin, Brazil, during the wet season of February
and March 2008. The low abundance of identified marker peaks places upper limits
of 7.5 % for amino acids and 5.6 % for carbohydrates on the contribution of primary10

biological aerosol particles (PBAPs) to the submicron organic aerosol mass concen-
tration during this time period. Upper limits for the absolute submicron concentrations
for both compound classes range from 0.01 to 0.1 µg m−3. Carbohydrates and protein
amino acids make up for about two thirds of the dry mass of a biological cell. Thus,
our findings suggest an upper limit for the PBAPs mass fraction of about 20 % to the15

submicron organic aerosol.

1 Introduction

Primary biological aerosol particles (PBAPs) are suggested to play an important role in
atmospheric aerosol processes and cloud formation (Jaenicke, 2005; Jaenicke et al.,
2007; Möhler et al., 2007; Deguillaume et al., 2008; Spracklen et al., 2010). Average20

number fractions of about 30 % have been reported even in the fine mode aerosol,
for aerodynamic particle diameters between 400 nm and 1 µm (Matthias-Maser and
Jaenicke, 1995). Primary biological particles in the submicron fraction are expected to
be mainly bacteria or viruses, e.g., Hinds (1999). Bacteria are typically rod-shaped,
about 1–3 µm long and 0.3–0.5 µm wide (Morris et al., 2004). Size distribution mea-25

surements by Möhler et al. (2008) using mobility and aerodynamic particle sizing have
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shown that a large fraction of such airborne bacteria is found in the submicron mode.
Pollen and fungal spores are generally larger than 1 µm (Jones and Harrison, 2004;
Elbert et al., 2007; Huffman et al., 2010), although pollen fragments are also present
in the submicron range (Taylor et al., 2002, 2004). The dry mass of a typical bacterial
cells contains about 55 % proteins and amino acids, 24 % nucleic acids, 10 % carbo-5

hydrates, 7 % lipids, and 5 % inorganic minerals and trace elements (Watson et al.,
2007). Mammal cells contain similar amounts of proteins and carbohydrates (68 % and
8 %, respectively), lower amounts of nucleic acids (5 %), but higher amounts of lipids
(19 %) (Munk, 2000). The variation found in pollen composition is larger: the dry mass
of pollen contains between 10 and 40 % proteins and 13–55 % carbohydrates (Campos10

et al., 2008). Viruses contain only proteins and nucleic acids (Beyer and Walter, 1988).
Since proteins are composed of large chains of amino acids, on average amino acids
and carbohydrates contribute about 60 to 80 % of the dry mass of a biological cell.

Although it has been demonstrated in laboratory experiments (Diehl et al., 2001,
2002; von Blohn et al., 2005; Iannone et al., 2011) and field studies (Pratt et al., 2009)15

that PBAPs can act as efficient ice nuclei (IN), model studies indicate that on a global
scale PBAPs account for less than one percent of the global IN fraction, while dust
(> 80 %) and soot dominate the IN (Hoose et al., 2010). In regions that are only to
a small degree influenced by mineral dust and anthropogenic emissions PBAPs are
expected to be of higher importance. One such region is the Amazonian rain forest20

(Prenni et al., 2009). Another important effect is that PBAP for certain meteorological
conditions can take up enough water that they act as “giant” cloud condensation nuclei
by generating larger drops that fall faster than drops formed from smaller CCN, thereby
facilitating coalescence and warm rain formation (Möhler et al., 2007). They may also
limit the potential supersaturation and thus cloud activation of smaller particles by en-25

hanced water depletion. Furthermore, PBAP play a significant role (about 13 %) in the
deposition of phosphorus on a global scale (Mahowald et al., 2008; Spracklen et al.,
2010). PBAP in Amazonia are reviewed in Martin et al. (2010b).
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The Amazonian Aerosol Characterization Experiment 2008 (AMAZE-08) field cam-
paign (Martin et al., 2010a) was conducted in the wet season from February to March
2008. The objective of AMAZE-08 was to improve our understanding of aerosol
sources and aerosol-cloud interactions in the pristine Amazonian rain forest. One of
the research foci was the assessment of the contribution of PBAPs to the total aerosol,5

both in number fraction and mass fraction. The ability of PBAPs to act as ice nuclei in
the Amazonian rain forest during AMAZE-08 has been shown by Prenni et al. (2009),
with observed IN number concentrations of the order of 1–2 l−1. Further measurements
performed during AMAZE-08 by using the UV-APS technique show that PBAPs are
frequently found in the coarse mode (Pöschl et al., 2010). Similar findings have been10

reported from the Cooperative LBA Airborne Regional Experiment (CLAIRE-2001) ex-
periments (Graham et al., 2003a,b). Nevertheless, it can be possible that the fraction
of PBAPs in the fine mode (daero < 1 µm) may be more important in the pristine rain-
forest of the Central Amazon Basin, which is only slightly influenced by anthropogenic
emissions, especially in the wet season.15

Laser-ablation single-particle aerosol mass spectrometry has been used in the past
to identify PBAP. Czerwieniec et al. (2005) identified fragments of amino acids like
glycine, proline, valine, threonine, leucine, isoleucine, histidine, and phenylalanine in
positive ion mass spectra from cells and spores of Bacillus atrophaeus. Fergenson
et al. (2004) detected glutamic acid in negative ion mass spectra of Bacillus atrophaeus20

and Bacillus thuringiensis. Furthermore, phosphorus was identified in negative ion
mass spectra, suggesting its use as a well-suited marker for bioaerosol because phos-
phate occur in endospore nucleic acids, adenosine di- and triphosphates, and cell
membranes (Fergenson et al., 2004). Russell et al. (2004) studied the behavior of small
peptides composed of glycine, arginine, and tyrosine and were able to explain the ob-25

served peaks by fragmentation of the amino acid molecules. Another widely used type
of aerosol mass spectrometers (Aerodyne Aerosol Mass Spectrometer, AMS) (Cana-
garatna et al., 2007) is based on thermal desorption and electron ionization (EI), but
so far it has not been applied systematically to biological material. Although electron
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ionization produces different fragmentation patterns than laser ablation, there are still
many similarities in the spectra of organic species from both techniques (Silva and
Prather, 2000). Identification of amino acids and amino acid fragments from peptides
has been demonstrated using EI (Spiteller, 1966, and references therein). Thus, we ex-
pect to be able to identify marker peaks from laboratory measurements of amino acids5

and to apply those markers to ambient aerosol data. Yttri et al. (2007) demonstrated
that sugars, including fructose, glucose, sucrose, and trehalose, as well as sugar al-
cohols, such as arabitol, inositol, and mannitol, may represent important constituents
of the water-soluble organic carbon fraction in the ambient aerosol and can be useful
as tracers for PBAP. Therefore, we also investigated carbohydrates as possible marker10

peaks for PBAPs.
The investigation herein focuses on in-situ measurements of organic aerosol using

an Aerodyne Aerosol Mass Spectrometer (AMS) in Amazonia during AMAZE-08 and
on the comparison of these field data to the laboratory observations with respect to
compounds that are major constituents of PBAP. In the laboratory, mass spectra of15

particles produced from a selection of amino acids, carbohydrates (sugars), peptides,
and proteins were recorded, and marker peaks for PBAP were identified. A comparison
of these marker peaks was made to the mass spectra collected for the submicron
organic aerosol of AMAZE-08 to assess the relative contribution of PBAPs to the total
submicron aerosol.20

2 Measurements

2.1 Experimental identification of marker peaks in laboratory measurements

The laboratory measurements were performed at the Max Planck Institute for Chem-
istry (MPIC), Mainz (Freutel, 2009). Typical constituents found in biological cells (amino
acids, peptides, proteins, and carbohydrates) were analyzed by aerosol mass spec-25

trometry. The compounds were individually dissolved in demineralized water and
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nebulized with an atomizer (TSI 3075). The particles were dried by diffusion, size
selected by a Differential Mobility Analyzer (DMA; Grimm 5.5–900 or TSI 3080), and
introduced into a time-of-flight aerosol mass spectrometer (Aerodyne Inc., compact C-
ToF-AMS, Drewnick et al., 2005; or high-resolution HR-ToF-AMS, DeCarlo et al., 2006).
Both instruments operate with thermal desorption at 600 ◦C and electron impact ion-5

ization. They differ only by the type of mass spectrometer: The HR-ToF-AMS provides
a higher mass resolving power m/∆m (in “V-mode” typically 2000 at m/z 100 compared
to the C-ToF-AMS that has m/∆m of about 800 at m/z 100 (DeCarlo et al., 2006)).
While most compounds were measured using the C-ToF-AMS, the HR-ToF-AMS was
used for the measurements of glutathion and levoglucosan.10

A list of investigated amino acids is provided in Table 1. From the 20 proteinogenic
amino acids (Beyer and Walter, 1988; Munk, 2000), we selected glycine as the simplest
amino acid, three amino acids (alanine, valine, leucine) with aliphatic side chains as
another important category of compounds, as well as other compounds representing
additional classes: one sulfur-containing amino acid (cysteine), one with an aliphatic15

side chain and a second carboxyl group (glutamic acid), one aromatic amino acid (tryp-
tophane), and proline, whose amino group is part of cyclo-aliphatic ring. Glutathione,
a tripeptide composed of glutamic acid, cysteine, and glycine, was used as an ex-
ample of a small peptide. In addition to the compounds listed in Table 1, insulin (51
amino acids, molecular weight MW≈4700 g mol−1) and casein (169–209 amino acids,20

MW≈19 000–25 000 g mol−1) were selected as examples for proteins.
The five carbohydrates that were investigated are listed in Table 2. We selected

a monosaccharide (glucose), a disaccharide (saccharose, composed of glucose and
fructose), and a polysaccharide (glycogen) composed of up to 50 000 glucose units.
As an example, we selected mannitol as a sugar alcohol, which is a component of25

fungal spores (Elbert et al., 2007). Levoglucosan, an anhydride of glucose, was also
investigated. Levoglucosan is a pyrolysis product of cellulose and is a commonly used
tracer for biomass burning aerosol (Simoneit et al., 1999; Fraser and Lakshmanan,
2000).
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For each experiment, a blank gas phase measurement using a particle filter was
recorded. This blank spectrum was later subtracted from the recorded mass spectrum
of the each compound to remove signals originating from the gas phase. This method
avoids any uncertainties that can arise from ion fragmentation and attribution of these
fragments to the various components of the gas phase and the particle phase, as5

is usually done by applying a fragmentation table (Allan et al., 2004) in the standard
AMS analysis software (SQUIRREL v1.49, PIKA v1.08, see http://cires.colorado.edu/
jimenez-group/wiki/index.php/ToF-AMS Analysis Software and DeCarlo et al., 2006).
The mass spectra represent averages over several minutes, corresponding to a number
of sampled particles in the order of 105.10

2.2 Field measurements during AMAZE-08

The field measurements were performed between 7 February and 14 March 2008 dur-
ing AMAZE-08 (Martin et al., 2010a). The principal measurement site of AMAZE-08
was tower TT34 (2◦35.675′ S, 60◦12.557′ W, 110 m a.s.l.). It was located in the Central
Amazon Basin, 60 km NNW of downtown Manaus and 40 km from the metropolis mar-15

gins. The aerosol was sampled through an inlet with a 7.7 µm cut-off at the top of the
tower at a height of 38 m. The sample line was designed to provide laminar flow condi-
tions and the temperature of the flow was kept at 32 ◦C down to the container to avoid
condensation in the pipe below the canopy. On top of the measurement container,
the sampled air was dried to 30–40 % relative humidity using an automatic regenera-20

tive dryer (Tuch et al., 2009) and then distributed to various instruments inside of the
air-conditioned container.

The ambient data reported here were recorded with an Aerodyne HR-ToF-AMS that
was operated in V-mode (DeCarlo et al., 2006). It was equipped with the first prototype
of a high pressure inlet lens designed to transmit larger particles compared to the stan-25

dard aerodynamic lens of the AMS, which has a 50 % cut off at 640 nm dva (vacuum
aerodynamic diameter) as reported by Liu et al. (2007). Characterization measure-
ments of the prototype showed that this design was only partly successful, since the
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50 % cut-off at about 800 nm dva was only slightly larger than that of the standard lens.
Comparative measurements with a co-located HR-ToF-AMS (operated by Harvard)

(Chen et al., 2009) show that the data recorded by both instruments agreed to about
10 % in the overlap region (Fig. 1, after Pöschl et al., 2010). The high pressure lens
had slightly more transmission at larger particle diameters (> 500 nm dva) but a lower5

transmission for particles smaller than 260 nm dva. This difference led to a lower re-
ported total submicron aerosol mass by the MPIC instrument compared to the Harvard
instrument because a higher fraction of aerosol mass resided between 100–300 nm
than between 500–1000 nm. The objective of the measurements using the high pres-
sure inlet system was to detect primary biological material that is usually expected to10

be found at larger particle sizes. Thus, for the present analysis the lower transmis-
sion for smaller particles is not an issue. The (slightly) higher transmission for larger
particles increases the probability to detect PBAP.

The AMS data were analyzed using the standard AMS analysis software (SQUIR-
REL v1.49, PIKA v1.08). Specific details of the data evaluation are listed in the Sup-15

plement.
In order to evaluate the high-resolution mass spectra that are needed to identify

the exact marker peaks, the mass spectra were averaged over 12 h (06:00–18:00 and
18:00–06:00 LT). The cumulative peaks were fitted by a selection of exact m/z that
contribute most likely to the cumulative peak, including the respective marker peak.20

Thus, the relative contribution of the respective marker peak to the respective cumu-
lative peak was inferred. The fraction of only this portion of the cumulative peak to
the total organic aerosol signal was then calculated. In this way, the mass fraction of
the marker peaks to the total organic aerosol was calculated with 12 h time resolution.
Using the laboratory results, these data can be converted into upper limits for the mass25

concentrations of amino acids and carbohydrates.
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3 Results

3.1 Identified marker peaks

3.1.1 Amino acids and glutathione

The mass spectra of the examined amino acids and of the tripeptide glutathione (Ta-
ble 1) are displayed in Fig. 2. The observed peaks can be explained by fragmentation5

of molecular sub-structures. The most important fragmentation mechanism is the neu-
tral loss of the COOH group (nominal m/z 45, exact m/z 44.997), leading to a dominant
peak at m/z =M−45, where M is the molar mass of the original molecule.

Glycine, as the simplest amino acid (C2H5NO2), shows a very clear fragmentation
pattern. The carboxyl group COOH is lost from the molecule or molecular ion, leading10

to the CH4N+ ion at m/z 30. The molecular ion peak (m/z 75) is also visible. Additional
observed ions are CO+

2 , as is typical of carboxylic acid detection in the AMS (e.g.,
Duplissy et al., 2011) and H2O+ (m/z 44 and 18). The H2O+ ion can originate from
decomposition of the molecules itself but also from molecular water present in the
particles due to incomplete drying.15

For alanine (MW=89.10 g mol−1), the loss of the COOH group mainly leads to
C2H6N+. This fragment has the same nominal mass to charge ratio as CO+

2 , namely
m/z 44. Additionally, a pronounced peak at m/z 42 (C2H4N+) is also observed. Valine
and leucine, the other two aliphatic amino acids, have more complex mass spectra, with
peaks at M-COOH (m/z 72 and 86, respectively) and M-COOH-CH4 (m/z 56 and 70).20

The mass spectra of both compounds also show a peak at m/z 74 (CHNH2COOH+),
which results from the loss of the aliphatic side chain. The peaks at m/z 39, 41, and
43 can be explained by the loss of CHNH2 and C2H3NH2 from the M-COOH peaks
at m/z 72 and 86, forming C3H+

7 (m/z 43), C3H+
3 (m/z 39) and C3H+

5 (m/z 41). Other
pronounced ions are CH4N+ (m/z 30) and C2H4N+ (m/z 42). Similar fragments (M-25

COOH, CH4N+, C2H4N+, and CHNH2COOH+) are observed in the mass spectrum of
glutamic acid, with additional peaks at m/z 56 (C3H6N+) and m/z 84 (M-H2O-COOH).
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The amino group in the proline molecule is part of an aliphatic ring, leading to a stable
ion with m/z 70 (C4H8N+) after loss of the COOH group. Further pronounced peaks are
found at m/z 41 (C3H+

5 or C2H3N+, not resolved by the C-ToF-AMS), m/z 42 (C2H4N+),
and m/z 30 (CH4N+).

Tryptophane, as an example for an amino acid with an aromatic side chain, shows5

a different fragmentation pattern. Here, rather than M-COOH giving the most promi-
nent peak (at high m/z), M-COOH-CH2NH forms as a very stable ion at m/z 130
(C9H8N+, see Fig. 2h). Further fragmentation of this double ring forms the phenyl
ion (C6H+

5 , m/z 77) or the styrene-like cation (C8H+
7 , m/z 103). Additional large peaks

at m/z 18 (H2O+) and m/z 44 (CO+
2 ) are observed, while the signals at m/z 30 (CH4N+)10

and m/z 42 (C2H4N+) are small. Cysteine, a sulfur-containing amino acid, has peaks
M-COOH (m/z 76) and CHNH2COOH+ (m/z 74). Additionally, sulfur-containing peaks
(e.g., C2HS+, m/z 57; C2H3S+, m/z 59) can be found (Fig. 2e), as well as the peaks
at m/z 30 and m/z 42 that have been observed in the mass spectra of the other amino
acids (see above).15

The most frequently detected peak M-COOH is not suitable as a general marker
peak of amino acids because it is at a different m/z for each individual amino acid. The
frequently occurring peak at m/z 74, though possibly suitable for the identification of
single amino acids, is not applicable to oligomeric peptides and proteins because after
the formation of a peptide bond the m/z 74 fragment is not to be expected any more.20

The nitrogen containing fragments CH4N+ (m/z 30.0344) and C2H4N+ (m/z 42.0344)
are the most common characteristic marker peaks. CH4N+ was also found to be a char-
acteristic peak in the mass spectra of peptides and amino acids, as obtained by laser
ablation mass spectrometry (Russell et al., 2004). The fragment m/z 56 (C3H6N+) has
been observed only for larger amino acids and is therefore not well suited as a general25

marker for amino acids. The fraction of the marker peaks CH4N+ and C2H4N+ to the
total mass spectrum of each of the examined amino acids is shown in Fig. 3. This
fraction was found to be approximately constant (0.085±0.020) for most of the inves-
tigated molecules. The inverse of this fraction is used in the present study as a scaling
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factor SFamino. Glycine and tryptophane were not included in this average. For glycine,
the loss of the COOH group yields the CH4N+ ion. The fraction of m/z 30 is thus much
higher for glycine than for other amino acids. Tryptophane is an aromatic amino acid
with stable ring structures, inhibiting further fragmentation. Therefore, the fraction of
these marker peaks is significantly lower than for the other investigated amino acids.5

As an example for a small peptide, an oligomer of a limited number of amino acids,
glutathione (a tripeptide consisting of glutamic acid, cysteine, and glycine) was ana-
lyzed (Fig. 2i). The most prominent peaks are m/z 84 (C4H6NO+), which is formed by
loss of the glutamic acid side chain and a COOH group, leading to a stable ring struc-
ture; m/z 76 (C2H6NS+, the M-COOH fragment of cysteine), m/z 56 (C3H6N+), m/z 18,10

and m/z 44. The above identified marker peaks m/z 30 and 42 are also found in the
glutathione spectrum, with a similar fraction as for most investigated amino acids.

3.1.2 Proteins

The mass spectra of the two investigated proteins (insulin and casein) are displayed in
Fig. 4. Insulin, which is not soluble in pure water was dissolved in diluted hydrochlo-15

ric acid. The two corresponding peaks from H35Cl+ and H37Cl+ are marked in grey.
Insulin, a smaller protein, also shows amino acid fragments that can be identified as
M-COOH. For example, m/z 136 can be identified as the fragment M-COOH from ty-
rosine (MW=181 g mol−1), m/z 120 from phenylalanine (MW=165 g mol−1), m/z 110
from histidine (MW=155 g mol−1), m/z 86 from leucine, m/z 72 from valine, and m/z 7020

from proline. Tyrosine, phenylalanine, and histidine are aromatic amino acids and thus
their fragments M-COOH are expected to be very stable. Furthermore, the nitrogen-
containing peaks that were also identified in many amino acid mass spectra (m/z 56,
C3H6N+; m/z 42, C2H4N+; and m/z 30, CH4N+) can be detected, although in a smaller
fraction of the total organic mass spectrum (about 0.03) compared to the pure amino25

acids.
The mass spectrum of casein, a larger protein with a molar mass in the range

of 19 000–25 000 g mol−1 is dominated by a large CO+
2 peak at m/z 44. A sodium
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hydroxide solution was added to dissolve the casein in water, which may increase the
amount of CO+

2 measured via formation of sodium carbonate. However, this pathway
was corrected for in a blank measurement of a pure sodium hydroxide solution. Thus,
the high peak at m/z 44 may indicate strong thermal decomposition of the molecule
and possibly also oxidation of the fragments in the vaporization process of the mass5

spectrometer. Apart from this dominant peak at m/z 44, some less intense peaks were
identified that were also detected in the amino acid mass spectra or in the mass spec-
trum of insulin. For example, the peak at m/z 70 can be identified as the M-COOH
fragment of proline, which is highly abundant in casein. The peak at m/z 91 (C7H+

7 )
was also detected in insulin, though not in any of the investigated amino acids. Casein10

contains only a relatively small amount of aromatic amino acids, and this fact might
explain the low number of peaks at higher m/z, as compared to insulin. Again, the
marker peaks m/z 42 and m/z 30 are detected. Their fraction of the total organic signal
(without the high m/z 44 peak) is about 0.089, thus very similar to the value found for
the pure amino acids of 0.085±0.020 (see above).15

Although these results indicate that certain amino acid peaks can be found also in
proteins, the complete evaporation of proteins and their full quantification by the use of
two amino acid marker peaks still has to be verified.

3.1.3 Carbohydrates

Glucose, saccharose, mannitol, levoglucosan, and glycogen were analyzed as exam-20

ples for carbohydrates and their anhydrides (Table 2). The mass spectra are displayed
in Fig. 5. Typical peaks were found for the sequence CnH2n+1CO+, with n = 0−2
(CHO+, m/z 29; C2H3O+, m/z 43; C3H5O+, m/z 57), as well as at m/z 44 (with similar
contributions by CO+

2 and C2H4O+). These peaks are commonly found in AMS mass
spectra of oxygenated organic compounds, limiting their usefulness as markers for car-25

bohydrates (DeCarlo et al., 2006; Kroll et al., 2009; Sun et al., 2009). Better suited as
marker peaks appear to be the ion fragments C2H4O+

2 (m/z 60.0211), C2H5O+
2 (m/z

61.029), and C3H5O+
2 (m/z 73.029). Saccharose and glycogen (the disaccharide and
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the polysaccharide) show an important peak at m/z 85 (C4H5O+
2 ), and the sugar al-

cohol mannitol has a characteristic peak at m/z 56 (C3H4O+). The ions at m/z 60
and 73 have been widely used previously as marker peaks for biomass-burning par-
ticles (Schneider et al., 2006; Alfarra et al., 2007; Lee et al., 2010), mainly because
of the release of levoglucosan and related molecules during pyrolysis of cellulose (Si-5

moneit et al., 1999; Fraser and Lakshmanan, 2000). Secondary organic material and
fatty acids also fragment at m/z 60 and 73 (Mohr et al., 2009). Thus, for an arbitrary
mass spectrum, attribution of these peaks as markers for biomass burning, secondary
organic material, or PBA particles cannot be uniquely determined. Nevertheless, the
values inferred herein for the ambient spectra can be regarded as upper limits for PBAP10

carbohydrates.
To obtain a scaling factor for the quantification, we used only glucose, saccha-

rose, and mannitol because levoglucosan is a primary tracer for biomass burning (see
above). The large polymer glycogen was found to be less volatile on the AMS vaporizer
than the mono- and disaccharides. The mean fraction of the common marker peaks15

(m/z 60, m/z 61, and m/z 73) to the total mass spectrum of these three compounds
was 0.085 ± 0.034 (mean and standard deviation). The inverse of this fraction is used
in Sect. 3.2 as a scaling factor SFcarbohydrate.

3.2 Results from the AMAZE-08 field campaign

The time series of non-refractory submicron particle mass concentrations measured20

with the MPIC HR-ToF-AMS during the AMAZE-08 campaign is shown in Fig. 6. Ap-
proximately 72 % of the detected non-refractory submicron particle mass was com-
posed of organic matter, while about 26 % was composed of ammonium and sul-
fate. Nitrate and chloride were found to be negligible. Slight differences to the val-
ues reported by Chen et al. (2009) from the co-located HR-ToF-AMS (Harvard) during25

AMAZE-08 can be explained by the different inlet transmission functions of the two
mass spectrometers. These values are similar to the chemical composition of the fine
mode (daero < 2 µm) of CLAIRE-2001, an earlier campaign in the Amazon Basin. In
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CLAIRE-2001, 81 % organics and 16 % sulfate were reported for the non-refractory
species mass concentrations by mass, excluding black carbon and soil dust (Graham
et al., 2003a). A detailed analysis of the organic fraction measured during AMAZE-
08 with the co-located AMS in high-resolution mode has been presented by Chen
et al. (2009). The results show that local production of biogenic secondary organic5

aerosol dominated the submicron organic mass concentration during times with low
sulfate to organic ratios. During times with a higher sulfate fraction, the influence of air
masses arriving from out of the Amazon Basin increased, and the organic fraction was
found to be more oxidized.

For the analysis presented here, the mass spectra recorded by the HR-ToF-AMS10

equipped with the high pressure lens have been averaged over 12 h, from 06:00 to
18:00 LT and from 18:00 to 06:00 LT. Using the PIKA AMS analysis software, the follow-
ing ion fragments were fitted to the associated peaks: m/z 30: NO+, CH2O+, CH4N+,
C2H+

6 ; m/z 42: C2H2O+, C2H4N+, C3H+
6 ; m/z 60: CSO+, C+

5 , C2H4O+
2 , C3H8O+;

m/z 61: C2H2Cl+, C5H+, C2H5O+
2 ; and m/z 73: C6H+, C3H5O+

2 , C3H9Si+, C4H9O+.15

Examples of the peak fitting are shown in Fig. 7.
From these fits, the contributions of the individual marker peaks to the total peak

signal at the nominal m/z were inferred (Fig. S1 in the Supplement). The ratios of the
marker peak intensities to the total organic signal were then calculated. The upper
limits of the fractions of amino acids or carbohydrates of the total organic signal were20

estimated as follows:

fraction=SFclass

∑
i

(
fi − f background

i

)
(1)

where SF class is the scaling factor for the two compound classes (amino acids and
carbohydrates; see Fig. 3 and Sect. 3.1), i denotes the respective m/z ratio, fi is the

ratio of the respective marker peak intensity to the total organic signal, and f background
i25

represents other sources of the marker fragments. Such other sources can be biomass
burning, which contributes to a significant fraction to m/z 60. In a recent study, Cubison
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et al. (2011) observed a background value for f60 of about 0.003±0.0006 for urban ar-
eas without biomass burning influence. Additionally, secondary organic aerosol (SOA)
may contribute to the marker ions as well. Chamber results showed values for f60+61+73
of 0.004 and for f30+42 of 0.002 for SOA produced by the photooxidation of isoprene, the
ozonolysis of α-pinene, and the ozonolysis of β-caryophyllene, all at low NOx (Chen5

et al., 2011). However, it is not clear if the same background values can be applied
to ambient air in a tropical rain forest. Another possible source for nitrogen-containing
organic ions are amines which have been observed by AMS in urban studies (Aiken
et al., 2009; Huffman et al., 2009; Sun et al., 2009). According to these studies amines
produce the ionic fragments C3H8N+, m/z 58 and C5H12N+, m/z 86, but also further10

fragmentation to CH4N+ and C2H4N+ is conceivable. Again, a background value for
amines for tropical rain forest is not known. Therefore, in the present study no back-
ground subtraction was applied, such that the reported values represent upper limits
for the individual compound classes and therefore also for PBAP.

Figure 8 shows the time series of the results. The time trend of the upper limit of15

the amino acid fraction (Fig. 8a) shows no diel pattern and remains rather constant,
with the exception of two pronounced peaks on 28 February and 5 March. On average,
the upper limit of the amino acid fraction is 7.5(±2.3) % of the total submicron organic
mass concentration.

The upper limit of the carbohydrate fraction (Fig. 8b) at times shows a diel pattern,20

with higher values during night time, though this pattern is not consistent over the whole
time series. However, the relative maximum values are always found during night time.
This would agree with Elbert et al. (2007) who report larger concentrations of mannitol
due to fungal emissions during night time in Amazonia. The mean and standard devi-
ation for the upper limit of the carbohydrate fraction is 5.6(±1.1) %. Separated into day25

and night, we obtain a mean daytime value of 5.3(±1.0) % and a mean nighttime value
of 5.7(±1.2) %, showing that there is no statistically significant difference between day
and night.
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The f60 value in the present study is 0.0024±0.0042. Comparison with the back-
ground value for f60 reported by Cubison et al. (2011), 0.003±0.0006, our value also
implies that the fraction of fresh biomass burning aerosol to the submicron organic
aerosol is low to negligible, as discussed in Chen et al. (2009).

During most of the time, the upper limit fractions of both amino acids and carbohy-5

drates are within the shaded one-sigma standard deviation area of the mean value in
Fig. 8. However, the upper panel of Fig. 8 reveals that on 5 March a markedly higher
upper limit fraction of amino acids was observed. This increase was not accompanied
by an increase of the carbohydrate marker. The high resolution peaks at m/z 30 and 42
are displayed in Fig. S2 in the Supplement, showing that the marker peaks CH4N+ and10

C2H4N+ are clearly enhanced during this 12 h time period. The UMR mass spectrum
did not show significant differences from the mass spectra during the previous or the
following time period. This event coincides with heavy rain during the afternoon (around
15:00 LT) of March 5. It may be that the observed increase of amino acid markers is
related to increased PBAP emissions triggered by the rain event. However, in this case15

also an increase of the carbohydrate markers would be expected. Enhanced wash-out
of water soluble organic material (like carbohydrates or aged SOA) is unlikely, because
the total organic mass concentration did not decrease during the rain event. Thus, the
reason for the high fraction of the amino acid marker on this day remains unresolved.

The upper limits of the absolute mass concentration of the compounds are shown20

in the lowest panel of Fig. 8, along with the mass concentration of the total submi-
cron organic matter. Both the upper limit concentrations of amino acids and carbo-
hydrates range from 0.01 to 0.1 µg m−3. The mean values and standard deviations
are 0.029±0.021 µg m−3 and 0.022±0.016 µg m−3 for amino acids and carbohydrates,
respectively. The fine mode concentrations of sugars, sugar alcohols, and anhydro-25

sugars (including levoglucosan) measured during CLAIRE-2001 (∼0.07 µg m−3) are of
the same order of magnitude though slightly higher (Graham et al., 2003b). The ex-
planation may be that Graham et al. analyzed PM2.5 and therefore observed higher
concentrations. Amino acids and proteins were not analyzed during CLAIRE-2001.
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4 Summary and conclusions

In laboratory studies, we identified a set of distinct marker peaks for amino acids and for
carbohydrates as marker compounds for primary biological aerosol particles. Marker
peaks found for amino acids were CH4N+ (m/z 30) and C2H4N+ (m/z 42) and for carbo-
hydrates were C2H4O+

2 (m/z 60), C2H5O+ (m/z 61), and C3H5O+
2 (m/z 73). Evaluation5

of these marker peaks in ambient data allowed for quantitative determination of upper
limits for the concentration of these compounds. For carbohydrates, a caution is that
carbohydrate anhydrides may also originate in part from biomass burning, especially
levoglucosan, though for AMAZE-08 in particular these sources could be ruled out.
Some of the marker ions, such as m/z 60 and 73, may also have contributions from10

other species, such as secondary organic material. Also for the amino acid markers, it
cannot be ruled out that other compounds contribute to the marker peaks. Based on
these considerations, our results for AMAZE-08 indicate that the upper limit fractional
contribution to the total submicron organic aerosol mass concentration was approxi-
mately 7.5 % for amino acids and 5.6 % for carbohydrates. Because amino acids in the15

form of proteins and carbohydrates together account for about 2/3 of a biological cell
(Munk, 2000), we can conclude that the upper limit of the total contribution of PBAPs to
the submicron organic mass concentration was no more than 20 %. Furthermore, we
can say that the contribution of fresh biomass burning was also low, as was already dis-
cussed by (Chen et al., 2009). The upper limit for the absolute mass concentration of20

amino acids was 0.029±0.021 µg m−3, for carbohydrates it was 0.022±0.016 µg m−3.
Overall, our results are in agreement with findings reported from other studies during

AMAZE-08, which concluded that the submicron organic aerosol is mainly of secondary
origin and that PBAPs are mostly found in the coarse mode (Chen et al., 2009; Pöschl
et al., 2010), as well as with earlier field campaigns (Martin et al., 2010a). The upper25

limit sugar content of about 5.6 % is in agreement with fine mode filter data reported by
Graham et al. (2003d) in the Amazonian rain forest during CLAIRE-2001. The results
from CLAIRE-2001 also showed that PBAPs are mainly found in the coarse mode
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and that the organic aerosol which contributed about 70 % to the fine mode aerosol
is mainly originating from secondary organic aerosol formation (Graham et al., 2003b;
Martin et al., 2010a). A study by Yttri et al. (2007), conducted in urban, suburban and
rural sites in Norway, reported that the sum of sugars and sugar-alcohols contributed
only 0.2 % to 1.0 % by mass to the PM2.5 organic carbon fraction.5

In previous studies average number fractions of PBAPs of about 30 % in the sub-
micron size range have been reported (Matthias-Maser and Jaenicke, 1995; Jaenicke
et al., 2007). It is expected that PBAPs are mostly found in the upper size range of
the submicron aerosol. Airborne bacteria are in the size range around 700 nm (Möhler
et al., 2007). Thus, a number fraction of 30 % would imply a mass fraction much higher10

than 20 %. Taking into account the results of this study as well as the results from
Graham et al. (2003a,b) and Yttri et al. (2007), which all at least for the sugars and
sugar alcohols show very little contribution to the total organic mass in PM2.5, it can be
concluded that such high number fractions of up to 30 % in the submicron size range
may be found occasionally but are not representative.15

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/19143/2011/
acpd-11-19143-2011-supplement.pdf.
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Möhler, O., DeMott, P. J., Vali, G., and Levin, Z.: Microbiology and atmospheric processes: the
role of biological particles in cloud physics, Biogeosciences, 4, 1059–1071, doi:10.5194/bg-
4-1059-2007, 2007.
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Table 1. Amino acids analyzed in the laboratory.

Substance Formula Structure Molecular
weight (g mol−1)

Alanine1 C3H7NO2 89.10
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Table 2. Carbohydrates investigated in the laboratory.

Substance Formula Structure Molecular
weight (g mol−1)
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Fig. 1. Size distributions measured during AMAZE-08 by the two co-located HR-ToF-AMS
instruments (Pöschl et al., 2010). The Harvard AMS used the standard lens, the MPIC AMS
used a prototype of the “high pressure lens”. The “high pressure lens” provided slightly higher
transmission for particle sizes>500 nm dva.
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Fig. 2. Laboratory mass spectra from amino acid particles. The identified marker peaks (m/z 30
and 42) are highlighted in red. Certain identified peaks are labeled.
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Fig. 3. Fraction of marker peaks (m/z 30 and 42 for amino acids and glutathione, m/z 60, 61,
and 73 for carbohydrates) in the mass spectra for the investigated amino acids, the tripeptide
glutathione and the carbohydrates. Solid line: Mean values (left: amino acids and glutathione
without glycine and tryptophane, right: carbohydrates), shaded areas: standard deviation.
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Fig. 4. Mass spectra of the two proteins investigated. The identified marker peaks for amino
acids (m/z 30 and 42) are highlighted (red). Selected identified peaks are labeled. Insulin was
dissolved in HCl, the corresponding peaks (m/z 36 and 38) are marked in grey.
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Fig. 5. Mass spectra of the carbohydrates investigated in the laboratory. The identified marker
peaks (m/z 60, 61, and 73) are highlighted in red.
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Fig. 6. Time series of non-refractory submicron particulate mass concentrations during
AMAZE-08 measured by the AMS operating with the high pressure lens. Approximately 72 %
of the detected aerosol mass was composed of organic matter, while ammonium sulfate con-
tributed about 26 %. Nitrate and chloride were found to be negligible. Measurement periods
that were possibly influenced by local emission sources like vehicle exhaust, the exhaust of the
on-site power generator, or regional anthropogenically polluted outflow from Manaus arriving
at the sampling tower were excluded (Martin et al., 2010a).
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Fig. 7. Examples for the high resolution peak fitting of the AMAZE-08 data, illustrating how the
fraction of the marker peaks to the total UMR peaks was determined.
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Fig. 8. Upper limits of the fractional abundances of amino acids (upper panel) and carbo-
hydrates (middle panel) to the submicron organic aerosol mass concentration. Mean values:
amino acids 7.5 %, carbohydrates 5.6 %. Lower panel: Absolute concentrations of amino acids
(upper limits), carbohydrates (upper limits) and total organics (in raw time resolution and as
12 h mean values).
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