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Abstract. As a part of the AMAZE-08 campaign during the

wet season in the rainforest of central Amazonia, an ultravi-

olet aerodynamic particle sizer (UV-APS) was operated for

continuous measurements of fluorescent biological aerosol

particles (FBAP). In the coarse particle size range (> 1 µm)

the campaign median and quartiles of FBAP number and

mass concentration were 7.3×104 m−3 (4.0–13.2×104 m−3)

and 0.72 µg m−3 (0.42–1.19 µg m−3), respectively, account-

ing for 24 % (11–41 %) of total particle number and 47 %

(25–65 %) of total particle mass. During the five-week cam-

paign in February–March 2008 the concentration of coarse-

mode Saharan dust particles was highly variable. In con-

trast, FBAP concentrations remained fairly constant over the

course of weeks and had a consistent daily pattern, peak-

ing several hours before sunrise, suggesting observed FBAP

was dominated by nocturnal spore emission. This conclusion

was supported by the consistent FBAP number size distribu-

tion peaking at 2.3 µm, also attributed to fungal spores and

mixed biological particles by scanning electron microscopy

(SEM), light microscopy and biochemical staining. A second

primary biological aerosol particle (PBAP) mode between

0.5 and 1.0 µm was also observed by SEM, but exhibited lit-

tle fluorescence and no true fungal staining. This mode may

have consisted of single bacterial cells, brochosomes, vari-

ous fragments of biological material, and small Chromalve-

olata (Chromista) spores. Particles liquid-coated with mixed

organic-inorganic material constituted a large fraction of ob-

servations, and these coatings contained salts likely from pri-

mary biological origin. We provide key support for the sug-

gestion that real-time laser-induce fluorescence (LIF) tech-

niques using 355 nm excitation provide size-resolved con-

centrations of FBAP as a lower limit for the atmospheric

abundance of biological particles in a pristine environment.

We also show some limitations of using the instrument for

ambient monitoring of weakly fluorescent particles < 2 µm.

Our measurements confirm that primary biological particles,

fungal spores in particular, are an important fraction of su-

permicron aerosol in the Amazon and that may contribute

significantly to hydrological cycling, especially when coated

by mixed inorganic material.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Biogenic gases and particles emitted into the atmosphere by

plants and organisms on the Earth’s surface can have a wide-

ranging influence on a number of natural systems and are

important for study by a multitude of scientific disciplines.

Primary biological aerosol particles (PBAP), a subset of bio-

genic particles often referred to as bioaerosols, consist of bio-

logical material such as bacteria, fungal spores, pollen, vege-

tative detritus, and their fragments and excretions. PBAP can

be living or dead and their size can span physical dimensions

of a few nanometers to hundreds of micrometers. They are

crucial to the reproductive processes of many organisms be-

cause they spread genetic material over long distances. They

can also negatively affect agricultural and public health as

pathogenic agents, can be used as agents of biological war-

fare, and can affect atmospheric systems by acting as nuclei

on which cloud water droplets and ice particles may form

(Cox and Wathes, 1995; Pöschl, 2005; Jaenicke et al., 2007;

Prenni et al., 2009; Després et al., 2012). Several studies pub-

lished by Jaenicke and colleagues indicate the global ubiq-

uity of bioaerosols and suggested that atmospheric study of

PBAP is critical to understanding aspects of atmospheric pro-

cesses (e.g., Jaenicke et al., 2007). In particular they reported

that, within the size range measured (> 0.2 µm), PBAP con-

centrations varied from 0.6 cm−3 in remote continental and

coastal marine sites to ∼ 3 cm−3 at a semi-urban European

site, thus representing up to 25 % of the total particle num-

ber concentration (Matthias-Maser and Jaenicke, 1995, 2000;

Jaenicke et al., 2007). While quantitative estimates vary sig-

nificantly, PBAP has consistently been shown to be an impor-

tant fraction of atmospheric particulate matter (e.g., Kenny

and Jennings, 1998; Elbert et al., 2007; Bauer et al., 2008;

Wiedinmyer et al., 2009; Womack et al., 2010; Després et

al., 2012). Microorganisms have also been shown to be trans-

ported long distances in plumes of desert dust from Asia and

Africa (e.g., Griffin et al., 2007; Polymenakou et al., 2008;

Hallar et al., 2011). In addition to measurements of their total

atmospheric concentrations, bioaerosol properties of certain

organisms have been studied for their ability to nucleate ice

at temperatures well above the homogenous freezing point

(ca. −38 ◦C) of cloud droplets (Schnell and Vali, 1972, 1973;

Yankofsky et al., 1981; Ariya and Amyot, 2004; Möhler et

al., 2007; Bowers et al., 2009; Prenni et al., 2009; Morris

et al., 2012) and to act as giant cloud condensation nuclei

(GCCN) (Möhler et al., 2007; Barahona et al., 2010). In part

motivated by the desire to constrain the understanding of the

geographic spread and climatic importance of PBAP, a num-

ber of recent works have presented regional or global model-

ing studies of biological particles in the atmosphere (Helbig

et al., 2004; Burrows et al., 2009a, b; Heald and Spracklen,

2009; Hoose et al., 2010; Sesartic and Dallafior, 2011; Sesar-

tic et al., 2012). These are important steps in determining the

effects that bioaerosols have on various Earth and human sys-

tems, but uncertainties in measurements input to these mod-

els are still large.

The application of laser/light-induced fluorescence (LIF)

methods to on-line detection of bioaerosols within the last

two decades has vitalized interest within the atmospheric sci-

ence community by enabling real-time analyses with much

higher time and particle size resolution than had been pre-

viously attainable (e.g., Pinnick et al., 1995; Hairston et al.,

1997; Seaver et al., 1999; Sivaprakasam et al., 2004; Kaye

et al., 2005; Pan et al., 2011; Healy et al., 2012). Though

many instruments have been developed for use by individual

research groups or for military applications, the ultraviolet

aerodynamic particle sizer (UV-APS) was the first such in-

strument to be commercially available for research use. The

UV-APS utilizes a pulsed 355 nm Nd:YAG laser for excita-

tion and detects emitted fluorescence in a single wavelength

channel (420–575 nm) from particles entrained into the in-

strument (Hairston et al., 1997; Brosseau et al., 2000). The

excitation wavelength used was originally chosen to enable

rapid detection of molecules linked to cellular metabolism

(e.g., NAD(P)H and riboflavin; Harrison and Chance, 1970;

Eng et al., 1989; Li et al., 1991), though other biological

molecules not associated with active metabolism are also

likely to fluoresce at these wavelengths under many condi-

tions (Pöhlker et al., 2012a). The UV-APS has been tested

in the laboratory to determine cell viability (Agranovski et

al., 2003b; Laflamme et al., 2005) and to measure bacteria

(Brosseau et al., 2000; Agranovski et al., 2003a, b; Jung et

al., 2010) and fungal spores (Kanaani et al., 2007, 2008a, b;

Lee et al., 2010) in real-time. Huffman et al. (2010) reported

the application of the instrument to long-term (4-months)

ambient sampling and reported trends of bioaerosols for a

measurement site in central Europe. In the same manuscript

the fluorescent signal detected by the UV-APS in such am-

bient settings was defined as fluorescent biological aerosol

particles (FBAP), and the abundance of FBAP was discussed

as providing an approximate lower limit for the actual abun-

dance of PBAP.

Tropical rainforest environments in several areas of the

globe have often been seen as windows to observe relatively

clean, natural emissions from the biosphere (Andreae, 2007).

In particular many collaborative measurement studies in the

Amazon rainforest of Brazil within the last decades have

helped to advance the state of aerosol science and under-

standing of forest-atmosphere exchange processes (Artaxo et

al., 1988; Harriss et al., 1990; Artaxo and Hansson, 1995;

Andreae and Crutzen, 1997; Andreae et al., 2002; Graham

et al., 2003a; Guyon et al., 2003; Martin et al., 2010a, b).

In-situ measurements have repeatedly suggested the pres-

ence of a high fraction of biogenic particles within tropi-

cal rainforest air (e.g., Echalar et al., 1998; Gilardoni et al.,

2011). Artaxo et al. (1988, 1995) proposed that the Amazon

basin was as a significant producer of PBAP, and Guyon et

al. (2003) suggested that not only was the region the world’s

largest rainforest but also that it was therefore also likely the
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largest global source of biogenic gases and particles. Pöschl

et al. (2010) stated that there was a dominance of biogenic

sources for all ranges of particles sizes observed within the

Amazon and suggested that such forests can be seen as bio-

geochemical reactors, where the regional biosphere initiates

a feedback loop of rain and biological growth. Even more

specifically, rainforests have been reported as huge sources

of fungal spores by many publications. For example El-

bert et al. (2007) reported measurements from near Balbina,

Brazil suggesting that local fungal spores contributed an av-

erage of ∼ 35 % of coarse particles by number, and Zhang

et al. (2010) estimated the fraction at ∼ 20 % of PM10 in a

tropical rainforest on Hainan Island near China. Prenni et

al. (2009) highlighted the ability of biogenic emissions from

the Amazon to nucleate ice at temperatures higher than was

observed for mineral dust and suggest that concentrations of

atmospheric ice nuclei (IN) can almost entirely be explained

by local emissions of biological particles.

The Amazonian Aerosol Characterization Experiment

(AMAZE-08) took place during the wet season of February–

March 2008 (Martin et al., 2010a) and was the basis for a

number of recent studies on the sources and properties of

biogenic aerosol particles in the Amazon (Chen et al., 2009;

Gunthe et al., 2009; Prenni et al., 2009; Pöschl et al., 2010;

Ebben et al., 2011; Schneider et al., 2011). Here we report

observations from the UV-APS instrument operated for real-

time, in-situ detection and sizing of FBAP throughout the

campaign. We also report on the results of complementary

microscopic analyses of PBAP on filter samples collected

concurrently with direct aerosol measurements.

2 Methods

2.1 Amazonian measurement site

Measurements were carried out as a part of the Amazonian

Aerosol Characterization Experiment (AMAZE-08) within

pristine rainforest of the Reserva Biológica do Cuieiras, lo-

cated in the central Amazon Basin and 60 km NNW of

downtown Manaus, Brazil (Martin et al., 2010a). A PM10

inlet was placed at the top of a 40 m tower (TT34) at

approximately tree canopy height (2◦35.7′ S, 60◦12.6′ W,

110 m a.s.l.). Sampled air was brought via stainless-steel tub-

ing (0.75-inch outer diameter) to instrumentation and equip-

ment in a ground-level container and then dried to between

20–40 % relative humidity (RH) using silica gel driers (Tuch

et al., 2009). Calculations based on operating conditions

within the sampling line suggested that the flow was lami-

nar at all times providing an aerodynamic particle diameter

(Da) upper cut-off of ∼ 7 µm. Sampling took place between

2 February and 15 March 2008 during the Amazonian wet

season, when biomass burning is typically reduced, in or-

der to minimize interference by plumes due to anthropogenic

burning activity. All times presented here are listed as local

time (LT) at the sampling site, which is four hours behind

Coordinated Universal Time (UTC) (i.e., local time = UTC

– 4 h).

2.2 Real-time fluorescence measurement

An ultraviolet aerodynamic particle sizer (TSI, Inc. Model

3314) was utilized during this study for measurement of bio-

logical particles in pristine Amazonian air masses. Details

of the instrument, including operating principles and field

operation and data analysis procedures are discussed in de-

tail elsewhere (Hairston et al., 1997; Brosseau et al., 2000;

Huffman et al., 2010). The instrument performs aerodynamic

particle sizing (Da) in the diameter range of 0.5–20 µm over

52 channels, and the spectrally unresolved intensity of total

fluorescence is recorded for each incoming particle into one

of 64 channels. Thus, each sample provides a 3-dimensional

cube of information (particle number, diameter, and fluores-

cence). Summing particle number within each size bin over

all fluorescence channels results in a size distribution of the

total particle number concentration, which is analogous to

the output of a standard APS instrument. Particles were con-

sidered non-fluorescent when their emitted fluorescent sig-

nal was recorded in one of the first two channels, and fluo-

rescent biological aerosol particles when recorded in chan-

nels 3–64. The particle counting efficiency of the UV-APS

drops below unity at Da < 0.7 µm, and interferences from

non-biological particles below 1.0 µm may be more likely

(Huffman et al., 2010). As a result, 1.0 µm is utilized here

as the lower-limit for biological particles measured by this

technique, and for the purposes of this manuscript this size

also represents the border between fine (< 1 µm) and coarse

(> 1 µm) modes of the particle size distribution. This distinc-

tion is reflected in the nomenclature of subscripts within the

text: the letter “c” refers to coarse particles, “F” to fluores-

cent particles, and “T” to total particles. For example, NT,c

refers to the integrated number concentration of coarse par-

ticles. Unit-normalized mass concentrations were estimated

using the number concentration provided by the UV-APS and

a density of 1 g cm−3.

The UV-APS was operated in standard flow mode, with

a total sampled volumetric flow rate of 5.0 L min−1 (lpm) at

atmospheric pressure and temperature. This flow was split

within the instrument into a sampled flow of 1.0 lpm and a

sheath flow of the remaining 4.0 lpm by utilizing pressure-

difference feedback control. Measurements were initiated

every 5 min and integrated over a sample length of 299 s,

achieving a total of 8734 sampling points during AMAZE-

08. Several large gaps occur in the campaign time series (e.g.,

Fig. 1) and are a result of instrument down time due to oper-

ational issues, general power failures, or inlet line problems

(Martin et al., 2010a).
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2.3 Sample collection for microscopic analysis

Aerosol samples for microscopic analysis were collected via

the same laminar flow inlet through a two-stage stacked fil-

ter unit using 12 mm Nuclepore polycarbonate filters pre-

coated with sputtered gold and with a pore size of 5 µm for

coarse particles and 0.2 µm for fine particles, respectively.

However, every particle was counted and sized individually

and the definition of coarse > 1 µm and fine < 1 µm volume

equivalent diameter is adhered to for particles counted us-

ing the SEM. The volumetric flow through the stacked filter

unit was nominally 1 lpm and air was collected for approx-

imately 24 continuous hours for each sample. The flow rate

was controlled using a needle valve and the accuracy of the

flow was checked using a primary flow-meter (Gilian Gili-

brator, Sensidyne, LP) before removing and after installing

a sample. Due to difficulties with the needle valve, the flow

measured before changing the filter was lower than the nom-

inal flow; therefore, the actual flow rates and sample volumes

may have been smaller than the nominal value (deviations up

to ∼ 30 %). This uncertainty may explain certain discrepan-

cies in absolute concentration when compared with the real-

time measurements made in parallel. This uncertainty, how-

ever, did not affect results of microscopy analysis regarding

the relative proportions of particle types.

2.4 Semi-automated scanning electron microscopy

analysis

Aerosol particles were post-analyzed by scanning electron

microscopy (SEM) using the secondary electron in-lens de-

tector of a high-performance field emission microscope with

a first generation Gemini Column (LEO 1530 FESEM) at

an acceleration voltage of 10 keV and a working distance

of 9 mm. The in-lens detector enabled detection of thin or-

ganic coatings and organic particles thinly deposited on the

filters, which are not usually observed with other detectors.

The elemental composition of inorganic components was

characterized using a combination of the Oxford Instruments

ultra-thin-window energy-dispersive x-ray (EDX) detector

and subsequent NanoSIMS (nanoscale secondary ion mass

spectrometry) analysis on selected particles. The chemical

nature of organic droplets and mixed organic-inorganic parti-

cles was confirmed by NanoSIMS analysis as detailed below.

The filter samples were scanned using a semi-automated

spot counting technique, which had been evaluated using

NIST 2783 air particulate matter on filter media, as described

in Sinha et al. (2008). Filters were scanned with a dwell

time of 16.5 µs pixel−1 and 500 × 500 pixels per image at a

magnification of 6500 × (pixel size 88.9 nm) for coarse and

19 500 × (pixel size 29.6 nm) for fine filters. Particles located

on predefined equidistant spots of the counting grid were

counted and high resolution images were acquired for those

particles. The recorded data were used to classify the parti-

cles according to size, composition and mixing state. Mixing

state is a term used to distinguish externally mixed particles

found only as separate entities (e.g. PBAP or particles con-

taining pure organic material) from internally mixed parti-

cles where mixtures of two or more components are found

in the same particle (e.g. PBAP with organic/inorganic coat-

ing). Using this spot counting technique, the probability for

a particle of a certain size and type to be counted is directly

proportional to the two-dimensional (2-D) surface area of the

particle and the fraction of the filter surface covered by the

particles. This relationship is used to upscale the counting re-

sults from the scanned filter area to the total filter area. More

than 6400 points (> 0.6 % of the total filter area) were inves-

tigated for coarse filters and more than 2500 points (> 0.07 %

of the total filter area) for fine filters, leading to an average

particle count of 110 coarse and 350 fine mode particles per

air sample (filter pair). The 2-D surface area of a particle was

measured by counting the number of pixels the particle oc-

cupied in the secondary electron image and used to calculate

the 2-D equivalent diameter, taken as the diameter of a circle

having the same surface area. For particles coated by organic

material, the 2-D surface area and equivalent diameters were

determined both for the insoluble core (black carbon, min-

eral dust or primary biological and for the composite particle

(core and organic coating). The average footprint to height

ratio of each particle type was determined for a small subset

of particles using atomic force microscopy for fine mode and

the fine focus of the SEM for coarse mode particles. This

information was used to convert the 2-D equivalent diame-

ter to a volume equivalent diameter. The size determination

was performed on separately acquired high resolution images

(pixel size 0.6 nm to 15 nm). SEM size distributions are also

based on volume equivalent diameter, which should be sim-

ilar to aerodynamic equivalent diameter for PBAP (density

∼ 1 g cm−3) but differs by a factor of 1.6 from the aerody-

namic equivalent diameter for mineral dust with a density

of ∼ 2.1–2.7 g cm−3. Shape factors also need to be consid-

ered while converting volume equivalent diameter into aero-

dynamic diameter. However, due to the complexity of some

of the observed shapes we refrained from attempting such a

conversion.

Unit-normalized particle mass is reported in all cases here

assuming unit density (1 g cm−3) for all particle types. While

this normalization leads to an underestimate of total mass

concentration for most particle types, it provides a first ap-

proximation for particle mass directly proportional to parti-

cle volume.

2.5 NanoSIMS

Chemical analysis of aerosol particles was performed using

a Cameca NanoSIMS 50 ion microprobe in multi-collection

detector mode by sputtering the sample with a ∼ 1 pA Cs+

primary ion beam focused into a spot of ∼ 100 nm diame-

ter. The primary ion beam was scanned several times over an

area of 10 µm × 10 µm, with a dwell time of 1000 µs pixel−1,
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and images (256 × 256 pixels) were recorded for every scan.

The detector dead time was 44 ns and the count rates were

corrected accordingly. The energy band-pass slit was set to

20 eV, the entrance slit and aperture slit were decreased to

30 × 180 µm and 200 × 200 µm, respectively, and the trans-

mission was kept at 50 % to enhance the count rate on small

particles. To remove surface contaminations, all images were

pre-sputtered for one cycle followed by 10 cycles of analysis.

Secondary ions of 12C−, 16O−, 12C14N−, 32S− and 37Cl−

were simultaneously collected in five electron multipliers.

We display qualitative images of the counts per pixels for

each of these species. Such images provide an indication of

the absence/presence of the element in certain parts of the

aerosol particles but the data is not corrected for isotope

abundances (we monitored the major masses for C, O, CN

and S but a minor mass for Cl) and is not calibrated.

2.6 Staining and light microscopy of fungi

Filters were mounted on glass microscopy slides and par-

ticles were stained with lactophenol blue solution (Sigma

Aldrich, Inc.) to selectively highlight chitin molecules within

the cells walls of fungal material. This technique targets

Eumycota (true fungi), but will not identify spores with

cellulose-based cell walls, such as those of Chromalveolata

(Chromista), a kingdom which evolved separately from the

common ancestors of plants, animals and fungi and including

Peronosporomycetes such as Phytophthora spp. that can also

form air-borne, pathogenic spores (Bartnicki-Garcia, 1968;

Judelson and Blanco, 2005). For this analysis, a small drop

of the solution was placed on top of the filter using a micro-

pipette, and the cover slip was gently lowered onto the fil-

ter to avoid trapping air between the filter and the cover

slip. The cover slip was then sealed using nail polish and

the specimen was investigated immediately under the light

microscope (Axio Scope, Carl Zeiss) at a magnification of

50× in transmitted light mode. Images were recorded us-

ing a digital Camera (CAM-SC30, Olympus Europa Holding

GmbH) coupled to the CellˆP software package (Olympus

Europa Holding GmbH). The investigations were carried out

on the gold-coated filters used for collecting SEM samples,

because no separate samples were collected for this analysis.

Thus, due to multiple reflections on the gold and interfer-

ences caused by high particle loadings, very few filters (sam-

ples M04, M08, M12) could be successfully investigated by

the fungal stain procedure. Of these only one sample (M12)

allowed successful analysis of both fine and coarse filters.

One quarter of the area of each punch was analyzed for sam-

ples M08 and M12, and this approach resulted in a slight

increase in quantitative uncertainty for these samples. Im-

age analysis and particle sizing were performed using ImageJ

software.

2.7 Focus period definition

For more quantitative contrast between early and late pe-

riods of the AMAZE-08 campaign, SEM analysis of filter

samples allowed assignment of specific filter periods within

either Low Dust focus (samples M04, M08, M12) or High

Dust focus (M02, M07, M30) categories (see Sect. S1.1 for

sample dates and times). These SEM analysis-derived defini-

tions are also consistent with similar periods as defined using

other techniques from the AMAZE-08 campaign (Gunthe et

al., 2009; Martin et al., 2010a; Pöschl et al., 2010).

3 Results and discussion

3.1 Measurement period overview

Over the course of the AMAZE-08 measurement period, ob-

served particles were dominated by natural sources, and the

relative contribution of aerosol particles from anthropogenic

activity and biomass burning was low. Concentrations of air-

borne mineral dust from long-range transport were episodic

and were more common within the first half of the campaign.

The second half can be characterized as representing clean

air masses that were relatively free of biomass burning and

mineral dust plumes (Chen et al., 2009; Martin et al., 2010a)

and is thus more representative of pristine emissions directly

from the forest (Pöschl et al., 2010). Figure 1 shows num-

ber and mass concentrations, as well as size distributions,

from each 5-min UV-APS sample for the full measurement

period of AMAZE-08. The clean air late in the campaign is

highlighted by the lower integrated total number and mass

concentrations after 4 March (NT,c, MT,c; Fig. 1a, c). Occa-

sional periods of high total particle concentrations still oc-

curred during this period (e.g., afternoons of 5 March and

8 March), but these periods were much shorter in duration

and much weaker than events during the first three weeks of

February (Fig. 1a, c). In contrast, FBAP concentrations were

relatively consistent throughout the campaign as were FBAP

size distributions, indicating that the UV-APS signal was not

heavily influenced by the episodic nature of non-fluorescent

particle arrival.

Average size distributions for the entire campaign are

shown in Fig. 2. The total number peaks below 1 µm, with

a long tail at larger sizes and a second broad peak at ap-

proximately 2.1 µm. The apparent peak at 0.7 µm is a result

of diminishing instrument transmission efficiency within the

entrance nozzle. Particles smaller than ∼ 0.7 µm do not enter

the UV-APS efficiently and are lost due to diffusion within

the instrument inlet, causing an apparent peak in the size dis-

tribution. The actual maxima in the number size distribution

are at about 70 nm and 150 nm (Martin et al., 2010a; Pöschl

et al., 2010). At sizes larger than 0.7 µm, the campaign-

average size distribution acquired from the UV-APS is in

good agreement with size distributions measured in parallel

www.atmos-chem-phys.net/12/11997/2012/ Atmos. Chem. Phys., 12, 11997–12019, 2012
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Fig. 1. Time series of particle concentrations. Each panel: integrated values (upper left), ratio of fluorescent to total (upper right), and size-

resolved measurements. (A) total number (NT,c), (B) FBAP number (NF,c), (C) total mass (MT,c), (D) FBAP mass (MF,c). Dashed line at

1 µm indicates lower bound of number integration; mass is unit-normalized.

by other techniques (Martin et al., 2010a; Fig. 12). Particles

larger than 7 µm were not transmitted efficiently through the

laminar-flow inlet lines. The average mass size distribution

of total particles (Fig. 2a) exhibits a broad peak at ∼ 2.5 µm,

as well as a secondary peak at a slightly larger size and a

long tail to the left. To reflect more accurate mass distribu-

tions, the unit-normalized mass distributions in Da presented

here would be expected to shift to larger particle size, with in-

creased area under the curve; Da is proportional to the square

root of particle density (DeCarlo et al., 2004).

The campaign average size distributions of FBAP number

and mass have much narrower peaks than do the total parti-

cle distributions, dominated in number by a peak at 2.3 µm

and in mass by a set of multi-mode peaks from 2 to 5 µm.

The secondary peak at 2.1 µm in the total number distribu-

tion (Fig. 2a) occurs at the same diameter as the dominant

peak in the FBAP number distribution (Fig. 2c). Thus, the

location of this peak in the total particle distribution may in-

dicate that biological material is the cause of most of this

particle mode, but only an average of 62 % of the peak is

counted as fluorescent (discussed further in Sect. 3.3 and

with Fig. 10). The FBAP fraction of the dominant particle

mode observed here increases during periods less influenced

by mineral dust, as discussed in Sect. 3.2. The overall appear-

ance of the average FBAP number distribution is similar to

what has been reported previously at two other measurement

locations. For a semi-urban location in central Europe, Huff-

man et al. (2010) reported an average FBAP peak at 3.2 µm.

For a tropical rainforest site in Borneo, Gabey et al. (2010)

observed a qualitatively similar peak at 2.5 µm. Artaxo and

Hansson (1995) reported a coarse mode D50 at 3.0 µm for

biogenic particles collected on cascade impactors at a remote

Amazon site as determined via elemental analysis. Matthias-

Maser and Jaenicke (1995, 2000), however, reported a PBAP

size distribution (< 10 µm) with monotonically decreasing

slope based on microscopy of impactor samples.

The campaign average size-resolved ratio of FBAP to to-

tal particles (Fig. 3) indicates that the largest fraction of fluo-

rescent biological particles occurs between ∼ 2–7 µm, with

sloping tails on either side. The fact that ratio is approxi-

mately zero for particle sizes below ∼ 1.3 µm is consistent,

by extrapolation, with previous observations that primary

biological particles comprise only a very small fraction of

Amazonian submicron aerosol (Chen et al., 2009; Pöschl et

Atmos. Chem. Phys., 12, 11997–12019, 2012 www.atmos-chem-phys.net/12/11997/2012/
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Fig. 3. Average size distribution of FBAP to total ratio for the mea-

surement campaign (dNF/dNT = dMF/dMT).

al., 2010; Schneider et al., 2011). The difference between the

mean and median values of dNF/dNT at particle diameters

> 6 µm highlights the low particle numbers at these sizes.

The campaign median FBAP number concentration was

0.073 × 106 m−3 (24 % of the total coarse aerosol), and the

corresponding FBAP mass concentration was 0.72 µg m−3

(46 %) (Fig. 4 and Table 1). Microscopy analysis revealed

that the remaining non-fluorescent aerosol was comprised

primarily of mineral dust, non-fluorescent biological aerosol,

and inorganic salts particles, listed in order of relative con-

centration. As means of perspective, the FBAP concentration

values here can be compared to the ranges reported from a

sampling of previous studies. For example, Matthias-Maser

and Jaenicke (1995) reported a PBAP number concentra-

tion of 1.9 × 106 m−3 corresponding to ∼ 30 % of the to-

tal particles (> 0.2 µm) whereas Huffman et al. (2010) re-

ported 0.03 × 106 m−3 (∼ 4 %) of coarse FBAP (> 1.0 µm),

both sets of observations in the semi-urban setting of Mainz,

Germany. A follow-up study for three geographically differ-

ent sampling sites by Matthias-Maser and Jaenicke (2000)

suggested that up to 25 % of particles were PBAP. A semi-

urban site in Mainz at 3.1×106 m−3 (19.5 %) had the highest

concentration of the three sites, while a marine site on the At-

lantic Ocean (16.7 %) and a remote continental site at Lake

Baikal, Russia (19.5 %) each had particle number concentra-

tions of 0.6 × 106 m−3. Artaxo et al. (1990) indicated that

55–95 % of Amazon particle mass concentration (> 2 µm)

was biogenic and possibly composed of a diverse set of

PBAP, as observed by microscopic analysis of single parti-

cles. More recently Gabey et al. (2010) operated a wide-issue

bioaerosol sensor (WIBS) and observed ∼ 0.15 × 106 m−3

of FBAP (> 0.8 µm) in a Borneo rainforest understory, cor-

responding to ∼ 28 % of the aerosol, with up to 55 % of

the coarse aerosol above the canopy considered as FBAP.
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Fig. 4. Statistical distribution of integrated coarse FBAP and total number and unit-normalized mass concentrations (1–20 µm) for each of

three periods: entire campaign, low dust focus period, high dust focus period. (A) NT,c, (B) NF,c, (C) NF,c/NT,c, (D) MT,c, (E) MF,c,

(F) MF,c/MT,c.

Table 1. Integrated number and unit-normalized mass concentrations of coarse FBAP and total particles (1–20 µm). Arithmetic mean and

median values shown for: Period 1 (2–19 February 2008), Period 2 (4–15 March 2008), High Dust focus period (2867 min average), Low

Dust focus period (5608 min average), and entire campaign.

Number Period 1: Period 2: High Dust Low Dust Campaign

2–19 Feb 4–15 Mar Focus Period Focus Period

NT,c (m−3) Mean 0.78 0.28 0.93 0.26 0.55

× 106 Median 0.64 0.25 0.61 0.26 0.33

NF,c (m−3) Mean 0.097 0.088 0.080 0.099 0.093

× 106 Median 0.078 0.068 0.068 0.087 0.073

NF,c/NT,c Mean 18.7 35.1 14.0 38.9 26.3

(%) Median 14.3 36.4 11.3 41.1 24.0

Mass Period 1: Period 2: High Dust Low Dust Campaign

(Unit-Norm.) 2–19 Feb 4–15 Mar Focus Period Focus Period

MT,c Mean 3.25 1.63 3.89 1.63 2.49

(µg m−3) Median 2.62 1.46 3.00 1.50 1.87

MF,c Mean 0.77 0.94 0.92 1.05 0.85

(µg m−3) Median 0.67 0.81 0.83 0.96 0.72

MF,c/MT,c Mean 31.8 59.6 32.5 63.0 44.7

(%) Median 28.1 63.3 31.1 67.4 46.5
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Fig. 5. Comparison of particle size distributions acquired from counting particles on filters using SEM (top panels) and in real-time from UV-

APS (bottom panels). Colored areas are stacked in each case such that top line reflects the total concentration from each analysis technique.

Upper panels: regions of solid color indicate uncoated particles, diagonal bars indicate particles coated with organic material. (A) Low

Dust period (Average of sample numbers M04, M08, M12; 5608 min total), (B) High Dust period (Average of sample numbers M07, M30;

3867 min total). Size distribution from each analysis plotted with respect to its own method of particle size determination. Upper SEM

panels shown versus physical diameter (Dp), as defined by visual determination through microscopy. Lower UV-APS panels shown versus

aerodynamic diameter (Da), operationally defined as the size a particle acts in a flowing stream of air as if it were condensed into a sphere

of unit density (DeCarlo et al., 2004).

The same group reported observations from an urban site in

Manchester, England where a range of 0.03–0.1 × 106 m−3

FBAP was observed, depending on the combination of ex-

citation and emission wavelengths used for FBAP determi-

nation (Gabey et al., 2011). The absolute values of PBAP

concentration reported by these studies differ by two orders

of magnitude in number and by one order of magnitude in

the fraction of biological particles to the total. This range

of values highlights the variability of PBAP concentrations

both in different environments and using different methods,

but also underscores that bioaerosol particles are indeed im-

portant to the coarse-mode burden of the atmosphere in each

environment monitored (Després et al., 2012). The reports

by the Jaenicke group count PBAP directly using optical

microscopy insensitive to secondary organic material and

soot whereas the WIBS and UV-APS only detect biological

aerosol by on-line auto-fluorescence and at different wave-

lengths of excitation and emission for the two instruments.

The difference in particle size ranges sampled between the

studies can account for most of the large differences in abso-

lute number concentrations, especially at lower particle sizes.

3.2 Focus period comparison

Averages for total number and mass concentrations during

each of three periods (High Dust focus, Low Dust focus, and

Entire Campaign) are shown in Fig. 4. Each of the focus peri-

ods represents an average of short time periods (48 and 90 h,

respectively), while the campaign average takes all available

data from Fig. 1 into account. The total particle number and

mass (Fig. 4a, d) decrease significantly from high to low dust

periods, while the FBAP number and mass show relatively

stable mean and median concentration values (Fig. 4b, e).

Thus, the primary biological particle concentration exhibited

a consistent daily pattern, and the capability to detect these

particles in real-time by auto-fluorescence at 355 nm excita-

tion was not heavily influenced by large fluctuations in total

particle concentration. The NF,c/NT,c ratio represents a con-

volution of total particle and FBAP trends; the relative frac-

tions of FBAP number and mass were thus highest during the

later low dust period.

Figure 5a and b highlight results of both SEM and UV-

APS analyses for the Low and High Dust focus periods, re-

spectively. A first-glance observation of these plots shows

that the general trend of the numbers from SEM (upper pan-

els) and UV-APS (lower panels) are broadly similar. The

size distribution of the total aerosol for both analysis meth-

ods peaks at small sizes during the low focus period, drops

quickly to a local minimum ∼ 1.3 µm, and then rises to a sec-

ondary maximum at ∼ 2–2.3 µm. Adjusting Da of the lower

panels to Dp would shift UV-APS size distributions left (if

ρ > 1), proportional to the square root of the physical den-

sity of the particles (ρ). Density-related shifts thus partially

explain the size shift between the two panels most apparent
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during the High Dust period. Particle density was not mea-

sured for these particles, however, and varies as a function of

particle type. For these reasons we present the axes unaltered,

thus utilizing fewer uncertain assumptions. Additionally, Re-

ponen et al. (2001) observed for several fungal spores types

that Da can be shifted significantly (×0.45–1.5) with respect

to Dp for individual particle types and conclude that quan-

titative size comparisons between bioaerosol measurement

techniques is more uncertain than often assumed.

A second observation is that the relative placement and

proportion of PBAP from the SEM analysis are very similar

to that of FBAP from the UV-APS. During each of the two

periods shown, the largest fraction of the supermicron UV-

APS number is non-fluorescent aerosol, especially at particle

diameters < 2 µm, whereas fluorescent particles are present

between 1.8–4 µm. The FBAP concentration during the High

Dust focus period may appear minimal as compared with

the Low Dust focus period to the left. However, it is impor-

tant to note that the FBAP concentration is consistent dur-

ing both periods (within 20 %) and that the apparent reduc-

tion in FBAP is a visual effect of the significantly increased

non-fluorescent particle concentration and increased vertical

scale.

Several of the filter samples were also subjected to a stain-

ing procedure used to highlight fungal spores and material.

As mentioned previously, only sample M12 (∼ 24 h sam-

pling time, 12 March) was successfully stained on both fine

and course filters, and the results of this sample are com-

pared in Fig. 6 to UV-APS and SEM-analyzed samples ac-

quired over the same time period. The particles from sample

M12 counted as fungal are shown in Fig. 6a. Most impor-

tant to observe is that the distributions derived from three

different analyses appear qualitatively similar. Specifically,

the fungal stain plot and PBAP fraction the SEM analysis

both exhibit a single dominant peak centered at 2 µm, with

similar slopes on either side of the peak. Samples M04 and

M08, each successfully stain-processed with only one of the

two parts of the filter stack, are also useful for comparison,

showing trends consistent with those discussed here for sam-

ple M12 (Fig. S1). The consistency in average particle dis-

tribution between analyses from fungal staining, SEM imag-

ing, and on-line fluorescence detection highlights that each

technique is able to sample and analyze the same biologi-

cal material, despite radically different analytical methods.

Further, the similarity in size between the fungal stain and

SEM distributions above 1 µm suggests that PBAP as deter-

mined by SEM analysis is likely to be dominated by fungal

spores. The observations here agree qualitatively with pre-

vious studies (Graham et al., 2003a; Elbert et al., unpub-

lished results) that coarse-mode particles in the Amazonian

basin are dominated by fungal spores and yeasts and that

PBAP in many environments exhibit fungal spore peaks in

the range of ∼ 1–4 µm (e.g., Lin and Li, 1996; Burch and

Levetin, 2002; Graham et al., 2003a). Quantitatively, how-

ever, the particles positively identified during this 24-h pe-
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Fig. 6. Comparison of particle size distributions from three tech-

niques: (A) lactophenol blue fungal (chitin) stain, (B) counts from

SEM analysis, (C) UV-APS. Colored areas are stacked plots. For

middle panel, regions of solid color indicate uncoated particles, di-

agonal bars indicate particles coated with organic material.

riod using the chitin stain comprise only ∼ 18 % of the total

PBAP observed in the supermicron mode. This discrepancy

could indicate the presence of spores of fungus-like species

with cell walls comprised of skeletons not made of chitin,

such as many yeasts, Cryptomycota, and Peronosporomycota

(formerly Oomycota) (Bartnicki-Garcia, 1968; Helbert et al.,

1997; Petersen and Rosendahl, 2000; Jones et al., 2011). An-

other possibility is that the remaining fraction is biological

(e.g. plant spores, bacterial agglomerates, cell fragments),

but non-fungal in nature, as has been reported previously. For

example, Wang et al. (2008) showed using an Andersen six-

stage impactor that airborne bacteria in both rural and urban

air samples from central Taiwan were collected most effi-

ciently at aerodynamic sizes between 1.1–3.3 µm. And, while

individual pollen particles are almost always larger than the

nominal upper cut-off of the inlet as constructed for this

study (∼ 7 µm), cytoplasmic fragments from ruptured pollen

cells can be ∼ 0.05–2 µm in size (Taylor et al., 2004; Miguel

et al., 2006; Pöhlker et al., 2012c). Mixed organic and inor-

ganic coatings found on ∼ 40 % of the PBAP (Sect. 3.5) may

also inhibit staining and lead to systematic underestimates.

Figure 6b also shows an increased number of PBAP be-

tween 0.5–1.0 µm, but not positively identified by the lac-

tophenol blue stain or as fluorescent by the UV-APS. This

observation indicates the presence of biological material at

smaller sizes and may also indicate poorer fluorescence sen-

sitivity for smaller biological particles detected by the UV-

APS. Artaxo and Hansson (1995) observed a fine mode bio-

genic component to aerosol sampled from the Amazon, sug-

gesting that it was evenly vertically spread throughout the
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Fig. 7. Scanning electron micrographs showing example PBAP im-

ages from AMAZE-08 campaign. Scale bar shown in each panel.

canopy. This mode may be composed of individual bacte-

rial cells, non-chitin-containing spores, brochosomes, pollen

fragments, droplets of sugar solution ejected by microorgan-

isms, or other uncategorized bioparticles.

Figure 7 shows a representation of biological particle types

seen regularly by SEM analysis, similar to summaries pre-

sented previously (Wittmaack et al., 2005; Coz et al., 2010;

Martin et al., 2010b). These images are not meant to be a

quantitative summary, but represent particle types consis-

tently observed. The selection of particles shows a variety

of particles that are likely fungal spores (Figs. 7a–i). Fig-

ure 7b, in particular, has the appearance of particles sug-

gested by Wittmaack et al. (2005) to be fungal spores like

Cladosporium, and Fig. 7e appears to be a spinose basid-

iospore such as one of the Agaricales-order mushroom like

Inocybe calospora (Avis et al., 2006). Figure 7l shows an

intriguing image of a particle type not seen often during

the study, which may represent an agglomeration of basid-

iospores or possibly large bacterial cells. This highlights how

some biological particles can be individually small, but may

be detected at much larger sizes. Figure 7j shows a collection

of brochosomes. In addition to the diverse supermicron par-

ticle types represented in Fig. 7, submicron particles, often

round in morphology, that appeared biological in origin were

often routinely seen during SEM analysis.

3.3 Diurnal patterns

3.3.1 Particle observations

As discussed above, supermicron concentrations and size

distributions of total particles over the measurement period

were typically observed to be more episodic and less regu-

lar than FBAP. Another important distinction is that FBAP

concentrations exhibit a strong diurnal (defined as daily or

24-h) cycle, whereas average total particle concentrations

are more consistent throughout the day. This can be seen

by the regular pattern in Fig. 1b and d and is even more

apparent when plotted as median values of FBAP number

or mass versus time of day in Fig. 8. Supplement Fig. S2

shows the same plot averaged over the entire campaign and

shows qualitatively similar trends, but with greater noise and

higher total particle concentrations. NF,c is clearly highest

during night-time hours, starts dropping just before sunrise,

and rises again just after sunset. Times are reported in LT

and local sunrise, solar noon, and sunset occurred on aver-

age at approximately 06:07, 12:12, and 18:17, respectively.

NT,c shows a flatter diurnal profile, with relatively consistent

morning concentration followed by slightly lower afternoon

concentrations. MT,c also shows little diurnal trend, though

there is a slightly larger difference between early morning

and evening than was the case for NT,c. The diurnal MT,c dis-

tributions, however, clearly show the large mass fraction that

fluorescent biological particles contribute to the total. The

number-weighted image of total particles (Fig. 8a) shows

only slight presence of fluorescent particle concentrations

at 2–3 µm during the early morning hours, while the mass-

weighted image (Fig. 8c) shows a much stronger bimodal

distribution that very clearly tracks the corresponding FBAP

mass plot.

3.3.2 Non-fluorescence of certain biological particles

The diurnally resolved size distribution of FBAP shows that

the majority of the NF,c appears within a relatively nar-

row peak centered at ∼ 2.4 µm for each hour of the day

and that the total particle distribution has more contribution

from smaller sizes. These trends are more explicitly obvi-

ous in Fig. 9, in which non-fluorescent (gray) and fluores-

cent (green) particle concentrations are shown stacked on

top of one another. Non-fluorescent particles have a gener-

ally negative slope from ∼ 0.7 µm to ∼ 4 µm during each 4-

h average. The total particle concentration peaks in the late

morning (08:00–12:00), decreases throughout the rest of the

day and night, and then sharply increases again after sunrise.

The FBAP concentration, in contrast, is lowest in the late

morning, rises slowly until the early morning (00:00–04:00)

and then slowly decreases again. From 08:00–16:00 the non-

fluorescent distributions are smooth and exhibit monotoni-

cally decreasing slopes. Beginning in the 16:00–20:00 block,

however, a small secondary peak appears at ∼ 1.6 µm, just

as the FBAP peak start to grow. As time goes on, and as

the FBAP grows more significant, the secondary peak in

the non-fluorescent distribution grows with it. The correla-

tion of the dominant fluorescent biological particle peak with

the secondary non-fluorescent peak suggests that the latter

also comes from related biological processes. This seems to

www.atmos-chem-phys.net/12/11997/2012/ Atmos. Chem. Phys., 12, 11997–12019, 2012
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Fig. 8. Diurnal cycles of mean FBAP and total particle concentrations during low dust period (4–15 March 2008). Number and unit-

normalized mass integrated 1–20 µm, so peaks at small particle size not included. (A) total number, (B) FBAP number, (C) total mass,

(D) FBAP mass. Black line consistent in panels of same row: (A) and (B) show relative number contribution, and (C) and (D) show relative

mass contribution from fluorescent biological particles. Time of day shown as local time (LT); mass is unit-normalized. The second half of

the campaign (nominally the lower dust period) was used for averaging the diurnal values to more clearly highlight the trends of bioaerosol

emissions from the forest alone. Sunrise ca. 12:17, solar noon ca. 12:12, sunset ca. 18:17.

further indicate that, while the fluorescent signal used to de-

termine FBAP concentration captures most of these particles,

at certain times of the day and when the FBAP concentra-

tions are greatest, some fraction of biological material, espe-

cially particles of small size, may be below the fluorescence

detection limit of the UV-APS. The source and identity of

these particles is difficult to ascertain from UV-APS mea-

surements alone, but we suggest the particles are likely to

be fungal spores or bacteria emitted regularly every night.

Gabey et al. (2010) also reported a mode of non-fluorescent

particles associated with the FBAP peaks, suggesting small

or weakly fluorescent particles may not be detected as bi-

ological by real-time aerosol LIF instrumentation, whether

excited in the ∼ 350 nm or ∼ 260–280 nm regions.

This point is highlighted in more detail in Fig. 10 by ana-

lyzing two periods on 12 March as a case-study. FBAP con-

centrations from ∼ 11–13 March were very stable and exhib-

ited a reproducible diurnal pattern. From those days we chose

an afternoon period from 12:00–16:00 on 12 March along

with the immediately following night period from 20:00–

24:00 for comparison. As was true for the diurnal aver-

ages of the longer period of the campaign, the afternoon pe-

riod shown in Fig. 10a exhibits a relatively consistent nega-

tive slope for non-fluorescent particles, with a single FBAP

peak at 2.5 µm. For the early morning period, however, the

non-fluorescent particle distribution had a second peak at

∼ 1.7 µm with a FBAP peak at ∼ 2.5 µm and higher over-

all FBAP concentration. To highlight the difference between

the afternoon and night periods of Fig. 10, multi-peak fitting

analysis was performed on each of the distributions. In each

of the 4-hour periods a three-peak fit of the FBAP distribution

retrieved peaks at similar particle sizes and local maxima; the

largest peak occurs at ∼ 2.5 µm, with smaller peaks of rela-

tively equal height during each period at 1.9–2.2 and 3.4–

3.5 µm, respectively. The consistent size distribution across

these periods suggests that the FBAP detected during the af-

ternoon and night periods chosen here were biological ma-

terial of possibly common origin. The non-fluorescent parti-

cle distributions, however, have strongly contrasting behav-

ior. A two-peak fit of the non-fluorescent particle distribution
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Fig. 9. Particle size distributions from UV-APS plotted as a function

of time of day in four-hour blocks for Period 2 (4–15 March). FBAP

stacked on top of non-FBAP in each panel.

of the afternoon data indicates a large, broad peak centered at

∼ 0.7 µm and a relatively broad, but very low peak centered

at 2.19 µm. A three-peak fit of the non-fluorescent particle

distribution from the night data retrieves two peaks as very

similar to those retrieved for the afternoon data: a dominant

peak centered at ∼ 0.7 µm and another relatively broad peak

at 1.89 µm. In contrast to the afternoon period, however, a

third and relatively narrow peak at ∼ 1.65 µm is necessary

to reconstruct the overall shape of the non-fluorescent curve

successfully.

While choosing a larger number of peaks for automatic

fitting would have resulted in better overall fits, the exer-

cise was designed to determine a small number of peaks that

could reasonably reflect the dominant modes within the short

periods of data. The results of this multi-peak fitting analy-

sis emphasize that, at least over the range of periods cho-

sen for analysis here, the biological material being emitted

by the forest was relatively stable in particle size and there-

fore likely so in source. The multi-peak fitting analysis also

highlights that, while the UV-APS is able to detect FBAP ef-

ficiently during certain periods of the day, a certain fraction

of biological material escapes characterization using the UV-

APS with 355 nm excitation.

3.3.3 Sources of diurnal patterns

The diurnal FBAP patterns observed are likely caused by a

combination of two dominant mechanisms, as also proposed

and discussed previously (e.g., Graham et al., 2003a; Rissler

et al., 2006). First, emission and dispersal of biological par-

ticles is strongly tied to environmental variables such as so-

lar radiation, temperature, and moisture, each of which has

strong diurnal cycles. Second, particles emitted during night-

time hours when the atmospheric boundary layer is shal-

low decrease in concentration as the sun rises, turbulence

increases, and layer thickness increases, and the layer shifts

higher (e.g., Garland et al., 2009). Commenting on measure-

ments in Borneo, Whitehead et al. (2010) suggested that the

break-up of the atmospheric boundary layer was the reason

for the daily morning decrease in FBAP concentrations and

a dominant reason for the observed daily pattern in general.

Graham et al. (2003a) also suggest the nocturnal increase in

coarse PBAP to be the result of the shallow nighttime bound-

ary layer, but suggest that nocturnal sporulation may have

also contributed.

Detailed diurnal cycles of biological aerosol particles,

many of which closely resemble observations discussed here,

have been reported previously. Such studies date at least as

far back as measurements by Hirst (1953), who also observed

daily increases in fungal spores and pollen coinciding with

environmental variables. Much more recently and utilizing

on-line fluorescence detection Gabey et al. (2010) reported

FBAP in Borneo peaking at night and again in the mid-

afternoon, with stronger trends observed below the canopy

than above, suggesting spores were responsible for observa-

tions (Stanley et al., 2011). Tong and Lighthart (1999) re-

ported a diurnal cycle of total atmospheric bacteria sampled

with a wet-wall sampler, which increased steadily through

the day, peaked at night, and was lowest in the early morn-

ing; however, measurements in this study were restricted to

05:00–21:00 LT. Graham et al. (2003a, b) observed a noc-

turnal increase in the 2–10 µm particle fraction in the Ama-

zon and suggested that it was likely related to PBAP. They

further suggested that coarse particles increased by as much

as 90 % at night and were dominated by fungal spores (as

determined by light microscopy). The regular daily pattern

of airborne fungal spore concentrations has been observed

especially often. For example, Gilbert (2005) sampled air-

borne fungal spores in a Queensland, Australia rainforest

during the early wet season and saw distinct daily patterns

that closely match qualitative observations reported here.

That report states that observed spore concentrations increase

“sharply around sunset, remaining high throughout the night,

and then decline sharply shortly after sunrise”. Other groups

have reported seeing increases in airborne fungal spore con-

centrations at night, varying by season and sampling location

(e.g., De Groot, 1968; Elbert et al., 2007; Abdel-Hameed

et al., 2009). Factors related to emission of PBAP, whether

bacteria, fungal spore, or otherwise, are strongly dependent

on species, however (e.g., Gilbert, 2005), and many studies

have focused on specific phyla or genera. De Groot (1968)

report the diurnal behavior of several spore types, noting

that most were observed to peak nocturnally, with the excep-

tion of Cladosporium conidia which consistently peaked at

www.atmos-chem-phys.net/12/11997/2012/ Atmos. Chem. Phys., 12, 11997–12019, 2012
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Fig. 10. (A) and (B) Particle size distributions of fluorescent and non-fluorescent aerosol for two individual four-hour blocks on 12 March.

Top panels show stacked size distributions from UV-APS. Individual traces below show peaks fit to FBAP (green) and non-FBAP (gray)

with number label of each peak. Sum of all peak fits shown in top panel is dark lines. (C) Size distribution, integrated number, and ratio

of FBAP/total for each 5-min data point. Yellow bar indicates Period 1 (Afternoon: 12:00–16:00), gray bar indicates Period 2 (Evening:

20:00–24:00).

approximately midday and were least concentrated at night.

Pady et al. (1969), however, observed a clear diurnal cycle

of Cladosporium spores, peaking early in the morning af-

ter sunrise (07:00–08:00 LT), but varying in time of appear-

ance over a ∼ 12-h window. Rockett and Kramer (1974) re-

ported a night-time (02:00 LT) increase of basidiospores in

several US cities, with additional weak evidence of a second

evening emission period (21:00 LT) in some species. Many

reports have since agreed with these observations by sug-

gesting that basidiospore concentrations increase with rel-

ative humidity (RH) and often peak in the early morning

(Hirst, 1953; Adams et al., 1968; Burge, 1986; Calderon

et al., 1995; Troutt and Levetin, 2001). Troutt and Lev-

etin (2001) followed this to say that not only do basidiospores

have a clear diurnal rhythm, peaking at 04:00–06:00 LT, but

that ascospores showed none. Paulitz (1996), in contrast, re-

ported that Ascomycota did show a diurnal pattern, with a

peak in concentrations just before midnight and related to

RH and leaf wetness. Spore color has also often been use-

ful for determination of identity (Adams et al., 1968; Troutt

and Levetin, 2001), with average differences in opacity also

showing diurnal differences (Hirst, 1953). Bell-Pedersen et

al. (1996) summed up the differences between fungal species

by stating that the time of fungal spore emission also sug-

gests differences in spore identity: “In general, thin-walled

spores that are sensitive to injury by light and desiccation or

spores that require turgor pressure for release are liberated

at night (nocturnal). Alternatively, thicker-walled ultraviolet-

resistant, hydrophobic spores are usually released during the

day (diurnal).”
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3.4 Meteorological correlations

The results of the UV-APS analysis from AMAZE-08 were

plotted with respect to meteorological parameters such as

ambient temperature, relative humidity, wind speed, and

down-welling solar radiation measured during the second

half of AMAZE-08 to investigate factors related to possi-

ble bioaerosol source mechanisms. Correlations for differ-

ent classes of particles with meteorological parameters were

weak, but did exist to varying degrees. Figure 11 shows

correlations with temperature, RH, and wind speed mea-

sured at the top of the measurement mast. Although NT,c

has little trend with the meteorological parameters, NF,c

and NF,c/NT,c show more discernable patterns. NF,c and

NF,c/NT,c are both highest at lower temperature and higher

RH. In general, NT,c increases and NF,c/NT,c decreases with

increasing wind speed, but NF,c shows little trend. This may

indicate that wind speed alone is not a good marker for the

release of the observed PBAP and that lower wind speed may

actually increase emission of some spore types (Lin and Li,

2000; Troutt and Levetin, 2001; Jones and Harrison, 2004).

The correlations shown are not surprising, but also do not

necessarily imply causality. Because NT,c has a clear diurnal

cycle, as do solar radiation, temperature, and RH (Fig. S3),

a correlation is expected. It is unclear from these data if

and how these environmental parameters may contribute to

bioaerosol release mechanisms. Correlations with rain events

were also performed. While heavy rain periods contributed

significantly to aerosol (total particles and FBAP) wash-out,

correlation of FBAP increase during or after rain events was

not apparent, as was expected (e.g., McCartney and Lacey,

1990; Gottwald et al., 1997; Huffman et al., 2012; Prenni et

al., 2012).

Jones and Harrison (2004) suggested that fungal spore re-

lease is dependent more so on changes in environmental vari-

ables than on their absolute values and that this may mask

interpretation of meteorological and bioaerosol correlations.

Delays of minutes to days after changes in critical environ-

mental variables before bioaerosol emission may be present,

and this further confounds simple analysis (e.g., Huber and

Gillespie, 1992; Battarbee et al., 1997). Temperature, wind

speed, and RH have all been shown to influence pollen re-

lease and concentrations (Miguel et al., 2006). Oliveira et

al. (2009) suggested the existence of multiple spore types,

where a first type exhibited negative correlations with tem-

perature and positive correlations with RH and rainfall, while

a second type showed exactly opposite trends. They further

suggested that spores in phyla such as Cladosporium, Al-

ternaria, and Epiccocum (included in their second group)

tend to be most prevalent in warm, dry conditions while as-

cospores and basidiospores tend to be more common dur-

ing cooler, humid conditions (also Troutt and Levetin, 2001;

Burch and Levetin, 2002). Based on these comments one

might expect that the observations reported here, i.e., FBAP

increases late at night and correlates with decreasing tem-

perature and increasing RH, would more likely classify the

observed FBAP in Oliveira’s first type of spores. The correla-

tions performed and statements written here, however, were

intended only to allow us to formulate a rough hypothesis

meant for the purpose of discussion and not as a developed

theory. Comparisons with multi-month averages merely sug-

gest rough possibilities that would need to be explored in

much more detail, but this is beyond the scope of the present

text.

3.5 Organic particle coatings with inclusion of primary

material

As was previously discussed by Pöschl et al. (2010), we ob-

served during the AMAZE-08 campaign that a large fraction

of supermicron particles were coated with liquid organic ma-

terial. Most mineral dust particles were observed to be un-

coated by organic material. Biological and pyrogenic carbon

particles, however, were often observed with coatings of or-

ganic or mixed organic/inorganic material of variable thick-

ness. The dominance of secondary organic aerosol (SOA)

in the submicron fraction in the Amazon region (e.g. Chen

et al., 2009) suggests that secondary processes are plausible

sources for the observed organic coatings due to agglomer-

ation of uncoated supermicron particles with many smaller

SOA droplets. It has also been observed that many submi-

cron organic particles collected in the Amazon exhibit inclu-

sion of salts from primary biological origin (Pöhlker et al.,

2012b). Here we see that many primary biological particles
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Particle B

Particle A

Fig. 12. SEM and NanoSIMS images of two example particles. Par-

ticle A (top two rows): uncoated PBAP. Particle B (bottom two

rows): coated PBAP. Black and white image shows SEM micro-

graph of each particle. Colored images show map of particle, col-

ored by intensity of concentration of respective elemental ions. Both

particles collected during the period of low dust and biomass burn-

ing pollution. Units are arbitrary, but scaled the same between each

pair of elements. Scale-bar is 5 µm in length.

exhibited coatings of such liquid material. Figure 12 shows

images from NanoSIMS analysis of two biological particles

collected during the campaign. Particle A (Fig. 12, top rows)

is an example of a PBAP present without liquid coating, and

particle B (Fig. 12, bottom rows) is a typical example of a

PBAP with thick (∼ 1 µm) liquid coating. The NanoSIMS

images show qualitatively similar concentrations of 16O−

and 12C− in the coated and uncoated PBAP. However, for

the coated PBAP example the coating material is enriched in

inorganic elements such as 32S− and 37Cl− and strongly en-

riched in N−, ionized in the form of 12C14N−. The cations

present in the coatings were analyzed using energy disper-

sive x-ray spectroscopy, and K was found to dominate over

Na, especially during low dust periods. The presence of K,

used as a tracer for active wet discharge of fungal spores (El-

bert et al., 2007), in particular, suggests primary material in

these coatings. Organic material enriched with nitrogen and

chloride (Fig. 12) may also indicate electrolytes of biologi-

cal origin, although chloride observed in Amazon aerosol can

also be attributed to sea salt, especially in mixed mineral dust

particles (e.g. Artaxo and Hansson, 1995), and nitrogen could

arise from gaseous ammonia. Elbert et al. (2007) estimated

the amount of organic material and electrolytes from spores

of several species of fungi. The amount of material ejected

with each spore is unlikely to form 1 µm thick coatings on in-

dividual particles, and so Pöhlker et al. (2012b) argue the or-

ganic material is likely of secondary origin. We were not able

to directly detect the mechanism of formation of the coating

material observed during this study; was the mixed organic-

inorganic material co-ejected during active wet discharge of

biological particles from their source (Pringle et al., 2005; El-

bert et al., 2007), or did primary material help seed secondary

organic aerosol formation, which then re-condensed onto the

PBAP? Taken together, however, the presence of potassium,

nitrogen, sulfur, and chloride in certain PBAP coatings sug-

gests that the fluid layer contains at least inorganic, if not

also organic, material from primary biological origin. By ei-

ther of the two suggested mechanisms, PBAP coated in or-

ganic material rich in inorganic salt species are highly hy-

groscopic and could be very efficient as GCCN. This sug-

gests that even large PBAP could influence the evolution of

clouds and precipitation and, thus, could be important for the

scientific understanding of the hydrological cycle, especially

in vegetated regions where PBAP account for large fractions

of supermicron particles. The presence of coatings on bio-

logical particles could provide natural fitness benefits for the

species involved by helping to resist against major stresses

of the atmosphere: UV radiation and atmospheric desicca-

tion. Particle coatings could both help absorb UV radiation

or change their reflective properties, thus protecting the via-

bility of the cell inside (Attard et al., 2012). And whether of

primary biological origin or condensed secondary material,

coatings could provide the same benefit of encapsulating the

PBAP as do natural extrapolysaccharides (EPS): helping to

protect cells from death due to desiccation (Potts, 2001). If

the coating is more hygroscopic or ice active than the native

cell wall material it could provide a fitness benefit for the

species by preferentially facilitating the return of the cell to

the Earth surface via precipitation that would provide mois-

ture for cell growth (Sands et al., 1982; Morris et al., 2008).

Thus, natural biological selection could reinforce the rela-

tionship between microbiology and atmospheric processes

via utilization of particle coatings.

4 Conclusions

In the AMAZE-08 campaign we deployed a UV-APS to mea-

sure supermicron fluorescent biological aerosol particles in

real-time, while particles were also collected onto filters for

SEM/EDX, NanoSIMS, and staining microscopy analyses.

Here we summarize our five key conclusions:
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1. Biological and non-biological particles have distinct

sources and trends of abundance allowing for

separated detection

FBAP concentrations remained relatively constant through-

out the entire campaign and had a strong and consistent di-

urnal cycle: lowest during the day, rising after sunset, and

peaking in the early morning several hours before sunrise.

The daily trend is likely a combination of the dilution effect

due to an increase in the atmospheric boundary layer height

during the afternoon and cycles in primary particle release

from forest biota. Although these data cannot quantitatively

elucidate daily influences of meteorology or biology, the con-

sistent decrease in FBAP several hours before the increase in

incoming solar radiation, temperature, or humidity (Fig. S3)

and the contrasting pattern to total particles both suggest that

daily patterns in biological activity were strongly involved.

The FBAP size distribution peaked at 2.3 µm in number

and in a set of multi-modal peaks in mass from 2 to 5 µm,

whereas the distribution of total particles was consistently

dominated by a submicron peak. An average of approxi-

mately 24 % of the integrated coarse particle number (47 %

of particle mass) consisted of fluorescent biological particles,

though these values are only a lower limit proxy for PBAP

concentrations, because not all biological material fluoresces

at the combination of excitation and emission wavelengths

used (Pöhlker et al., 2012a). FBAP fractions were consis-

tently greater than 60 % in number and 80 % in mass during

morning concentration peaks. Combining information from

UV-APS and electron microscopy, the remaining fraction of

non-fluorescent aerosol was shown to be comprised mostly

of mineral dust, non-fluorescent biological material, and in-

organic salts, in decreasing order of concentration.

2. Biological particles in the Amazon are important frac-

tions of supermicron aerosol and should be considered

when investigating biosphere-atmosphere interactions

Spores of fungi and yeast cells are the most likely candidates

to explain the dominant mode of coarse FBAP and PBAP ob-

served here. This observation is consistent with reports from

many locations that suggest fungal spores contribute signifi-

cantly to airborne PBAP concentrations (e.g., Graham et al.,

2003a; Elbert et al., 2007; Fröhlich-Nowoisky et al., 2009;

Zhang et al., 2010), measured diurnal evidence indicative of

spore release (see Sect. 3.3), and the consistency of the size

distributions across analysis types here. Among commonly

considered classes of PBAP, pollen particles are typically

too large (8–100 µm), although intracellular fragments could

be involved. Pollen is usually observed in lower numbers at

night, however, and so pollen fragments are not likely to be

the cause of the strong diurnal cycle. While some types of

bacteria have been shown to be present in higher numbers at

night, single bacterial cells are probably too small (∼ 1 µm)

to be the primary contributor to observations here. The 2–

3 µm FBAP material could be agglomerates of bacterial cells,

but these were not commonly observed by SEM analysis and

thus unlikely to dominate the PBAP fraction. Fragments of

plant and insect matter are also likely to be a fraction of the

observed PBAP at these sizes, but were also not observed

in large numbers through qualitative image analysis. Rigor-

ous determination of the nature of the particles within the

FBAP/PBAP fraction sampled was not possible from this

analysis, however, and it is likely that they comprise a di-

verse mixture of biogenic particle types (Artaxo et al., 1990).

Correlations with meteorological variables were performed;

temperature and relative humidity were most strongly cor-

related with FBAP. Other relationships were observed to be

relatively weak.

Many species of fungal spores span the range of sizes in-

volved here, and many have been shown to be ejected pref-

erentially at night. Among the most common types of fungal

spores worldwide include several genera whose size is within

the target range here. For example Pasanen et al. (1991) dis-

cussed the relationship of spore size with RH and showed the

range of Da for selected Cladosporium (1.6–4.6 µm), Peni-

cillium (2.3–3.9 µm), and Aspergillus (2.0–2.6 µm) species.

Kanaani et al. (2008b) further showed, using the UV-APS

as a detector, that species of Penicillium and Aspergillus ex-

hibited mean Da of 2.5 and 3.5 µm, respectively. Even in

the case that a member of one of these fungal spore genera

were the most likely candidate to comprise the peak modes

observed here, classification based on size alone would not

be possible, because spore size is strongly a function not

only of species, but of fungal age as well as environmen-

tal and growth factors. Daily patterns of FBAP peaks well

before sunrise, shown here and previously, suggest the ob-

served FBAP are not likely Cladosporium, but are rather ba-

sidiospores and ascospores (Troutt and Levetin, 2001; Burch

and Levetin, 2002; Jones and Harrison, 2004).

In addition to observations by multiple techniques of su-

permicron biological particles, samples analyzed by elec-

tron microscopy consistently revealed submicron particles in

Amazonian filter samples. These may have been either non-

fungal in nature, or spores from fungal-like species lacking

chitin-based cell walls (e.g. organisms of the Chromalveolata

kingdom such as plant-pathogenic Phytophthora spp.) and

may also regularly escape detection by many techniques. In

total, the observations here further the suggestion of many

previous reports that biological particles constitute a key

class of supermicron aerosol, but a comparison with concen-

tration values determined by other techniques underscores

the difficulty of inter-comparing PBAP estimates.
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3. Biological particles are frequently coated with

a mixture of organic and inorganic compounds

While mineral dust particles were generally observed to be

uncoated, biological and pyrogenic particles on filter sam-

ples were often observed with mixed organic-inorganic coat-

ings up to 1 µm or more in thickness. Contrasting exam-

ples of one coated and one uncoated biological particle were

shown. Qualitative observations using NanoSIMS suggests

that liquid coatings on PBAP are enriched in inorganic ele-

ments such as K, N, S, and Cl, and could be primary liquids

ejected with fungal spores from their source. However, ag-

glomeration with secondary organic aerosol whose growth

was seeded from small primary biological particles contain-

ing the observed inorganic salts is the more likely coating

mechanism (Pöhlker et al., 2012b). Mixed organic-inorganic

coatings shown preferentially on PBAP and pyrogenic par-

ticles provide a hygroscopic chemical surface that may al-

low such particles to be efficient GCCN, especially in re-

gions like the Amazon, so dominated by PBAP in the coarse

mode. These coatings may provide benefit for the cells in-

volved by protecting against harmful solar radiation and des-

iccation, and thus may have been utilized by microorganisms

for evolutionary gain of species fitness (Morris et al., 2010).

4. The UV-APS instrument is successfully able to detect

biological particles, with some limitations

FBAP had a consistent daily pattern with repeatable size dis-

tributions and concentration, despite episodic periods of high

mineral dust influence to the total aerosol. This suggests that

the UV-APS is able to successfully discriminate between

mineral dust and biological particles. In limited laboratory

study certain SOA particles have been shown to fluoresce

(Bones et al., 2010). Submicron particles within the Amazon

region are dominated by secondary organic material (Chen

et al., 2009; Martin et al., 2010a; Pöschl et al., 2010; Schnei-

der et al., 2011), and a high fraction of supermicron particles

analyzed by SEM were observed here to be coated with liq-

uid organic material. Thus, the presence of large amounts of

secondary organic material suggests that this material could

contribute to fluorescence detected by the UV-APS and de-

termined to be FBAP. The anti-correlation of time series of

organic concentrations (Chen et al., 2009) and FBAP concen-

trations (peaking in the afternoon and early morning, respec-

tively) suggests that SOA is at least not the primary source of

fluorescent particles in this study, however. Further, qualita-

tive comparison of size and shape of size distributions of flu-

orescent particles measured by the UV-APS with those from

filters analyzed by SEM and staining microscopy validates

earlier suggestions that FBAP can be considered a lower-

limit value of PBAP in many situations.

FBAP determination is instrument- and excitation

wavelength-specific and, as measured by the UV-APS, can

be considered only a lower-limit of PBAP, however, because

some biological particles exhibit fluorescence below the

instrument detection limit. Other LIF-based bioaerosol

sensors should be evaluated individually with respect to

their ability to detect all PBAP classes, but care should be

taken not to equate FBAP and PBAP without more detailed

consideration. Non-fluorescent particles observed during

periods of high FBAP concentration included biological

particles exhibiting very weak fluorescence, a suggestion

corroborated by comparison of ∼ 2 µm particles analyzed by

SEM. Electron microscopy also revealed biological particles

0.5–1.0 µm in size that were too small to fluoresce strongly

within the UV-APS.

In situations where the quoted statements by Bell-

Pedersen et al. (1996; Sect. 3.3) are true, the UV-APS and

other similar real-time autofluorescence techniques could, in

some cases, preferentially detect relatively transparent basid-

iospores whose thin cell walls allow the interrogating laser

pulse to excite fluorescence without significant light absorp-

tion.

More collocated deployments of complementary PBAP

measurement techniques will help to clarify remaining un-

certainties in observations presented here. Additional studies

including detailed microscopy along with DNA techniques

will be able to elucidate biological species causing observed

dominant PBAP trends. Detailed understanding of PBAP

fluxes will also be useful to better model biological emis-

sions from different environment types in order to estimate

possible impacts on cloud formation.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/12/

11997/2012/acp-12-11997-2012-supplement.pdf.
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