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Abstract. Bioaerosols are relevant for public health and may 1 Introduction

play an important role in the climate system, but their at-

mospheric abundance, properties, and sources are not well

understood. Here we show that the concentration of ajr-Biological particles suspended in the atmosphere
borne biological particles in a North American forest ecosys-(bioaerosols) are key elements in the life cycle of many
tem increases significantly during rain and that bioparticlesOrganisms and ecosystems, and they may influence the water
are closely correlated with atmospheric ice nuclei (IN). Thecycle as cloud condensation and ice nuclei (IN) (Morris et
greatest increase of bioparticles and IN occurred in the sizél-» 2008; Desyés et al., 2012). Laboratory studies have
range of 2—6 um, which is characteristic for bacterial aggre-Shown that certain species of bacteria, fungal spores, and
gates and fungal spores. By DNA analysis we found highpollen are highly efficient IN (Maki et al., 1974; Diehl et
diversities of airborne bacteria and fungi, including groups@l- 2001; Morris et al., 2013), and bioparticles have been
containing human and plant pathogens (mildew, smut andietected in clouds, fog, rain, and snowfall (Christner et al.,
rust fungi, moldsEnterobacteriaceae, Pseudomonadageae 2008; Pratt et al., 2009). On a global scale bioaerosols may
In addition to detecting known bacterial and fungal Ré¢u-  be only a minor fraction of the total IN population (Hoose
domonasp.,Fusarium sporotrichioideswe discovered two €t al., 2010; Sesartic et al., 2013), but regionally bioaerosols
species of IN-active fungi that were not previously known could play an important role in the evolution of clouds and
as biological ice nucleatordsgria farinosaand Acremo-  Precipitation (Mohler et al., 2007), especially in pristine
nium implicatur). Our findings suggest that atmospheric regions like the Amazonian rainforest (Prenni et al., 2009;

bioaerosols, IN, and rainfall are more tightly coupled than Poschl etal., 2010; &hlker etal., 2012b). _
previously assumed. So far, however, direct evidence linking bioaerosols

with increases in IN, especially during and following
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precipitation, has been limited. For example, splash-inducedbeachor). The measurements were located in a part of the
emission of fungal spores during rain has been well docu-Manitou Experimental Forest in a montane pine zone in
mented (e.g., Hirst, 1953; and Allitt, 2000). Bigg and Miles the central Rocky Mountains 35 km northwest of Colorado
(1964) observed a correlation between rainfall and IN con-Springs, Colorado, and 15 km north of Woodland Park, Col-
centrations when comparing extensive measurements in Aussrado (2370 m elevation, lat. 3§0” N, long. 1058530 W).
tralia, and Constantinidou et al. (1990) observed a down-The forest canopy at the site is sparse and highly variable.
ward flux of ice-activePseudomonas syringdmcteria dur-  Clusters of ponderosa pine trees approximately 10-20m in
ing rain. However, real-time measurements directly linking height are separated by large open spaces of grass and forb
ambient bioaerosols and ice nuclei have been missing. Furinderstory. Grasses are generaty?20cm tall, with seed
ther, there is an apparent disconnect between concentratiorshocks occasionally reaching as high as 1 m. The leaf area
of IN-active biological particles commonly found on vegeta- index (LAI) is also highly variable and was estimated to be a
tion and concentrations in the air above them. For examplemean of approximately 1.9 (DiGangi et al., 2011), with trees
Garcia et al. (2012) recently reported that variations in thecovering~ 60 % of the site.

number concentrations of airborne IN did not correlate with  Aerosol measurements were performed using inlets
strong variations in the numbers of biological IN on underly- mounted 1-4 m above ground level, unless otherwise spec-

ing vegetation. ified and as detailed below. Relative locations of samplers
Airborne bioparticles are also major vectors for human,are shown in Fig. 1. During rain periods, all measurements
animal, and plant diseasesd@ehl, 2005; Desj@gs et al., discussed refer to particles not embedded in rain droplets.

2012). Specifically, pollen and spores have been suggesteBelow is a brief discussion of materials and methods of sam-
to enhance asthma, allergies and other respiratory conditiongling and analysis utilized. Additional details are presented
during thundershowers (e.g., Packe and Ayres, 1985; Celenza the Supplement. The local time (LT) used for data anal-
et al., 1996; and Taylor and Jonsson, 2004; Denning et al.ysis and plotting refers to Mountain Daylight Time (MDT).
2006; Dales et al., 2012), but the mechanism for this is notAll times reported here are listed as LT.
understood.
During the BEACHON-RoOMBAS (Bio-hydro-atmosphere 2.2 Meteorological and leaf moisture measurements
interactions of Energy, Aerosols, Carbon,® Organ-
ics, and Nitrogen — Rocky Mountain Biogenic Aerosol Precipitation occurrence, rate, and microphysical state (i.e.,
Study) intensive field campaign we performed comprehen+ain versus hail) was measured using a laser-optical dis-
sive bioaerosol measurements during summertime in a semdrometer (PARticle Size and VELocity “PARSIVEL" sen-
arid North American pine forest (20 July to 23 August 2011). sor; OTT Hydromet GmbH, Kempton, Germany). The instru-
The biological, chemical and physical measurement techiment senses a falling hydrometeor by measuring the magni-
niques applied include online fluorescence detection (ultratude and duration of attenuation of a temporally continuous
violet aerodynamic particle sizer, UV-APS; waveband in- 2-dimensional laser beam (780 nm) through which the hy-
tegrated bioaerosol sensor, WIBS); scanning electron midrometeor passes. It, therefore, directly detects the presence
croscopy (SEM) and epifluorescence microscopy (FM); real-of falling hydrometeors without the time delay of typical tip-
time IN counting in a continuous flow diffusion chamber ping bucket gauges and with greater particle size sensitivity
(CFDC) and microscopic IN activation experiments; aerosolthan typical weighing gauges. The stated accuracy of liquid
filter and impactor sampling; and DNA analysis for biolog- precipitation rate estimates #s5 %. Rainfall was measured
ical speciation. To our knowledge, this study provides thein a clearing between tree clusters (Fig. 1) with a minimum of
most comprehensive and detailed data set of time- and sizea 45 sky view present at the precipitation monitoring sites.
resolved atmospheric bioaerosol properties available to dat&herefore, summer precipitation measurements were not af-
and is unique in the availability of comprehensive real-time fected by the tree overstory. Additional under-canopy precip-
and offline IN measurement data for comparison. itation measurements were collected at the site, but are not
discussed in this manuscript. Those measurements suggest
that canopy interception within tree clusters is approximately

2 Materials and methods 30 % of the open area precipitation when aggregated over the
entire warm season.
2.1 Site description Leaf wetness state was characterized using a dielectric

leaf wetness sensor (LWS; Decagon Devices, Inc., Pullman,
BEACHON-RoOMBAS brought together a large, inter- WA). The sensor provides a voltage (mV) proportional to the
disciplinary set of scientists to address issues suramount of water or ice content on or near the sensor surface
rounding the biogeochemical cycling of carbon and (within ~1cm) by measuring the dielectric constant of the
water at a location representative of the semi-aridsensor. Attribution of the cause of wetness due to rain or dew
western U.S [fttp://cires.colorado.edu/jimenez-group/wiki/ formation (i.e., local condensation) is determined by com-
index.php/BEACHON-RoOMBAS http://web3.acd.ucar.edu/ paring LWS voltage with optical precipitation measurements

Atmos. Chem. Phys., 13, 61556164 2013 www.atmos-chem-phys.net/13/6151/2013/


http://cires.colorado.edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS
http://cires.colorado.edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS
http://web3.acd.ucar.edu/beachon/
http://web3.acd.ucar.edu/beachon/

J. A. Huffman et al.: High concentrations of biological particles and ice nuclei during rain 6153

and by the pattern of voltage readings from the sensor. Sharg
increases in the signal that are concurrent with precipitation g
events are characterized as “rainfall wetness” while slowly #
increasing values that are unaccompanied by precipitation
events are characterized as dew formation. The LWS was de &
ployed approximately 1 m above ground in a clearing nextto =%
the precipitation measurement sensor (Fig. 1). =

Other meteorological parameters such as barometric pres & -
sure, air temperature, humidity, and wind speed and direc- | 4
tion were measured using a WXT520 weather transmitter
(Vaisala, Inc., Helsinki, Finland). The weather transmitter, &
the disdrometer, and the LWS were all located at the Mani- | =
tou Experimental Forest observatory within 100 m of the rest
of the particle measurements described below.

2.3 Online fluorescence measurements

An ultraviolet aerodynamic particle sizer (UV-APS; TSI Inc.
Model 3314, St. Paul, MN) was utilized for this study fol-
lowing previously described procedures (Huffman et al., |
2010, 2012). The instrument provides aerodynamic diame-
ter (Dy) of aerosol particles in the range of 0.3—20 um and
total fluorescence (420-575 nm; non-wavelength-dispersed’
of particles after pulsed excitation by a Nd:YAG lasks(=
355nm). UV-APS number concentrations are reported here
as integrated between 1 and 20 um in particle size. Smallet
particles are transmitted within the instrument less efficiently
and thus should be considered as lower limit values (Huff-
man et al., 2010). Measurements were initiated every 5min APPTOX-mm F
and integrated over a sample length of 285s. Five-minute Lot

sample measurements were continuously repeated over a pe- , ) ,
riod of five weeks from 20 July to 23 August 2011 (35 Fig. 1. Aerlallphotos of site layout(A) Approximate lay-out of
days) and only briefly interrupted for maintenance proce_sampler and instruments: (1) Inlet #4 [CFDC], (2) Inlets 1-3 [#1.:

. UV-APS, #2: MOUDI, #3: Total aerosol impacter stacked fil-
dures (usually less than 30min per week). The UV'Apster unit], (3) Andersen biosamplers, (4) High-volume samplers, (5)

|nstrument sampled air through a total suspended partlCl‘i’_eaf wetness sensor (LWS), (6) Disdrometer, (7) WIBS profiling
(TSP) inlet head mountedt 1.5m above the roof of a metal it on Chemistry Tower. Instruments and samplers associated with
trailer and~4m above ground (inlet #1), through a 0.75 inlets 1-4 are located inside trailer (white box). Additional de-
inch tube under laminar flow conditions and into a climate- tails regarding other instrumentation and lay-ouhétp://web3.acd.
controlled trailer at ground level. Inlets #1-3 were mounteducar.edu/beachon/site-info.shtr() Aerial photo showing region
to vertical wooden beams and wrapped in reflective bubblémmediately surrounding Manitou Experimental Forest sampling
wrap for heat insulation. site, including county road 67 crossing north through the photo.
Also utilized was the waveband integrated bioaerosol senBlack box shows approximate area of ph¢#). Photos courtesy:
sor — model 4 (WIBS4; University of Hertfordshire, UK), J- Patton.
a dual-channel fluorescence spectrometer providing size,
asymmetry, and fluorescence of individual particles (Kaye
et al., 2005; Foot et al., 2008; Gabey et al., 2010). Uponprofiling system running up the main measurement tower,
detection of a particle, xenon lamps provide two consecu-which allowed profile measurements to be made between 3
tive pulses of light at 280 and 370 nm. The fluorescence ofand 22 m. Profiles consisted of an eight stage upward pro-
a particle is measured between 310 and 400 nm (the FLIfile, lasting around 45 min, and a corresponding continuous
channel), and 400 and 600 nm (the FL2 channel). This leadslownward profile, lasting about 3 min. The WIBS4 total par-
to three separate fluorescence channels_E8Q, FL2280, ticle size distribution compared well with a co-sampling op-
and FL2370. The forward scattering signal of the particle is tical particle counter (OPC; Grimm Aerosol Technik Gmbh,
also measured at four angular offsets using a quadrant photdAinring, Germany), particularly in the super-micron regime.
multiplier tube, allowing for measurements of particle size A subset of the WIBS4 single particle data (8000 parti-
and asymmetry. The WIBS4 was located on an automateales) was analyzed using hierarchical agglomerative cluster
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analysis using a group average distance metric (Robinson 000 L mirr 1, placed at ground-level and located approxi-
al., 2013). The three minute WIBS4 descent profile data wereanately 50 m from the sampling trailer. Filters were pre-baked
split into several sections with height, and the gradient fluxat 500°C (12 h) to remove any contaminant DNA and stored
was calculated between each of these sections. Bioaerosoi pre-baked aluminum bags before and after sampling.
fluxes were then estimated for each cluster by combining the Size-resolved viable bioparticles were collected directly
concentration gradient with vertical wind speed data using into growth media using an Andersen six-stage cascade im-
pactor (Graseby Andersen; Atlanta, GA; 28 L min for
subsequent DNA analysis of viable organisms. Samplers
Az, Au Ac .
F=-0.16 5 < ) (1) were placed~2m above ground on a section of wooden,
(In z_z) AZc diagonal-slat fencing that allowed air to pass through ap-
Zul .
prox. 5cmx 5cm holes in the support surface. The sur-

whereAu is the difference between vertical wind speed mea-faces of samplers were sterilized with isopropyl alcohol be-
surements measured at heights and z,» that are Az, fore each period of collection to remove contaminant or-
apart, andic is the difference in concentrations between two 9anisms. Samplers were operated separately for optimized
heights that are\z¢ apart (Lindemann et al., 1982). Measure- collection of fungi and bacteria. Fungal growth medium
ments within the canopy provide an upper limit for the role (malt extract medium) was prepared according to Madelin
of biological IN in the region above the canopy. (1994) with streptomycin (40 units, Sigma Aldrich) and
Fluorescent particlesMf) detected by the UV-APS and ampicillin (20 units, Fisher Scientific). Bacterial growth
WIBS represent a lower limit for the abundance of primary Medium (Luria Bertani medium; LB) was prepared accord-
biological aerosol particles (Huffman et al., 201@hfker et N9 tO nghtlhar'F and Shaffer (1995) with cycloheximide
al., 2012a, 2013), probing fluorophores such as NAD(P)H,(200 pg mL+, Sigma Aldrich). Samples for bacterial anal-

riboflavin, and tryptophan. ysis were collected for 60 min, and samples for fungal anal-
ysis were collected for 20 min. Collection dishes were im-
2.4 Filter and impactor aerosol samples mediately removed from samplers after each use and placed

in a temperature-controlled incubator (Amerex Instruments,

Coarse-mode particles were collected using a variety of filtedncuMax IC150R, Lafayette, CA) at 2%&. Fungal colonies
and impactor sampling techniques from two adjacent inletswere incubated for~3 days before counting and picked
(4 m above ground), unless otherwise noted. Size-resolvedeparately into 20 uL of sterile water and into 150 uL DPY
particle samples were collected using a rotating micro-orificemedium (dextrose 10 gt!, peptone 3gL?!, yeast extract
uniform deposition impactor (MOUDI; MSP model 110-R, 0.3gL™1). Bacterial colonies were incubated for7 days
Shoreview, MN) at a flow-rate of 30Lmift via a dedi- before counting and picking into sterile water. The picked
cated inlet (#2) identical to and 20 cm from UV-APS in-  colonies were lysed at 9& for 10 min or tested for ice nu-
let #1. Samples used for fluorescence microscopy were coleleation activity as described in Sect. 2.5.3. It is important to
lected onto glass slides coated with a thin layer of high vis-note that a given growth medium is only capable of cultur-
cosity grease (Baysilone grease; Bayer, Germany) to reducig a small fraction € 1-10 %) of airborne fungal or bacte-
bounce, and samples used for offline ice nucleation analysisial species (e.g., Staley and Konopka, 1985; Lighthart, 2000;
were collected onto uncoated siliconized, hydrophobic glasBridge and Spooner, 2001; Fierer et al., 2008; and Casspr
slides (Hampton Research, HR3-215, Aliso Viejo, CA). Sizeet al., 2012). Thus, results stemming from growth cultures
cuts at each plate and sample timing are listed in the SOM. presented here provide qualitative information for a subset

Total aerosol samples were collected onto glass covepof species possibly airborne at the site.
slides (13 mmx 13 mm) coated with the same grease coating
described above and installed in a home-built, single-stag®.5 Offline sample analysis
impactor (flow-rate 1.2Lmin', Dsg cut 0.5pum). Aerosol
samples for electron microscopy analysis were collected with2.5.1  Microscopy
a stacked filter housing using 12 mm diameter gold-coated
Nucleporé polycarbonate filters with pore sizes of 2 um for Fluorescence microscopy images were taken on a BZ-9000
coarse particles and 0.2 um for fine particles, respectivelyfluorescence microscope (Keyence, Inc., Osaka, Japan). The
The volume flow through the stacked filter unit was nom- instrument was equipped with a super high-compression
inally 2.0Lmin 1. Single-stage impactor and housing for mercury lamp (120W) and a 2/3inch, 1.5 megapixel
Nuclepor® filters sub-sampled from a separate inlet (#3) im- monochrome CCD (charge-couple device). The following
mediately next to and identical to inlets #1 and #2. fluorescence filters were used to take images in different

Total aerosol samples for DNA analysis were collectedspectral ranges: OP-66834 DAPI-BR.ef= 360/20 nm,
onto 150 mm glass fiber filters (Macherey-Nagel GmbH, Apichroic =400nm,  Aapsorp= 460/25 nm), OP-66836
Type MN 85/90, 406015, Oren, Germany) using a self- GFP-BP {ex=470/20 nm, Apichroic = 495 NM, Aabsorp=
standing high-volume sampler (Digitel DHA-80) operated at 535/25nm), OP-66838 TexasRed Agf = 560/20 nm,
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Apichroic = 595 nM, Aapsorp= 630/30nm). Filter speci- For the determination of bacterial diversity from high-
fications are represented as wavelength and peak widtkolume aerosol filter samples DNA was extracted as de-
(A FWHM). scribed by Despis et al. (2007). The 16S ribosomal gene

Scanning electron microscopy (SEM) images were ac-was first amplified for taxonomic identification with primer
quired using the secondary electron in-lens detector of gairs 9/27f and 1492r (Weisburg et al., 1991) with PCR con-
high-performance field emission instrument (Zeiss, LEOditions given by Desps et al. (2007) and then cloned and
1530 FESEM, EHT 10 keV, WD 9 mm). The elemental com- sequenced. The same primer pair was used for the bacte-
position of inorganic components was characterized usingial lysates obtained from Andersen sampler culture plates.
the Oxford Instruments (Abington, UK) ultra-thin-window For the bacterial sequences OTUs were identified using the
energy-dispersive X-ray (EDX) detector. Nuclegdriiter mothur software package (Schloss et al., 2009) with chimeric
samples were scanned using a semi-automated spot courgequences excluded using the Bellerophon program (Hu-
ing technique (Sinha et al., 2008p$thl et al., 2010) at a ber et al., 2004). Representative sequences of the OTUs
maghnification of 650 (pixel size 88.9 nm) for coarse and were aligned using the multiple sequence comparison by log
19500x (pixel size 29.6 nm) for fine particle filters. Parti- expectation (MUSCLE) package (Edgar, 2004) and there-
cles located on the predefined equidistant spots of the countfter manually checked. Sequence identification was based
ing grid were automatically counted, and the recorded datan phylogenetic analysis. Representative sequences were in-
were used to classify the particles according to size, compoeluded as well as type species of various bacterial groups.
sition, and mixing state. With spot counting, the probability Phylogenetic trees were based on a neighbor-joining al-
for particles of a certain size and type to be counted is directlygorithm based on Jukes Cantor corrected distances within
proportional to the 2-D surface area of the particles and thehe Phylip package (Felsenstein, 2005). Bacterial sequences
fraction of the filter surface covered by such particles. Thishave been deposited in the GenBank database under the fol-
relationship is used to upscale the counting results from thdowing accession numbers: JX228219-JX228862.

investigated filter area to the total filter area. Although PCR can theoretically lead to detection of as few
_ as an individual molecule of DNA within a sample, actual re-
2.5.2 DNA analysis sults may be less efficient. Extraction and amplification sce-

narios have been tested previouslygifich-Nowoisky et al.,

Optimized methods of DNA extraction, amplification, and >409 2012), but specific fungal and bacterial DNA detection
sequence analysis of the internal transcribed spacer (ITS) rgimits are not yet available.

gions of genes were used to determine fungal diversity from
the high-volume air filter samples @hlich-Nowoisky et al.,
2009, 2012). The primer pair ITS400 and ITS5 (Nikolcheva
and Barlocher, 2004) was used for amplification Bér-

2.5.3 Culture freezing tests

- ; Fungal and bacterial colonies were picked from each sam-
onosporomyceteformerly Oomycotg Also specific forthis o1 piate and cultured in 150 uL DPY medium in 96-well

study, the ITS regions from fungal lysates, obtained from thepolypropylene plates and incubated atDsfor 13-40 days

cultivation experiments of Andersen impactor samples, Wer€girs; test) and 62-82 days (second test). The intention was
amplified with the primer pair ITS4 and ITS5 (White et al., pick select fungal colonies from the culturing media,

1990; Fohllch—NowmsIfy et aI.Z 2009, 2012). The obtained 1, + several bacterial colonies were picked unintentionally as
PCR (polymerase chain reaction) products were sequencede additionally, because only a few (2-10) colonies were
using the primer ITS5 and sequence analysis was performeficyeq as qualitative representatives from each original sam-
as described previously @nlich-Nowoisky et al., 2009, e piate, quantification of IN number concentration by this
2012). Summarized fungal sequences were compared Witlhethod was not possible. A 50 uL aliquot of DPY media con-
known sequences using the Basic Local Alignment Searchgining hyphal fragments and fungal spores was tested from
Tool (BLAST) at the National Center for Biotechnology gach well for ice nucleation activity in the temperature range
(NCBI) and identified to the lowest taxonomic rank com- _15 5 _2°cC (Garcia et al., 2012). Aliquots were trans-
mon to the top BLAST hits after chimeric sequences hadsgreq 1o a fresh, sterile, 96-well polypropylene PCR tray, and
been removed. Subsequently, sequences that produced th&.se were cooled in a thermal cycler (MJ Research, PTC-
same BLAST results were pairwise aligned using the Pro-200). Temperature variation across the head #@2°C of

gram BioEdit (version 7.1.3; Ibis Biosciences, Carlsbad,ihe trye temperature measured using a thermistor (Bio-Rad,
CA) and the similarity calculated using the PAM250 matriX. \/pT.0300 Hercules CA). The cycler was programmed to

Sequences were gr(_)upeq into operational taxonomic Unit§iescend in 0.5 or IC increments to-9.0°C (instrumental
(OTU) when their similarity was> 97 %. The sequences |imiy After a 5 min dwell time at each temperature, the num-

from the obtained operational taxonomic units have been depgy of frozen wells was counted and the temperature lowered
posited in the GenBank database under the following accesy the next level. Once at9°C. the tray was transferred

sion numbers: JX135610-JX136661 (fungi), and JQ976038y,, 5 gg.well aluminum incubation block (VWR, 13259-260)
JQ976273Reronosporomycetis which had been pre-cooled to—12°C inside a foam box in
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a freezer. The thermistor was inserted into a side well and afstages Maenhaut et al. (1993) noted the following variations
ter 10 min the block temperature and number of frozen wellsin particle concentration density with location on the stage
was recorded. Aliquots of un-inoculated DPY medium were at a resolution of two millimeters: stage=/+30 %/—30 %,
used as negative controls. Ice active isolates were then cuktage 5 and 6 +30%/50%, stage 4 +25 %/—20 %,
tured on DPY agar and incubated at°@5for ~3-7 days and stage 3= +40 %/—20 %.

and tested again for ice nucleation activity. Mycelia were In the freezing experiments, a majority of the droplets
picked and placed into 50 uL DPY (6 wells each) and testedroze by immersion freezing while a minority froze by con-
as described above. Isolates were considered as positive ontgict freezing. Here immersion freezing refers to freezing of
if they showed ice nucleation activity in all tests. Ice nucle- droplets by ice nuclei immersed in the liquid droplets, and
ation active isolates were also picked into 20 pL water, lysedcontact freezing refers to freezing of liquid droplets by con-
at 95°C for 10 min, and identified by DNA analysis as de- tact with neighboring frozen droplets (frozen droplets can

scribed above. grow by vapor transfer and eventually can come in contact
. . o with their neighbors). Droplets that froze by contact freezing
2.5.4 Microscopic IN activation were not considered when determiniNgota) aNd Nerozer T)

_ ) ) _ from the freezing data. In addition to immersion freezing
Freezing properties of particles collected on hydrophobicang contact freezing, deposition freezing occasionally oc-
MOUDI slides were determined with an optical MicroSCope ¢yrred in the freezing experiments. Here deposition freez-
and a flow cell with temperature and relative humidity con-jng refers to freezing on a particle not immersed in a solu-
trol (Dymarska et al., 2006; lannone et al., 2011). The rel-tion groplet. Deposition freezing was included in the calcula-
ative humidity (RH) was first set te- 100 % to condense tjons of [IN(T')] by adding the number of deposition freezing
water droplets on the particles. The droplets were grown tGents to #INT) calculated with Eqg. (2) above.

approximately 100 pm in diameter, and after droplet growth pepending on the experimental conditions, the maximum
was completed each droplet contained between 30 and 109ycentration of ice nuclei, [INM)], that can be detected
particlgs. Then the temperature was decreased at a rate gf, any given slide (i.e., size interval sampled with the
10K min~* until a temperature of-40°C was reached. Dur- - \ouDI) with the microscope freezing technique is roughly
ing the experiment, between 11 and 66 droplets (averagg 6-0.9 -1 depending on the number of droplets condensed
36) were continuously monitored with an optical microscope;, an experiment and the total volume of air sampled by the
coupled to a CCD camera. Progression of ice formation wasoupi. As a result the maximum concentration of IN deter-
monitored and recorded continuously using a camera systeMyined by the microscope technique is small compared to the

The number of ice nucleiin a freezing experiment, #IN(T), maximum concentration determined with the CFDC method
was calculated from the freezing data using the following yentioned below.

equation (Vali, 1971):

2.6 Real-time IN detection
NTotal — NFrozer(T)

NTotal

#IN(T) = —In ( ) X NTotal » 2)

2.6.1 IN analysis

whereNTota IS the total number of droplets in a freezing ex-
periment andVeroze{T) is the number of frozen droplets as
a function of temperature in a freezing experiment. Equa-
tion (2) accounts for the fact that multiple IN can exist in
the same droplet (Vali, 1971). The number of ice nuclei per
volume of air as a function of temperature, [IN{, was cal-
culated using the following equation:

A ground-based version of the Colorado State University
continuous flow diffusion chamber (CFDC) (Rogers et al.,
2001) was employed for real-time measurements of IN con-
centrations. The CFDC permits observation of ice formation
on a continuous stream of particles at controlled tempera-
tures and humidities. In the CFDC, sampled air is directed
vertically between two concentric ice-coated cylinders held

#IN(T) Areayoupistage at different temperatures, creating a zone supersaturated with
VqumeAirSampIedX Areavonitored ®3) respect to ice in the annular region. The sample-ait5 %

of the total flow, is injected between two particle-free sheath

where “VolumeAirSampled” is the total volume of air sam- flows. As the particles in the sample flow are exposed to
pled by the MOUDI, Aregioupistage iS the total area cov- ice supersaturations for several seconds, those particles ac-
ered by particles within a MOUDI stage and Atgaitored IS tive as IN under the sample temperature and humidity con-
the area monitored with the microscope. For A@é8pistage ditions are nucleated and grown to ice crystals larger than
values were taken from Maenhuat et al. (1993) and Marple ea few um in size. These larger particles are distinguished
al. (1991). Equation (3) assumes that particles are uniformlyfrom small non-IN aerosols by an OPC at the outlet of the in-
distributed over the MOUDI stages. Previous work by Maen- strument. Physical impaction of larger particlesZ.4 um) in
huat et al. (1993) has shown that this assumption is valid foradvance of the CFDC and reduction of humidity conditions
stages 8-11 at a resolution of two millimeters. For the otherto ice saturation in the lower third of the chamber prevents

[IN(T)] =
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false detection of large particles as IN. We note that remov-
ing these larger particles upstream of the CFDC likely re-
moves some particles that can potentially serve as IN; how- 3
ever, field data suggest that this underestimation is normally 400{®
less than a factor of two under most sampling situations (Gar- = = 200
cia et al., 2012). Temperatures1°C) and relative humidi- -

0
ties @3 % RH with respect to water; maximum uncertainty = ?ggé:m
at —30°C) are well controlled in the instrument. For data 500 \ \
used in this study, measurements were made2at°C at rel- s o
ative humidity in the range of 103 to 106 % with respect to
water. Under these conditions, the CFDC directly measures
IN activating by condensation/immersion freezing (Sullivan
et al., 2010), and contributions are expected to the IN popu-
lation from both dust and biological particles (Prenni et al.,
2009). For the CFDC data presented here, particle concen: ,
trations were enhanced upstream using an MSP Corporatior WL AT Awez e fwgs | et Awes Aueb o Aued
(Model 4240) aerosol concentrator sampled from a dedicated _ _ )
inlet (#4) mounted- 1 m above ground level. Measurements F_|g. 2.T|m(_e serl_es of m(_easurer_nent Qata showing repeated byrsts of
made using the concentrator were corrected to ambient cor?Irborne biological particles with rain even(#) Measured rain-

. , e all (dark blue crosses) and corresponding leaf wetness (light blue
Centratlor}s based on the .manufacturers spgmflcatlo_n_s fO{’race).(B) Concentrations (E1) of supermicron fluorescent biopar-
1 um particles, corrected slightly for the sampling conditions

. X s ticles (Vg) and(C) total (NT) supermicron particlegD) Fraction
at Manitou, as determined from direct measurements madg fiyorescent biological to totalg/Nt). (E) Size-resolved fluo-

approximately every other day. IN number concentrations argescent bioparticle concentrations measured with the UV-APS in-

reported at standard temperature and pressure (STP; 1 atgrument (color bar: Ng/dlogDa, L~1). Data are plotted against

and 0°C). local time (Mountain Daylight Time, MDT). Rain data shown for
non-zero values.

» 600

(A ~8

(y/ww)
lejuiey

2.6.2 DNA analysis of IN samples

Ice crystals activated as IN in the CFDC were collected viaticles exhibited an immediate steep increase by as much as
impaction at the CFDC outlet (Prenni et al., 2009; Garciag0-160 % per minute during the first ten minutes of precip-
et al., 2012). Residual IN were impacted onto a glass slideijtation (Fig. 2b). The total concentration of coarse particles
which was coated with 5mL of molecular grade mineral (> 1 pm), including non-fluorescent material, increased less
oil (163-2129, Bio-Rad). DNA was then enzymatically ex- dramatically but also substantially (by 10-65 % per minute,
tracted using proteinase K. The extracted DNA was PCRFig. 2c). In contrast to the expectation that the concentra-
amplified using the universal 515F and 1391R primers. Thetion of large aerosol particles would decrease during rainfall
presence of biological IN was determined after PCR am-due to efficient removal mechanisms (e.g., precipitation scav-
plification via acrylamide gel electrophoresis. PCR prod-enging), our online measurements show that the concentra-
ucts were cloned into a plasmid vector using the TOPOtion of coarse aerosol particles not embedded in rain droplets
TA Cloning Kit® for sequencing (Invitrogen, Carlsbad, CA). can rapidly rise by factors as high as4 to ~12 and re-
Each clone was sequenced (Sanger method) and identifieghain elevated over multiple hours, depending on the inten-
via BLAST search against the National Center for Biotech-sity and duration of the rain event. Heavy downpours pro-
nology Information (NCBI) genome database. duced a large and extended increase in particle concentration,
but even light drizzle led to substantial enhancements (up to
factor ~ 4). The strong increase of total and biological par-
3 Results and discussion ticle concentrations implies that the precipitation-related en-
hancements of particle sources as specified and discussed be-
During the field campaign, we observed frequent transitiondow were substantially stronger than the precipitation-related
between dry background conditions and rain events. Figure darticle sinks (i.e., precipitation scavenging).
shows characteristic meteorological parameters and aerosol The number fraction of fluorescent bioparticles in total su-
particle concentrations for seven consecutive days during theermicron particles detected by the UV-APS wa2-6 %
campaign (31 July to 6 August 2011). During dry periods we under dry conditions (Fig. 2d). It jumped 020 % at the on-
observed low concentrations of both fluorescent bioparticlesset of rainfall, and it increased furtherto40 % when humid
(Nrc~ 30L™1) and total aerosol particledVg c ~ 300 L™1) conditions with elevated leaf wetness persisted beyond the
in the supermicrometer size range, as detected by the UVactual rainfall, which was mostly the case during nighttime
APS. At the onset of every rain event, the fluorescent bioparafter strong daytime precipitation (Fig. 2a). The UV-APS,
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Table 1. Number fraction of biological particles and mineral
dust particles in aerosol samples collected during dry periods
and rain events. The sample numbers S10, S12, S20, S23 re-
fer to Nuclepor® filters analyzed by SEM (details specified in
Sect. S1.4.1.3). The UV-APS data were averaged over periods
matching the filter sample collection times. Fluorescent biologi-

) r30 cal aerosol particles (FBAP), primary biological aerosol particles

2 25w (PBAP).

= F203 T

= L15 3 S . .

3 L2 & Method (Particles) Dry \ Rain

: ?.’lm@i:;“ [° %A S10 S12| S20 S23

I N 10 UV-APS (FBAP/Total) 0.04 0.0 0.28 0.20

5 12- Aerodynamic Diameter (um) 000 & SEM (PBAP/Total) 0.03 0.07 0.78 0.56
[¢] : o

g 1(B) Dry . ° (F) Rain o o Z SEM (Dust/Total) 0.80 0.7 0.08 0.38

i 8; [o] ) j %

T %, oo ° o87 L1007

S 44 [ =

g o o8 ®, F50 G

3 <) 000 > . L

3 ol °| N ¥ _ A S o for up to 12 more hours (Fig. 2e). Statistical cluster analy-

T 10 15 200 100 200 300 400 B sis of the size, asymmetry, and multi-channel fluorescence
Fluorescent Bioparticles (L") data recorded with the WIBS instrument confirmed that the

. . . . . ~ smaller bioparticles enhanced during rainfall were qualita-
Fig. 3. Contrasting aerosol properties during dry periods and raintjvely different from the larger ones enhanced after rainfall,

events(A, B) Fluorescence microscope images of aerosol impactorimp|ying different sources or physiological statesffker et
samples(C, D) Size distributions of ice nuclei observed-at5°C al., 2012a; Robinson et al., 2013)

in microscopic IN activation experiments (bars, left axis) and of B . . .
fluorescent bioparticles detected by UV-APS (traces, right axis). The 2-3m bioparticles present throughout the rainfall

(E, F) Number concentrations of ice nuclei observed-&5°C _are likely b_acteria or fungal spores relecfalsed fr_om Surrour!d-
in CFDC measurements plotted against fluorescent bioparticles de'9 vegetation surfaces throu_gh mechanlc_al agitation by rain-
tected by UV-APS (particle diameter2.4 um). The displayed lin-  drops (Faulwetter, 1917; Hirst, 1953; Hirst and Stedman,
ear fits yieldR? correlation coefficients offE) 0.003 and(F) 0.88. 1963; Butterworth and McCartney, 1991; Madden, 1997,
Huber et al., 1998; Allitt, 2000; Paul et al., 2004; Boyer,
2008), which is consistent with the observed strong initial
however, provides only a lower limit proxy for the overall enhancement at the onset of rain and a less pronounced en-
abundance of biopatrticles, because it was designed for orhancement during continued rainfall and immediately fol-
line detection of viable bacteria with strong autofluorescencdowing events (e.g., 2 August, Fig. 2a—c). The process of rain
at specific wavelengths (Huffman et al., 2012hiker etal.,  splash emission has been well documented and is the most
2012a). Microscopic investigations, making use of a widerlikely source of bioparticles observed. Several theories have
range of wavelengths as well as morphological characterbeen suggested to explain the micro-scale dynamics involved
istics and elemental composition data (FM, SEM), indicate(Hirst and Stedman, 1963; Leach, 1976; Allitt, 2000). The
that the relative abundance of bioparticles in the supermicronincrease of relative humidity and leaf wetness can also trig-
size range during rain events (i.e., during or after rainfall) ger other bioparticle emission mechanisms like the active wet
was as high as 55-80%. In contrast, mineral dust particlegjection of fungal spores (Hirst and Stedman, 1963; Elbert
prevailed during dry periods (70-80 %, Tables 1-2). Figureet al., 2007; Des@s et al., 2012) or hygroscopic swelling-
3a and b show microscopic images of aerosol impactor saminduced pollen fragmentation (Taylor et al., 2004; Miguel et
ples clearly highlighting the contrast between the relativelyal., 2006; Augustin et al., 2012; Pummer et al., 2012). More-
weak red fluorescence from irregularly shaped dust in a samever, bioparticles observed during rainfall may also have pre-
ple collected during dry weather (Bozlee et al., 2005) and thecipitated from clouds in which some of them served either as
intense green and blue fluorescence from cellular structuregiant cloud condensation nuclei (GCCN) or ice nuclei con-
in a sample collected during a rain event. tributing to rain formation (Sands et al., 1982; Morris et al.,
During rainfall the median diameter of fluorescent biopar- 2004; Christner et al., 2008).
ticles was usually 2-3 um, and the concentration of these The 4-6 um bioparticles observed during the humid post-
particles decayed swiftly after the precipitation had stoppedrain periods appear to have been freshly emitted from active
(Fig. 2e). When humid conditions with elevated leaf wet- biota growing on wetted terrestrial surfaces near the mea-
ness persisted beyond the actual precipitation, larger fluosurement location, e.g., spores ejected by fungi, lichens and
rescent bioparticles with a median diameter around 4-6 pnother cryptogamic covers growing on soil, rock and vegeta-
appeared ca. 8 h after the beginning of rainfall and persistedion (Elbert et al., 2007, 2012). The attribution of the larger
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Table 2. Number fraction of bioparticles on MOUDI stages 4 (3.2— 0.8 -

richness and the frequency of occurrence of both bacteria
and fungi were higher by factors of 2—-10 in aerosol samples
collected under wet conditions (periods including rainfall or
humid post-rain periods) than under dry conditions. Simi- Aerodynamic Diameter (im)
lar to other rural continental regions, most bacterial speciegig 4. sjze distributions of ice nuclei observed in microscopic IN
were from Proteobacteria, Actinobacteria, Firmicuteand  aciivation experiment@) at—15°C and(B) at—20°C for aerosol
BacteroidetesDespés et al., 2012). Most fungal species impactor samples collected during dry periods and rain evéjs.
were fromBasidiomycotgclub fungi) andAscomycotdsac  Size distribution of bioparticles measured by UV-APS during the
fungi) (Frohlich-Nowoisky et al., 2009, 2012). The identi- same periods. See SOM Sect. S1.4.1.1 for sampling dates.
fied groups of microorganisms comprise a number of plant
pathogens and human allergens (mildew, smut and rust fungi,
molds,Enterobacteriaceae, Pseudomonadadetmugh not  mon for biological ice nucleators such as bacteria and fun-
all species within these groups exhibit pathogenic or aller-gal spores. In addition, during these wet periods as much
genic properties. These findings provide a possible ratio-as~ 1% of supermicron particles were IN active-at5°C
nale for reported enhancements of asthma and other respirdFig. 6). In contrast, during dry weather conditions domi-
tory diseases during rain showers (Taylor and Jonsson, 20041ated by dust the concentrations of IN-a15°C were be-
Dales et al., 2012). Follow-up studies will be necessary totween 0.01 and 0.021}, and a relationship between size
investigate the possible relationships and mechanisms on and IN concentration was not obvious at eithdrs or -20°C
species level. (Figs. 4, 5). During the dry events the fraction of supermicron
To characterize the ice nucleating ability of aerosol par-particles IN active at-15°C was much lower € 104, as
ticles during rain events and dry periods, we present CFDGexpected for mineral dust (&hler et al., 2006; Connolly et
real-time measurements of IN activity a25°C for parti- al., 2009; DeMott et al., 2011; Hoose and Mohler, 2012).
cles < 2.4 um, as well as microscopic IN activation experi- The size distribution of IN that activated at15°C ex-
ments of samples collected with a cascade impactor resolvingibits a distinct peak in the range 2—6 um that coincides with
a size range of 0.3—18 um and a temperature rangelofto  the peak of the size distribution of fluorescent bioparticles
—40°C. During rain events, the IN concentrations measuredobserved during rain events (Fig. 3d). The correlations be-
in the CFDC were an order of magnitude higher than duringtween IN and FBAP (fluorescent biological aerosol parti-
dry periods and followed a close linear correlation with flu- cle) number concentrations and size distributions (Fig. 3d,
orescent bioparticle concentration that was not observed urf), as well as the temperature dependence of IN activation
der dry conditions (Fig. 3e vs. f) (Prenni et al., 2013; Tobo et(Figs. 4, 5), suggest that bioparticles account for the observed
al., 2013). The microscopic experiments showed that for rainncrease of IN during rain and that both the 2—3 pm particle
events, the concentration of IN at relatively warm tempera-mode directly associated with rainfall and the 4—6 pm parti-
tures (-15°C) was> 0.79 L1, and these warm-temperature cle mode associated with humid post-rain periods comprise
IN had sizes around 1.8-5.6 um (Figs. 4, 5), which is com-highly efficient IN. Indeed, IN-active bacteria of the genus

5.6 um) and 5 (1.8-3.2 um) of aerosol samples collected during a - gfy},\(ﬂ'\q?&g’\%e) Ar:IN@-15c
dry period (M28) and a rain event (M10). See SOM Sect. S1.4.1.1 0.6 -
for sampling dates. Estimates based on fluorescence microscopy.
3 0.4 -
Dry (M28) |  Rain(M10) 5 02
Stage4 Stage 3 Stage4 Stage 5 % ood——— W
Number fraction ~ 0.25 ~ 0.22| 079  0.67 5 08 (B)IN @-20°C
Z 06
post-rain bioparticles to local sources is consistent with co- %47
located concentration gradient measurements suggesting 0.2 -
net upward flux of fluorescent bioparticle emission after rain- m_ .
fall (~50-500m2s71), in range with earlier estimates of , %07 (C)Bioparticles
bioparticle emission fluxes (Lindemann et al., 1982; Elbert ;;r.: 25 |
et al., 2007; Burrows et al., 2009; Deépret al., 2012). 8 < 20 |
DNA analyses of aerosol samples collected during the £ [ 15
campaign yielded over 5000 sequences that could be at-§ & 10
tributed to~ 1000 different operational taxonomic units, or % S 5
species of bacteria, fungi, and other organisms. The specie™ od— . I e
©
o}

-1.8
1.8-3.2
56-10
10-18
>18

|
N
®

0.32-0.56
0.56-1.0
1.0-1
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Fig. 6. An estimate of the fraction of particles collected during rain

Fig. 5. IN activation curves from microscopic IN activation experi- events (M10, M26) that can serve as IN-at5°C. IN concentra-
ments with size-resolved aerosol samples (MOUDI stages). Uppetions were calculated from microscopic IN activation experiments
panels(A, B) for samples collected during rain events, and lower and particle concentrations were calculated from UV-APS measure-
panels(C, D) for samples collected during dry periods. Red traces ments. See SOM Sect. S1.4.1.1 for sampling dates. Note that the
show Stage 4 (3.2-5.6 pm), blue traces show Stage 5 (1.8—-3.2 pmisaction of particles with IN activity is greater than 1 in 1000 for all
brown traces show Stages 6-8, and gray traces show Stages 1-Barticles> 2 um and exceeds 1 in 100 for particted0 um. Expo-

See SOM Sect. S1.4.1.1 for sampling dates. nential curve shown to guide the eye.

Pseudomonasp., known to have activation temperatures up
to —4°C (Morris et al., 2004), were found by the combi-
nation of cultivation experiments, freezing tests, and DNA
analyses of aerosol samples in the size range &4 um.
Using DNA analysis we also found the fungal spediasar-
ium sporotrichioideswhich is known to be IN active at10

to —8°C (Richard et al., 1996), and two previously unknown
IN-active fungi from the phylum oAscomycotalsaria fari-

4 Conclusions

Our observations indicate that rainfall can trigger intense
bursts of bioparticle emission within the forest canopy and
massive enhancements of atmospheric bioaerosol concentra-
tions by an order of magnitude or more, from the onset of
precipitation through extended periods of high surface wet-
nosaand Acremonium implicatungFig. 7). The IN-active N€sS after the rainfall (up to one day). The strong contrast
fungi were cultivated and produced spores that are fluores29@inst low background concentrations under dry conditions
suggests that the repeated bursts of bioparticle release during

cent and exhibit diameters in the range of 1-4 um. A mix- , ’ s
ture of the cultivated spores and mycelia induce freezing af"d after rain may play an importantrole in the spread and re-

—12 t0 —5°C. Overall, the DNA analyses of aerosol sam- production of microorganisms in certain environments (e.g.,

ples collected during rain events showed higher diversity andirst @nd Stedman, 1963; Fitt et al., 1989; Constantinidou

frequency of occurrence for bacteria and fungi from groups€t @l 1990; and Paul et al., 2004), and may also contribute
that comprise IN-active speciePgeudomonadaceae; Sor- to the atmospheric transmission of pathogenic and allergenic
dariomycetes agents (Fig. S1). To quantify these effects, we suggest com-

Identification of both Pseudomonassp. and Sordari- prehensive metagenomic analyses and dispersion studies of

omycetesdirectly from activated IN samples collected using 2iMoSPheric bioaerosols contrasting different meteorologi-
the CFDC during rain shows conclusively that the biological €&l conditions. Follow-up studies in other environments shall
particles were indeed active as ice nuclei. Convective loft-€lucidate whether the observed rain-related bioaerosol in-
ing of biological IN active at temperatures of15°C and  C'€ase is a common feature of terrestrial ecosystems or spe-
warmer, where ice mass growth rates maximize (Korolev,CIfICforthe investigated semi-arid enV|r0nmer_1t. _

2007) and freezing of larger drops can initiate secondary ice | €€ Key results of our measurements during rain and dry
generation (Hallett and Mossop, 1974), may invigorate theperlods indicate the critical and dynamic role of bioaerosols

glaciation of mixed-phase clouds and thus may strongly con@s IN sources that may strongly influence the evolution of
tribute to the formation of precipitation. cloud microphysics and precipitation processes: (1) large and

closely correlated increases of bioparticles and IN during rain
events; (2) similar size distribution patterns of rain-enhanced
bioparticles and IN active in the warmest regime of mixed-
phase cloudsx-15°C); and (3) identification of IN-active
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between the atmosphere and biosphere will be required to
further quantify the relevance of these effects for climate pre-
diction.

(A)

Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/13/
6151/2013/acp-13-6151-2013-supplement.pdf
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