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ABSTRACT: To resolve the various types of biological ice nuclei (IN) with atmospheric models, an extension of the

empirical parameterization (EP) is proposed to predict the active IN from multiple groups of primary biological aerosol

particles (PBAPs). Our approach is to utilize coincident observations of PBAP sizes, concentrations, biological composi-

tion, and ice nucleating ability. The parameterization organizes PBAPs into five basic groups: 1) fungal spores, 2) bacteria,

3) pollen, 4) viral particles, plant/animal detritus, 5) algae, and their respective fragments. This new biological component

of the EP was constructed by fitting predicted concentrations of PBAP IN to those observed at the Amazon Tall

Tower Observatory (ATTO) site located in the central Amazon. The fitting parameters for pollen and viral particles and

plant/animal detritus, which are much less active as IN than fungal and bacterial groups, are constrained based on their ice

nucleation activity from the literature. The parameterization has empirically derived dependencies on the surface area of

each group (except algae), and the effects of variability in their mean sizes and number concentrations are represented via

their influences on surface area. The concentration of active algal IN is estimated from literature-based measurements.

Predictions of this new biological component of the EP are consistent with previous laboratory and field observations not

used in its construction. The EP scheme was implemented in a 0D parcel model. It confirms that biological IN account for

most of the total IN activation at temperatures warmer than 2208C and at colder temperatures dust and soot become

increasingly more important to ice nucleation.
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1. Introduction

Often referred to as bioaerosols, primary biological aerosol

particles (PBAPs) are a subset of biogenic particles emitted

from Earth’s surface. They consist of biological material such

as viruses, algae, bacteria, fungal spores, pollen, plant and

animal detritus, and their fragments and secretions. In the

ambient atmosphere, bioaerosols may be present in the form

of clusters, single particles, and agglomerates and exist in a

variety of shapes such as rods, spirals, spherical, or spheroidal

forms. A review article byDesprés et al. (2012) describes typical
concentrations of these PBAPs in the ambient air, their sizes,

and sampling techniques. Bioaerosols can act as ice nuclei (IN)

to initiate ice at temperatures often warmer than 2128C, well

above the homogeneous freezing point (Prenni et al. 2009;

DeMott and Prenni 2010; Morris et al. 2013; Fröhlich-
Nowoisky et al. 2016). To maintain consistency with previous

EP papers (e.g., for mathematical symbols), we will use the

term ‘‘IN’’ rather than ‘‘ice nucleating particles’’ (INPs; Vali

et al. 2015) for this paper. PBAPs can also act as giant cloud

condensation nuclei (CCN) (Barahona et al. 2010; Delort et al.

2010), and may play an important role in the hydrological cy-

cle. Bioaerosols may influence the formation of precipitation,

especially in pristine air over densely vegetated areas (Phillips

et al. 2009; Pöschl et al. 2010; Huffman et al. 2013; Prenni

et al. 2013).

In warm-based convective clouds, rain production can

occur through collision–coalescence (‘‘warm rain process’’).

Heterogeneous nucleation of ice crystals and their subsequent

growth to form snow and graupel particles (‘‘ice crystal pro-

cess’’) plays an essential role in rain formation in convective
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clouds with colder cloud bases (e.g., Rogers and Yau 1989;

Pruppacher and Klett 1997). The role of bioaerosols in al-

tering cloud microphysical properties, precipitation, and

ecosystem interactions has been recognized for many years

and is a topic of increasing interest (e.g., Pöschl et al. 2010;
Huffman et al. 2013; Amato et al. 2015). The PBAPs can

play an essential role in altering both warm and cold rain

processes by acting as CCN and IN (Phillips et al. 2009).

However, large uncertainty still exists regarding their po-

tential to facilitate precipitation, particularly their impact

on global or on regional scales (Hoose et al. 2010; Morris

et al. 2011).

As reviewed by Després et al. (2012), several previously

published studies have reported ice nucleation activities of

various biological species, including fungi, pollen, algae, and

bacteria. Among various PBAP species, higher ice nucleation

activity is observed for bacterial and fungal particles in clouds.

Quantitative measurements of biological IN in the atmosphere

are rare. Biological IN in the atmosphere exhibit strong tem-

poral and spatial variations (Christner et al. 2008; Pouzet et al.

2017). For a better understanding of their impact on clouds,

more quantitative measurements of biological IN in Earth’s

atmosphere are required.

Even with only limited observations of biological IN, nu-

merical models can serve as an important tool for investigating

their effect on cloud microphysical processes and hence on

precipitation. Using a 1.5-dimensional cloud model, Levin

et al. (1987) studied the efficiency of cloud seeding with

bacteria. Ariya et al. (2009) showed that biological IN could

trigger cloud glaciation through ice multiplication processes.

Diehl and Mitra (2015) implemented PBAPs (pollen and

bacteria) in a parcel model using the ice-active mass site

density approach (Kanji et al. 2017, and references therein)

and found that these PBAPs were not involved in significant

ice formation. Hummel et al. (2018) implemented PBAPs in

the regional atmospheric model. They showed that although

PBAPs were very efficient IN at high subzero temperatures,

due to their low atmospheric concentrations, it is difficult to

quantify their impact on cloud properties. However, they also

showed that PBAPs could influence the phase of clouds with

ice at temperatures below 2158C in the absence of any other

IN. Hiron and Flossmann (2015) studied the potential impact

from bacteria as extremely IN active PBAP on cloud and rain

development. They noticed a significant increase in rainfall

flux in the simulation with only bacteria as IN. However, in

simulations where all other IN modes were also forming ice,

the influence on rainfall became negligible.

For mesoscale systems of warm-based deep convection

over the United States, Phillips et al. (2009) showed that

an increase in PBAP loading resulted in more numerous

cloud droplets through their CCN activity and reduced

precipitation production via the warm rain process,

boosting the lifetime and extent of clouds. In the case of

higher loadings of bioaerosol, the extra heterogeneous ice

from biological IN particles can only partially counteract

that effect, indicating that the CCN activity of PBAPs was

more important than their IN activity for the simulated

warm-based convection.

Equally, several studies have used regional as well as global

models to understand the geographical variation and climatic

importance of bioaerosols (e.g., Burrows et al. 2009a; Hoose

et al. 2010; Sesartic et al. 2012). The empirical data included in

these models are highly uncertain. Most of the current pa-

rameterizations of heterogeneous ice nucleation of biological

particles are based on laboratory measurements or are derived

from theory.

In view of such uncertainty, cloud-resolving numerical

models need to be constrained and validated by using ob-

servational data of biological IN so as to acquire a better es-

timation of their effect on clouds. Arguably, using a ‘‘bottom-up

approach’’ (i.e., measurements of ice nucleation activity of

biological species in the laboratory to represent atmospheric

ice initiation) in the numerical models might introduce sig-

nificant bias in the active IN concentrations because the

particular biological species studied in the laboratory may

not necessarily be representative of the real PBAP pop-

ulations of diverse composition in the atmosphere. Instead,

there is a need for an improved parameterization of het-

erogeneous ice nucleation of biological IN that represents

the effects arising from the diversity of their physical and

chemical characteristics in nature. We have followed a ‘‘top-

down’’ approach in the current study to resolve the ice nucle-

ation activity of multiple groups of PBAPs collected directly

from the atmosphere.

The empirical parameterization (EP) for heterogeneous ice

nucleation presented here is based on the approach of quan-

tifying the active surface site density (e.g., Phillips et al. 2008;

Niemand et al. 2012; Kanji et al. 2017, and references therein).

The assumption of active surface site density has some limi-

tations related to the need to describe consistently the freezing

curves over a wide range of surface areas, as described in

Beydoun et al. (2016). The first empirical ice nucleation pa-

rameterization for biological particles was proposed by Phillips

et al. (2008), where biological particles were assigned as a part

of insoluble organic particles. An estimation of the number of

active IN consisting of insoluble aerosol species assumed that it

was approximately proportional to the total surface area of its

aerosol particles. In the subsequent study, Phillips et al. (2013)

revised the original EP scheme by replacing insoluble aerosol

species by the new group specifically for PBAP IN. However,

that version of the scheme did not address the separate activ-

ities of various groups of PBAPs with different ice nucleating

abilities.

In the present study, a framework for parameterizing the

heterogeneous ice nucleation of biological particles is formu-

lated and accounts for contributions from various groups of

PBAPs including

1) fungal spores and associated fragments;

2) bacteria and their fragments;

3) pollen and their fragments;

4) viral, plant/animal detritus; and

5) algae.

Matthias-Maser and Jaenicke (1995) first described these

groups of PBAPs through microscopy observations of natural

samples from the real atmosphere. As with past versions of
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the EP, our proposed treatment applies to all known modes

of heterogeneous ice nucleation including deposition, and

condensation/immersion-freezing modes. For contact freezing,

the approach followed by Phillips et al. (2008) is adopted (see

appendix E).

The proposed scheme is empirical, mostly based on coinci-

dent observations of PBAP size distributions and active bio-

logical IN sampled from the atmosphere over the Amazon rain

forest with abundant PBAPs. Prenni et al. (2009) have ob-

served that over the Amazon rain forest the activity of bio-

logical IN (a few per liter) dominates all ice nucleation at

temperatures warmer than2258C, whereas the contribution of

dust particles prevails at colder temperatures. Hence, this re-

gion is ideal for biological IN measurements.

2. Material and methods

a. Measurement site

Samples for the present study were collected over the

central Amazon basin at the Amazon Tall Tower Observatory

(ATTO; Andreae et al. 2015). The ATTO site is in the middle

of the Amazon rain forest in northern Brazil (see Fig. 1), about

150 km northeast of Manaus (120m above sea level) with co-

ordinates 2808045.1300S 59800020.1200W. The measurement fa-

cilities at the ATTO site consist of a 325m tall tower and two

80m towers, one of which is a triangular mast currently used

for a wide range of aerosol measurements (Andreae et al.

2015). The immediate surroundings, as well as the ATTO

footprint region, are covered by an old-growth undisturbed

forest where there is minimal anthropogenic impact.

Meteorological conditions vary throughout the year with

wet (February–May) and dry (August–November) seasons

and a transition from wet to dry season in between (December–

January) (Pöhlker et al. 2019). This classification of seasons is

consistent with the seasonality of atmospheric pollution, rain-

fall, and air mass origin. Over the Amazon rain forest, PBAPs

are ubiquitous throughout the year (Martin et al. 2010). During

the wet season, the atmospheric boundary layer over the

Amazon is relatively clean with low number concentrations of

aerosols (Artaxo et al. 2002; Martin et al. 2010). The hydro-

logical cycle is strongly influenced by biogenic aerosols in

FIG. 1. (a) Location of the ATTO site andManaus in the central Amazon rain forest (source: Google Maps). (b) The sampling location

at the ATTO site includes a triangular mast on which a total suspended particles (TSP) inlet was installed at 60m above ground. (c)–(e)

The HYSPLIT 7-day (168 h) ensemble backward trajectories for three typical sampling days (11–13 Sep 2018) are shown for an endpoint

altitude of 60m.
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particular. However, during the Amazonian dry season, at-

mospheric aerosol concentrations are considerably higher due

to biomass burning (Andreae et al. 1988; Artaxo et al. 2002;

Pöhlker et al. 2018; Holanda et al. 2020) and mixed-pollution

scenarios (Pöhlker et al. 2018). A detailed description of the

aerosol size distribution and CCN characteristics at the ATTO

site are given by Pöhlker et al. (2016, 2018). Additional details

on the diurnal temperature and wind variations, precipitation

amounts, and aerosol characteristics at theATTO site are from

Andreae et al. (2015).

Sampling was performed during the dry season in the

Amazon between 5 and 18 September 2018. Collection of

samples was interrupted on a few days, including 9 and

15 September due to damage to a power supply, so sample

collection was only possible for 12 days (see Fig. 5a). As shown

in Fig. 1, sampling took place at the triangular mast site.

Sampled air was carried through a stainless-steel tubing with a

diameter of 0.75 in. to the aerosol sampling unit installed in a

laboratory container located at the base of a triangular mast. A

total suspended particles (TSP) inlet was installed on a trian-

gular mast at 60m above ground level to ensure that air was

sampled from above the canopy, which has an average height

of ;23m. The sampled air from the TSP inlet was dried to a

relative humidity , 40% using silica gel driers to avoid con-

densation in the filter holder.

The inlet used for sample collection in the current study has

been optimized to achieve a maximum sampling efficiency

(Moran-Zuloaga et al. 2018); however, a certain amount of

particle loss is unavoidable. Particles smaller than 100 nm are

more prone to diffusive losses and not relevant for the current

study. Moran-Zuloaga et al. (2018) documented potential

losses in the accumulation and coarse mode particles of aerosol

particles in this inlet system, which are more relevant to the

current study. They calculated the transmission efficiencies of

PBAPs for the inlet used in the current study by using a stan-

dard density of 1 g cm23 as the best guess for typical PBAP

densities. The aerosol transmission efficiency starts at about

100% (full transmission) for particles with a diameter of 0.7mm

and then declines with increasing particle size. Based on their

calculation, typical transmission efficiencies for PBAPs with

diameter 1, 2, 4, 8, and 10mm were 98%, 97%, 91%, 72%, and

55%, respectively. Corrections to PBAP size distributions

were applied accordingly.

A detailed analysis of the back trajectories arriving at the

ATTO site is presented in Moran-Zuloaga et al. (2018) and

Pöhlker et al. (2019). They showed that the ATTO-relevant

back trajectories followed a seasonal swing between a

northeast path during the wet season and a southeast path

during the dry season as a response to the annual north–south

migration of the intertropical convergence zone. Figure 1

shows the 7-day analysis from the Hybrid Single-Particle

Lagrangian Integrated Trajectory model (Draxler and Rolph

2003) on three sampling days (11–13 September 2018) at

60 m above ground. Back trajectories revealed that the an-

thropogenic emissions from Manaus did not significantly

impact the sampled air mass; however, the atmospheric

conditions at theATTO site during our sampling period were

not pristine.

b. Aerosol measurements and sample collection

1) AEROSOL SIZE DISTRIBUTION MEASUREMENTS

The aerosol size distribution and number concentration at

the ATTO site were measured by a Scanning Mobility Particle

Sizer (SMPS; TSI Inc.) and an Aerodynamic Particle Sizer

(APS; TSI Inc.). The SMPS measures the electrical mobility

diameter (10–430 nm), while the APS gives aerodynamic di-

ameters (0.5–20mm) of the particles. There were frequent in-

terruptions in aerosol measurements during our observational

period due to lightning strikes and associated damage to the

power supply and installation. Therefore, simultaneous mea-

surements of the aerosol size distribution from both the SMPS

and APS were available only for a few days.

2) AEROSOL COLLECTION BY FILTER METHOD

Table 1 describes the sampling type, duration, flow rate,

purpose, and corresponding instrument in which the samples

were analyzed. The aerosol samples were collected from 5

to 18 September 2018, for a 12-day period at the ATTO site.

The collection of aerosol samples for the drop freezing tests

and microscopic analysis was carried out via the TSP inlet

through a four-stage stacked filter unit. Four polytetrafluoro-

ethylene (PTFE) membrane filter papers (25mm diameter;

Sartorius Stedim Biotech) with the pore sizes of 5 (outermost),

1.2, 0.45, and 0.2 (innermost) mm were used for the sampling.

The filters were placed in an airtight aluminum filter holder

in order of decreasing pore size. Samples were collected with

a vacuum pump (VWR vacuum gas PM20405-86). The flow

rate was controlled using a flowmeter (Kytola Instruments)

equipped with a needle valve. Collection efficiencies of PTFE

membrane filters of pore size 5 and 1.2mm are much higher

compared to Millipore and glass filters of similar pore sizes

(Soo et al. 2016). Thus, inevitably most of the aerosol particles

are collected on the first two filters.

Cascade filter samples were collected with an average vol-

umetric sample flow rate of 4 Lmin21 for approximately 4 h

each day. In addition, a set of cascade filters with a sample flow

rate of 1.5 Lmin21 was collected for about 16 h. A set of

aerosol samples with a sample volume of about 200 L was

collected using only a 0.2mm filter to estimate IN concentra-

tions activated by the immersion-freezing mode in Frankfurt

Ice Nuclei Deposition Experiment (FRIDGE-IMM) chamber.

Samples were sealed carefully in a sterile container and

stored at 48C at the ATTO site and during the transportation.

After the campaign was completed, the samples were trans-

ported to the University of Sao Paulo and later to Lund

(Sweden). The samples were stored in a deep freezer at2258C
at Lund until they were analyzed by scanning electron mi-

croscopy (SEM) and drop freezing tests.

Aerosol samples, when stored for a prolonged time at warm

temperatures (e.g., above 08C), can show changes in their ice

nucleation activity. Stopelli et al. (2014) found a degradation in

the active IN concentration by a factor of 2 (288 to 2128C) in
snow water samples stored at 48C for 30 days. We were unable

to store samples at temperatures as cold as2258C immediately

after collection as it was technically not possible to transport

the aerosol samples stored at such freezing temperatures. Any
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samples, stored first at a colder temperature and then subjected

to warm temperatures, could develop condensation on the fil-

ter, which would not be ideal for biological samples.

3) AEROSOL COLLECTION BY PEAC7

In addition to the filter method, aerosol sampling was per-

formed using a Programmable Electrostatic Aerosol collector

(PEAC7) (Schrod et al. 2016). The PEAC7 samples were an-

alyzed to estimate IN activated by deposition and condensation-

freezing modes in the FRIDGE-STD chamber. A total of 12

samples were collected using PEAC7 during the field campaign

held from 5 to 18 September 2018 (see Fig. 5).

In addition, PEAC7 samples were used for imaging PBAPs

by SEM. On each sampling day, aerosol particles were col-

lected at a volumetric flow rate of 2 Lmin21 using the PEAC7

for 50min. The PEAC7 unit used in the current analysis is

based on the single wafer electrostatic aerosol collector de-

scribed in Klein et al. (2010). In PEAC7, aerosol particles are

introduced through a central inlet into the field of electrons

emitted by 12 gold electrodes. The aerosols are negatively

charged and carried to the positively charged silicon (Si) wafers

(Wacker-Siltronic, thickness: 0.7mm; diameter: 45mm) where

they are deposited onto the surface (Klein et al. 2010).

We have applied a correction to the IN concentrations and

size distribution of bioaerosol particles measured by the

PEAC7 by assuming a collection efficiency of 60% for depo-

sition onto each wafer, as observed by Schrod et al. (2016).

Klein et al. (2010) and Schrod et al. (2016) provide additional

details on the design and working principle of PEAC7.

c. Scanning electron microscopy analysis

Primary bioaerosol particles were analyzed by using a vari-

able pressure Tescan Mira3 High-Resolution Schottky FE-

SEM located in the geology department at Lund University. It

should be noted that the SEM analysis was limited to three

days: 9 (nighttime; hereafter 0911N), 12 (daytime; hereafter

0912D), and 13 (daytime; hereafter 0913D) September, as an

intensive collection of SEM images characterizing the size

distributions for all the samples was not practical. During each

of the three days, the size distribution and IN number were

estimated for total biological aerosols (both 5 and 1.2mmfilters

combined) and fractions obtained on each of the 5 and 1.2mm

filters separately. Thus, nine pairs of measurements of active

IN and size distributions were available from three intensive

sampling days mentioned above and will be referred to as the

nine ‘‘cases’’ hereafter.

The samples were coated with a thin layer (10 nm) of pal-

ladium, sputter deposited prior to the SEM analysis, to reduce

charging under the electron beam. The coated samples were

examined at a beam size of 15 keV with a working distance of

10mm. The working distance was lowered (between 5 and

10mm) for Si wafer samples to obtain clearer images of par-

ticles with a diameter D , 1.5mm.

The organic nature of particles from energy-dispersive

X-ray spectrometer (EDS) analysis was confirmed if (C 1
O) . 75% and 1% , P, K, Cl , 10% (Coz et al. 2010). The

SEM system used in the current study was equipped with

an energy-dispersive X-ray spectrometer (EDS, X-MaxN 80,

Oxford Instruments, 124 eV, 80mm2). The EDS could detect

the composition of individual particles semiquantitatively for

elements with an atomic number greater than six including

light elements such as C, N, and O. Errors in measurements of

the composition of light elements by EDS vary for individual

samples and are below 2% overall. The EDS was performed

at a beam intensity of 15 keVwith a working distance of 10mm.

The Si and F peaks in the EDS spectra were not considered for

particles from the Si wafer and PTFE filter, respectively, be-

cause of interference from the substrate. The duration of each

EDS collection was limited to 10–12 s to avoid particle damage.

Because other elements like S, Ca, or Si can also be regarded as

tracers of PBAPs, this analysis should be treated as a conser-

vative estimate.

Before imaging the individual biological particles, wide

reference areas each 100mm 3 100mm in size were chosen

randomly. Corresponding images of those areas were saved as

reference pictures along with their positions on the filter paper.

Particles located in these predefined reference spots were

counted, and high-resolution images were acquired for those

particles. About five particles were observed roughly at each

predefined reference spots on the filter samples. Themaximum

dimension of particles was recorded and saved. In this study,

the maximum dimension is treated as the diameter of the

particle.

Based on the number of PBAPs detected in the scanned

filter area, the bioaerosol number was upscaled to the whole

filter area. The size distribution of the PBAPs was classified

TABLE 1. Daily sampling plan along with sampling type, time duration, flow rate, volume sampled, sampling purpose, and the instrument

used for sample analysis.

Type of aerosol sampling Time (UTC)

Flow rate

(sample volume) Purpose

Instrument used

in the analysis

0.2mm filter only 1400–1450 4 Lmin21 (200 L) Immersion freezing IN FRIDGE-IMM

PEAC7 1500–1550 2 Lmin21 (100 L) Deposition and condensation-

freezing IN, SEM

FRIDGE-STD, SEM

Cascading filtering, day 1600–2010 4 Lmin21 (1000 L) SEM, biological IN LINDA, SEM, flow

cytometry

Cascading filtering, overnight 2030–1230 (next day) 1.5 Lmin21 (1440 L) SEM, biological IN LINDA, SEM, flow

cytometry
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into 40 predefined size bins covering a size range from 0.2 to

40mm. The measured number was converted to an airborne

concentration (m23 of air) based on the sampled air volume.

The recorded data were then used to classify particles into

the basic PBAP groups: fungal spores, bacteria, pollen, viral

particles, plant/animal detritus, algae, and their respective

fragments. The primary classification of PBAPs among vari-

ous groups was based on similarity in morphological charac-

teristics with those reported in earlier studies. Despite all

possible efforts to categorize the identified PBAPs, not all

of them could be attributed to any PBAP group. A small

fraction of the PBAPs (;5%) which did not find any similarity

in morphology with the PBAP groups considered here were

classified as ‘‘unidentified’’ PBAPs. These unidentified parti-

cles were not included in the size distributions of PBAPs

presented here.

Since the emphasis of the current study was to character-

ize the size distributions of PBAPs, nonbiological particles

were excluded from the study. In addition to filter samples, Si

wafers were analyzed by SEM using a similar methodology.

Additional details about SEM analysis, including scanned area

and numbers of bioaerosol images collected, are given in

Table 2. More than 0.1% of the total filter area was investi-

gated under SEM, and .200 images were collected for each

sampling day considered for SEM analysis. For Si wafers, more

than 0.06% of the total area was scanned under SEM, and

;100 images of PBAPs were collected.

It was challenging to identify and count particles with a

D, 1.5mm (e.g., bacteria) on filter samples because they were

often hidden inside the dense filter material membrane.

Therefore, the size distribution of biological particles with

D , 1.5mm were determined mostly by SEM imaging of

Si wafers. This was justified as the size distributions from the

Si wafer, and the corresponding filter were in good agree-

ment within the overlapping region between 1.5 and 5mm.

The collection efficiency of the 5 mm filter for various par-

ticle diameters was estimated based on total aerosol num-

ber concentrations from the SMPS, APS, and the size

distribution of total particles collected on the 1.2 mm filter.

The SMPS and APS aerosol size distributions used here

were from 14 September, a typical sampling day at the

ATTO site. Based on the collection efficiency of the 5mm

filter, the size distributions of biological particles on 5 and

1.2 mm filters were estimated separately. The estimated

collection efficiency for particles with a diameter between

0.3 and 6 mm was variable between 0.81 and 0.99, whereas it

was unity for other size ranges. The collection efficiency of

1.2 mm filters was not measured and assumed to be unity

(for particles with D . 0.1 mm) based on measurements by

Soo et al. (2016).

After acquiring the images of bioaerosols from SEM anal-

ysis, we classified them into common PBAP groups based on

size and morphology.

d. Flow cytometry analysis

In addition to SEM, we conducted flow cytometry (FCM)

analysis to estimate the total bioaerosol number concentra-

tion. FCM is widely used to detect and measure the physical

and chemical characteristics of cells or particles. This is a

fluorescence technique, in which cells are often labeled with

fluorescent markers so that light is absorbed and then emitted

in a wavelength band. For each sample extract, cell counts were

performed on 450 mL triplicates added with 50 mL 5% glu-

taraldehyde (stored at 48C). For analysis, sample extracts were

stained with SYBRGreen I (Molecular Probes Inc.). This

stains nucleic acids, and thus reveals all DNA-containing par-

ticulate matter (e.g., viruses, bacteria, archaea, fungi, pollen,

and plant and animal cells). The parameters used with FCM

did not detect chlorophyll, proteins, and carotenoids. The

wavelengths for excitation and emission were 488 and 530 nm,

respectively. The FCM counts were performed for 3min. The

flow cytometry technique used in the current analysis can de-

tect particles as small as 0.3mm (Lippé 2018).

e. Measurement of ice nucleating particles

IN in the air were measured using the FRIDGE chamber of

GoetheUniversity, Frankfurt. FRIDGEoperates in two different

modes: 1) as a low-pressure diffusion chamber (here called

FRIDGE-STD) for the detection of deposition/condensation

freezing IN collected onto Si wafers [section 2b(3)], and 2) as a

cold-stage freezing array (here called FRIDGE-IMM) for the

measurement of immersion freezing IN in extracts of filter

samples [section 2b(2)]. Additional details have been de-

scribed in previous studies (Klein et al. 2010; Schrod et al. 2016;

DeMott et al. 2018).

1) MEASUREMENT OF IN ACTIVATED BY DEPOSITION

AND CONDENSATION FREEING MODE USING

FRIDGE-STD

The FRIDGE-STD method applies a static low-pressure

diffusion chamber for activation, growth and counting of IN

activated at temperatures between 08 and2308C. For analysis,
a Si wafer substrate that was previously laden with electro-

statically precipitated aerosol particles (using PEAC7) was

placed on the cold stage in the chamber. The chamber was then

closed, evacuated, and cooled to the desired temperature. The

surface temperature was measured using a PT-1000 sensor. In

the next step, water vapor was introduced into the chamber by

opening the connection to the vapor source. The supersatura-

tion with respect to ice over the Si wafer was then estimated as

the ratio of vapor pressure in the chamber over saturation

vapor pressure at the surface temperature. The number of

activated ice crystals grown was counted using automatic pic-

ture analysis software. All of the 12 samples collected on Si

wafer by PEAC7 were processed for IN activation in the

FRIDGE-STD mode (Figs. 5a–c).

TABLE 2. Details of SEM analysis including sample volume,

scanned area, and the number of bioaerosol images collected for

filters. The values for Si wafers are given in parentheses.

Sample Sample volume (L) Scanned area (%) Total images

0911N 1500 (100) 0.14 (0.064) 302 (101)

0912D 1000 (100) 0.1 (0.062) 201 (114)

0913D 100 (100) 0.11 (0.07) 210 (103)
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2) MEASUREMENT OF IN ACTIVATED BY IMMERSION

FREEZING MODE USING FRIDGE-IMM

Number concentrations of IN in the air, activated by im-

mersion freezing mode, were measured on the cold stage of

FRIDGE-IMM with the drop freezing method of Vali (1971),

as described by Ardon-Dryer and Levin (2014) and DeMott

et al. (2018). The aerosol samples collected on 0.2mm filters

were used for the drop freezing experiment. Each filter was

placed in 5mL of deionized water and stirred vigorously for

a few minutes to create particle suspensions. Around 60

droplets, each with a volume of 2.5mL were pipetted onto a

clean, salinized Si wafer, with the chamber almost closed, but at

ambient atmospheric pressure. The temperature of the cold

stage was lowered by 18C min21. A steady flow of synthetic air

of 1 Lmin21 through the chamber avoided any condensation

and rime effects. The number of drops that froze as a function

of temperature was recorded by the charge-coupled device

(CCD) camera. Two runs of drop freezing experiments were

conducted for each sample. In FRIDGE-IMM, 11 filter sam-

ples were treated to measure the IN concentrations activated

by immersion freezing mode (see Fig. 5d).

3) QUANTIFICATION OF BIOLOGICAL IN

The concentration of biological IN in the air, active

between 258 and 2158C, was determined by conducting the

drop freezing experiments in the LED-Based Ice Nucleation

Detection Apparatus (LINDA) chamber as described below.

The detailed technical information and working principle

of LINDA are described by Stopelli et al. (2014) and summa-

rized here. The LINDA device has an array (73 8) of red light

emitting diodes (LEDs; 645 nm wavelength). This array is

mounted on a printed circuit board cast into a polycarbonate

housing and submersed in a cold bath. A liquid sample is dis-

tributed in a total of 52 sample tubes (0.5mL Eppendorf).

These tubes are held in another polycarbonate plate and

placed onto the LED array so that each tube is located above

one LED. The temperature is recorded by four sample tubes

with cast-in Pt-1000 temperature sensors placed in the corner

positions of the tube holder.

Before starting the freezing experiment, 75% of each filter

sample was placed in 30mL of deionized water to create

suspensions, of which 20mL was used for the freezing ex-

periment in LINDA. The remaining 25% of the filter was

saved and stored in a petri dish for SEM analysis. The filter

samples were cut using a sterilized scalpel. A small amount of

(2mL) NaCl (in liquid form, 0.8% w/v) was added to the

solution to make the LINDA sample extract clearer to fa-

cilitate the imaging. Adding NaCl to the LINDA sample

extracts cannot have affected its freezing characteristics

since no freezing event was noticed for the solution con-

taining deionized water and NaCl. The remaining 10mL

solution was saved and stored in a refrigerator (at 48C) for

subsequent flow cytometry.

The sample extract was distributed in a total of 52 sample

tubes, each of which contains 400mL of the sample extract. The

samples were analyzed at the cooling rate of 0.48C min21.

Images of the tubes are recorded every six seconds using a

Monochrome camera, during which temperature was changed

by 0.048C. For each filter sample extract, two sets of freezing

experiments were carried out. In the first set of experiments,

sample extracts were untreated (no heating) for total IN con-

centration measurements. In the second set, the samples were

heated to 958C for 10min to denature the IN activity of bio-

logical IN following Christner et al. (2008) and Garcia et al.

(2012). The concentrations of active biological IN were cal-

culated as the difference between the concentrations of active

IN measured with and without heating. However, it should be

noted that heat treatment may not inactivate every ice nuclei

site of biological material and hence the values presented

should be considered as the lowest possible estimates of

biological IN.

Previous findings based on heat treatment (e.g., Garcia et al.

2012; Joly et al. 2014) showed that the relative contribution of

biological IN decreases with temperature, with 97%–100% of

total IN active at 288C and 77% at 2128C as other particles

including dust, become active at colder temperatures. Hill et al.

(2014) showed that heat treatment (at 958C) of bacterial sam-

ples obtained by leaf washing reduced the ice nucleation ac-

tivity by .75% at 2108C. According to Conen et al. (2011),

heating to 1008C reduced IN activity at 2128C by 70%–98%.

O’Sullivan et al. (2015) showed that heat treatment (908C) of
soil samples containing organic decomposing matter reduced

ice nucleation activity at 2128C to ;1/10.

In addition, the concentration of active biological IN at

temperatures colder than 2158C was estimated for the sample

extract of 0911 [section 2e(2)] based on heating tests (958C for

10min) in FRIDGE-IMM. The methodology of drop freezing

experiment is already described in section 2e(2).

f. Classification of PBAPs based on SEM images

We innovated our own system of PBAP classification

based on specimen SEM images collected from the avail-

able literature and created a list of distinct morphological

features. These criteria are listed in Table 3 for the general

size and morphological characteristics of different PBAP

groups, based on the literature available. These charac-

teristics form the basis for classifying PBAPs SEM images

into basic groups.

After collecting the bioaerosol images, we classified them

into common PBAP groups based on size and morphology

by those criteria. Typical images of the bioaerosols collected

from each group during this study are shown in Fig. 2. Fungal

spores and associated fragments (group 1) were one of the

most common classes of bioaerosols observed during our

campaign. Fungi can grow in almost every ecosystem and are

efficient in aerosolization (Adhikari et al. 2009; Löbs et al.

2020). The morphological characteristics of fungal spores have

been well documented in global air and are summarized in

Table 3 (Després et al. 2012, and references therein; Shi et al.

2003; Tamer Vestlund et al. 2014; Valsan et al. 2015, 2016;

Priyamvada et al. 2017; Wu et al. 2019; Li et al. 2020). They

appear in various forms, including globular, subglobular, ellip-

tical, and elongated. Many of the spores possess the attachment

scar and appear either with smooth or ornamented surfaces.

The size range of particles from SEM images considered for
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classification of PBAPs in this group is generally from 1 to 20mm.

The SEM images of fungal spores collected over Amazon rain

forest (e.g., Huffman et al. 2012; Barbosa 2018; China et al.

2016) were referred while conducting the classification.

The images of bacteria (group 2) on Si wafer were clearer

and were used for the size distribution. The basic morpholog-

ical features of bacterial particles are spheres (coccus) and

round-ended cylinders (bacillus). In addition, there may be

few others with helically twisted shapes. Some bacterial cells

grow separately while some rods or cocci grow in chains,

grapelike clusters or form a cubic packet characteristically.

The surface structures include flagella, pili, and capsules. A few

representative images of bacillus and cocci shaped bacteria

from the ATTO samples are shown in Fig. 2. We attempted to

grow the bacteria from filter samples in agar solution, but

no bacterial growth was observed. It should be noted that the

filter samples were not immediately analyzed for bacterial

growth and were stored in a freezer at 2258C after sampling,

which could have affected the viability of the bacteria.

Pollen grains (group 3) were broadly distinguished from

fungal spores based on size andmorphology. Typically, the size

of pollen ranges from 10 to 100mm. PBAPs are classified as

pollen based on the general morphological characteristics of

pollen grains given in Table 3. Barbosa (2018) provided an

extensive image database of pollen grains collected at the

ATTO site and was frequently used for classification. From

our SEM imaging, the size range of the pollen grains varied

between 8 and 20mm. Pollen grains with a diameter of 10

to 30mm were frequently observed at the ATTO site, while

larger pollen grains are generally absent high above the can-

opy except during some thunderstorm events (Barbosa

2018). Accordingly, our SEM analysis did not show a pollen

grain presence greater than 20mm. Observed pollen grains

exhibited different shapes, including ellipsoid, fusiform,

globose/spheroidal.

For any given are scanned area by SEM, about 2–4 bro-

chosome clusters have been detected on the filter for each case

and are assigned to group 4 (viral, plant/animal detritus). Each

cluster consists of 3 to 40 brochosomes with an individual di-

ameter of about 0.45mm. Brochosomes are intricately struc-

tured microscopic granules secreted by leafhoppers that are

typically found on their body surface and more rarely, eggs

(Wittmaack 2005). Group 4 was dominated by the presence of

leaf litter followed by epicuticular wax of plants, insect scales,

and other vegetation detritus. Viral particles were hardly de-

tectable by our SEM analysis.

Somewhat surprisingly, during a rather large number of

SEM investigations, no particle could be identified as algae

TABLE 3. Typical size ranges, concentrations in air, and general morphological characteristics of different PBAPs, based on avail-

able literature are given. Based on this information, PBAPs have been classified into different groups. Also enlisted are various studies

referred to for classification of PBAPs.

PBAP type

Typical size (mm) and number

concentration (m23 of air) General morphological features References

Fungal spores Size: 1–50; most frequently 2–10 (i) Shape: Globose, elliptical,

fusiform, asymmetric, lemon-

shaped, barrel-shaped, curved; (ii)

wall characteristics: Smooth,

granular, reticulate, spines, warts;

(iii) attachment scars, attachment

pegs; (iv) other features: branched

hyphae

Després et al. (2012, and references

therein), Priyamvada et al. (2017),

Li et al. (2020), Huffman et al.

(2012), Barbosa (2018), China

et al. (2016)

Concentration: 104

Bacteria Size: 0.5–4 (i) Shape: Spherical, rodlike, helical;

(ii) wall: flagella, pili, capsules; (iii)

arrangement: pairs, tetrads,

clusters, chains

Després et al. (2012, and references

therein), Li et al. (2020)Concentration: 104 (over land),

10–1000 (over ocean)

Pollen Size: 10–50 (i) Shape: Ellipsoid, fusiform,

globose/spheroidal; (ii) presence of

forrows; (iii) outer exine is usually

sculptured; (iv) exine

ornamentation like fossulate or

microrugulate

Després et al. (2012, and references

therein), Barbosa (2018, and

references therein), Xu and de

Craene (2013)

Concentration: 10–1000

Plant/animal

detritus

Size: Brochosomes—0.5;

leaf litter—0.5–5

Various shapes Després et al. (2012, and references

therein), Wittmaack (2005)

Concentration: — (i) Shape: Football (brochosomes),

spiral (epicuticular wax of plants),

elongated (leaf litter)

Algae Size: 1–10 (i) Shape: Unicellular flagellates or

amoeboids, colonial and

nonmotile forms

Després et al. (2012, and references

therein)Concentration: 100
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(group 5; section 1), and therefore, algae are not shown in the

size distribution presented here. A nearby water source close

to the ATTO site had no measurable impact and nonzero

concentrations of algal particles were never detected. However,

algae can grow on leaves and soil. They could also be part of the

long-range transport of marine particles from the Atlantic Ocean

into the Amazon rain forest (Martin et al. 2010; Moran-Zuloaga

et al. 2018). Backward trajectories (at 2km) using the HYSPLIT

model (see Fig. 1) suggest that amarine airmass from theAtlantic

Oceanwould have traveled over 5–6 days to reach theATTO site.

In summary, the absence of algae in our SEM analysis can be

attributed to their low concentration in the air at the ATTO site

and possible limitations in identifying them using SEM.

Moreover, it was a challenge to classify fragments of PBAPs

seen in SEM images due to their irregular shape and lack of

literature images available. Consideration was given to the

external features of the background PBAPs on the filter paper

that were easy to detach from the main PBAP particle. On this

basis, fragments in the form of external spines, hyphae, etc.

were then assigned to the corresponding broad group of the

parent particle. In addition, visible characteristics of the wall

and other aspects of each fragment were closely examined to

identify its parent PBAP with matching features. Fragments

smaller than 1mm as well as fragments without such distinct

discernible features could not be classified into main PBAP

group. They are classified as ‘‘unidentified particles.’’ Thus, the

maximum uncertainties involved in the classification of frag-

ments in the currents study are less than 5%.

3. Results and discussion

a. The size distributions of PBAPs based on SEM analysis

Based on the SEM analysis of the filter and Si wafer samples,

the size distributions for total primary bioaerosols as well as for

various PBAP groups were constructed for 0911N, 0912D, and

0913D and are shown in Fig. 3. The size distribution of various

PBAP groups based on SEM analysis of 5 and 1.2mm filter is

provided in appendix C. In general, no difference in the size

distribution of total PBAPs between day and nighttime sam-

ples is observed. The ‘‘coarse mode’’ (diameter: 1–10mm) bi-

oaerosol particles were dominated by fungal spores as the

corresponding size distribution shows a peak at 3–4mm. This is

in agreement with the previous measurements by Huffman

et al. (2012) and Whitehead et al. (2016), in which they at-

tributed the peak in the coarse fluorescent biological size dis-

tribution to fungal spores.

Several types of fungal spores, such as Basidiomycota,

Cladosporium, Inocybe calospora, and Rhizopus, were fre-

quently observed in the ATTO samples. Most pollen grains

observed during SEMwere withD. 8mm. ‘‘Fine mode’’ (D,
1mm) bioaerosol particles were dominated by the plant or

animal detritus as well as bacteria. Overall, the total size dis-

tribution of PBAPs from the current study is in good agree-

ment with previous observations by Huffman et al. (2012) and

Whitehead et al. (2016) from a similar geographical location

(see Fig. 3d).

The mean number concentrations of four PBAP groups,

including fungi, bacteria, pollen, and viral, plant/animal de-

tritus from SEM analysis are given in Table 4. Typically the

number concentrations of fungal spores and pollens at the

ATTO site were measured as ;104 and ;103m23, respec-

tively, following typical concentrations in vegetated areas

(Després et al. 2012, and references therein). Estimatedmean

number concentrations of bacterial particles are ;105m23,

which is greater by one order of magnitude than those re-

ported in the literature of typical bacterial concentrations of

;104m23 in the air elsewhere (Després et al. 2012, and ref-

erences therein).

FIG. 2. Representative scanning electron microscopy images of (a) brochosomes and leaf litter (group: plant and

animal detritus), (b) fungal spore, (c) bacteria, and (d) pollen from 0911N, 0912D, and 0913D. The scale is varying

for each image and is shown separately.
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A combined aerosol size distribution from the SMPS and

APS on 14 September is shown in Fig. 3d to get an idea re-

garding the size distribution of total aerosol particles during

the campaign. The SMPS and APS data were not available at

the ATTO site for other sampling days considered here, as

these instruments were not working on those days. Using

aerosol size distributions (by SMSP 1 APS) on 14 September

as a reference, ;11% of coarse mode aerosol particles are of

biological origin.

The total PBAP number concentration (with D . 0.3mm)

from SEM was compared with their independent estimations

by FCM, as shown in Fig. 4. Overall, a good agreement is ob-

served between SEM and FCM estimation of total PBAP

number concentration for samples from all three days dis-

cussed here. The number concentration of PBAPs from FCM

was slightly lower than those from SEM since the abundance

of PBAPs by FCM represents an approximately lower limit

for the actual abundance of PBAPs. The concentrations of

fluorescent biological aerosol particles (FBAPs) from the

FCM analysis were 3.3 3 105, 1.06 3 106, and 1.19 3 106m23

for 0911N, 0912D, and 0913D, respectively. These values are

consistent with previously reported FBAP concentrations

of about 23 105 to 1.23 106m23 byWhitehead et al. (2016) in

the central Amazon forest. Huffman et al. (2012) reported

coarse mode FBAP concentration of about 7.33 104m23 over

the Amazon rain forest. The lognormal size distribution was

FIG. 3. The size distribution of PBAPs based on SEM analysis of samples (a) 0911N, (b) 0912D, and (c) 0913D.

The size distribution of PBAPs shown here is from the combination of 5 and 1.2mm filters. (d) The total PBAP size

distribution from each day is compared with the literature data. The total PBAP size distribution from our ob-

servations include unidentified PBAPs in addition to the other PBAP groups considered for classification. The

combined aerosol size distribution from SMPS and APS on 14 Sep (thin black line) is also shown for reference.

TABLE 4. General size and mean number concentration of various PBAP groups based on our SEM analysis.

PBAP group Typical size (mm)

Mean number concentration (m23 air)

from SEM analysis

Fungal spores and associated fragments 1–10 7.6 3 104 (62.8 3 104)

Bacteria and their fragments 0.5–2 4.2 3 105 (61.98 3 105)

Pollen and their fragments 6–50 1.07 3 103 (6673)

Viral, plant/animal detritus 0.2–5 4.1 3 105 (61.8 3 105)
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fitted to various PBAP groups based on our SEM analysis

and resulting size distribution parameters are described in

appendix B.

b. Observations of total IN

The observations of total IN including deposition and

condensation-freezing IN and immersion freezing IN are

shown in Fig. 5. Figures 5a–c show the concentration of IN

activated by deposition and condensation-freezing modes de-

termined as a function of temperature and relative humidity

over ice (RHice) obtained by the FRIDGE-STD measure-

ments. No active IN at temperatures warmer than 2208C was

detected with this instrument, suggesting that their concen-

trations may have been lower than the detection threshold of

0.01 L21. For a given temperature and RHice, large day-to-day

variability in IN concentration was observed. The results in-

dicate that higher IN concentrations were associated with

higher RHice at any given temperature. The mean IN con-

centration at 2258C ranged from 0.03 to 0.43 L21 for RHice

between 120% and 130%, in agreement with recent measure-

ments by Schrod et al. (2020) at the ATTO site. During the

field campaign, the highest concentration of deposition and

condensation freezing IN measured by FRIDGE-STD was

4.5 L21 at 2308C.
Figure 5d shows the cumulative number concentration

of immersion freezing IN from separate experiments in

LINDA and FRIDGE-IMM as a function of temperature.

Overall, the concentration of immersion freezing IN was in

the range of 0.0027–40 L21 at a temperature between 268
and 2308C. The absence of any active IN in FRIDGE-IMM

at a temperature .2158C could be associated with IN con-

centrations being below the detection threshold of 0.15 L21.

The sample volume for LINDA samples was higher than the

FRIDGE-IMM samples (Table 1); as a result, LINDA had a

lower detection threshold of 0.0014 L21. The concentrations of

IN from FRIDGE-STD at water saturation are lower than the

concentrations of immersion freezing IN from FRIDGE-IMM

as FRIDGE-STD does not encapsulate the full extent of im-

mersion freezing.

c. Biological IN concentration from drop freezing
experiments

The cumulative concentrations of biological and nonbio-

logical IN determined by drop freezing arrays in LINDA are

represented in Fig. 6 for 0911N, 0912D, and 0913D. The con-

centration of active biological IN between258 and2158C was

determined by comparing measurements with and without

heating. Freezing was observed with wide variance in onset

temperature. Heating the sample extracts decreased the

highest temperature of freezing, by 18C in 0911N and 0913D to

more than 48C in 0912D. The active biological IN concentra-

tions in air ranged from 0.0015 to 0.047 L21 between 26.58
and 2158C and are in the range of previous biological IN

measurements from rain samples (e.g., Xia et al. 2013; Pouzet

et al. 2017). In general, the relative contribution of biological

IN to the total IN decreased with decreasing temperature. The

relative contribution of biological particles in the sample ex-

tracts of 0911N and 0912D ranged from ;100% of the total

IN active at288C to as low as;86% at2158C. In comparison,

the contribution of biological particles to the total IN con-

centration in the sample extract of 0913D was much lower

(;62% at 2138C).

4. Empirical parameterization of heterogeneous ice
nucleation for multiple groups of biological particles

a. General equations for prediction of biological IN number
concentration

1) OVERVIEW OF EXISTING EMPIRICAL

PARAMETERIZATION OF HETEROGENEOUS ICE

NUCLEATION

The EP represented all known modes of heterogeneous

ice nucleation (e.g., deposition and condensation/immersion-

freezing modes) for multiple chemical species of aerosol and

was proposed originally by Phillips et al. (2008, 2013). They

assumed that for any scenario of aerosol chemistry, size, and

loading, the number mixing ratio of active IN has contributions

from several groups, including dust/metallic, black carbon, and

organic aerosols. Thus, the number mixing ratio of active IN

can be written as

n
IN

5�
X

n
IN,X

, (1)

where X 5 DM, BC, BIO, and solO for dust/metallic, black

carbon, and primary biological and soluble organic aerosols,

respectively.

The number concentration of IN activated by deposi-

tion and condensation/immersion-freezing modes from

group X is proportional to the total aerosol surface area in

that group:

n
IN,X

5

ð‘
log[0:1mm]

f12 exp[2m
X
]g3 dn

X

d logD
X

d logD
X
, (2)

FIG. 4. Comparison of total bioaerosol particle number con-

centration (D . 0.3mm) measured by scanning electron micros-

copy (SEM; left bars) with flow cytometry (FCM; right bars). Error

bars for number concentrations measured by FCM were estimated

based on independent runs of FCM for the same sample.
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The VX is the total surface area of all aerosols with dry

diameters larger than 0.1 mm, mX is the average of the

number of activated ice embryos per insoluble aerosol

particle of size DX. The number mixing ratio of aerosols in

group X is given by nX. A simplified version of Eqs. (2) and

(3) is used for X 5 solO. The term HX(Si, T) is the empir-

ically determined fraction (0 # HX # 1) representing

scarcity of nucleation under substantially subsaturated

conditions. Also, aX is a fractional contribution from

aerosol group X to the IN concentration. The empirical

formulation presented in the current study only considers

ice nucleation activity of biological particles with diameter

larger than 0.1 mm. However, a few biological particles and

their fragments, macromolecules smaller than 0.1 mm may

act as IN and are not considered in the formulation

presented here.

The number of ice crystals generated in a time step Dt is
given by

Dn
i
5�

X

max(n
IN,X

2 n
X, a

, 0) [�
X

Dn
X, a

, (4)

where nX,a is the number mixing ratio of IN from group X that

have already been activated. Additional details about the

scheme and associated terms can be found in Phillips et al.

(2008, 2013).

2) MODIFICATION OF SCHEME TO RESOLVE MULTIPLE

GROUPS OF BIOLOGICAL IN

The original EP treated biological ice nucleation with only

one species of IN. That assumption is changed as follows.

Here we now replace the previous X5 BIO by five PBAP

groups 1–5 (section 1) including fungal spores and associ-

ated fragments (FNG), pollen and their fragments (PLN),

bacteria and their fragments (BCT), viral, plant/animal de-

tritus (DTS), and algae (ALG). According to the EP for

atmospheric ice nucleation by Phillips et al. (2008), the

concentration of active IN from the given group within the

given size interval dlogDX depends on surface areas of given

aerosol species. The empirical formulation mentioned be-

low was not applied to algal particles since their size dis-

tribution from SEM measurements was not available. We

used literature values of their frozen fraction to measure

their ice nuclei activity and will be discussed in the latter

part of this section.

For X5 FNG, PLN, BCT, and DTS,

FIG. 5. The concentration of IN activated by deposition and condensation freezing mode in the FRIDGE-STD

chamber at (a)2208, (b)2258, and (c)2308C. The dotted vertical lines in (a)–(c) indicate saturation with respect to

water. (d) Cumulative IN concentrations activated by immersion freezing mode from separate experiments in

FRIDGE-IMM are shown. The cumulative immersion freezing IN concentrations for 0911N, 0912D, and 0913D

from the analysis in LINDA are also shown.
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n
IN_BIO,X

5

ð‘
log[0:1mm]

f12 exp[2m
X
]g3 dn

X

d logD
X

d logD
X
, (5)

m
X
5H

X
(S

i
, T) j(T) 3minf[exp(2g

X
T)2 1], 40g

3
1

v
X,1,*

dV
X

dn
X

for T , 08C: (6)

Here, nIN_BIO,X is the number mixing ratio of IN active at

temperature T in the Xth bioaerosol species; VX is the total

surface area mixing ratio of particles with diameters DX

greater than 0.1 mm in group X and is a prognostic variable

of the atmospheric model; dVX /dnX ’ pD2
X ; dnX/dlogDX

is the normalized size distribution of given bioaerosol

species X.

Particles with a diameter smaller than about 0.2mm that

were not detected by the SEM analysis, but their absence

merely reflects technical limitations of the setup. This is

expected to have an insignificant effect on our empirical

formulation as the contribution of these smaller particles to

the overall surface area mixing ratio is negligible. In the

empirical formulation provided here, the surface area of a

particle is more important than its mass. For 0911N, the

relative contribution of particles in the size bin 0.1–0.2 mm

to the total surface area mixing ratio is only about 0.15% if

the number concentration of particles in this size bin is

assumed similar to that in the neighboring size bin with a

larger diameter. Shape factors should also be considered

when estimating the surface area of PBAPs. However,

due to the complexity of the observed shapes of PBAPs

we assumed spherical shape for all PBAPs and refrained

from considering the shape factor in the estimation of

surface area.

The factor mX is the average number of potentially activated

ice embryos per aerosol particle with diameter DX. For

lower freezing fractions mX � 1, Eq. (5) can be written as

nIN_BIO,X 5 HX(Si, T)j(T)[exp(2gXT) 2 1] 3 VX/vX,1,*
showing surface area dependence of predicted IN number

concentrations. Also vX,1* is an unknown parameter and

depends on bioaerosol type with the dimensions of area

(m2). In Eq. (6), HX(Si, T) is the empirically determined

fraction (0 # HX # 1) representing suppression of nucle-

ation under substantially water-subsaturated conditions.HX

is expressed as a function of Si and T by Phillips et al. (2008)

withHX5 1 at water saturation. The slope of the fitted curve

predicting activated IN is given by gX. The factor j considers

the fact that drops are not observed to freeze at tempera-

tures warmer than a threshold in the laboratory observa-

tions. Phillips et al. (2008) proposed j5 d01 (T, T1, T2),

where j is 1 for T , T1 and 0 for T . T2 with cubic inter-

polation between and assumed T1 (258C) and T2 (228C) for
all aerosol species.

For temperatures colder than 2208C, lower slope values

(45% of original) of the fit were prescribed based on obser-

vations of biological IN of 0911N at temperature between2208
and2278C (see Fig. 9). The modified version of proposed pa-

rameterization [Eqs. (5) and (6)] for any T , 08C can be

written as

n
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5

ð‘
log[0:1mm]

f12 exp[2m
X
]g3 dn

X

d logD
X

d logD
X
, (7)
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T)2 1], 40g3 1
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X

, for T.2208C
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X
(S

i
, T) j(T)3minf[exp(2g

X
T)2 1], 40g3 exp[0:453 (T1 20)]3

1

v
X,1,*

dV
X

dn
X

, otherwise.

(8)

Equations (7) and (8) are applied for biological species,

X 5 FNG, PLN, BCT, and DTS (groups 1–4, section 1).

All variables used in the formulation are described in

appendix A.

Regarding algal particles (group 5; section 1), a separate

representation is proposed as follows. Since the concentrations

of algal particles at the ATTO site were much lower than our

detection threshold (;0.5m23), we could not use a similar

empirical treatment for them which was used for other PBAP

groups. Generally, in atmospheric models, there may be situ-

ations where algae are more prolific and can influence the ice

initiation. In such a scenario, their contribution to the total

FIG. 6. Cumulative concentrations of biological (heat sensitive,

thick lines) and nonbiological (heat resistance, shaded area) IN.

The sum of two categories corresponds to the concentrations of

total IN. The lower bound was considered for values below the

detection limit. The IN concentrations showed here are from 5 and

1.2mm filters processed in LINDA.

JULY 2021 PATADE ET AL . 2207

Brought to you by Indian Institute of Tropical Meteorology | Unauthenticated | Downloaded 07/15/21 05:29 AM UTC



biological IN cannot be excluded. We, therefore, used the es-

timation of the frozen fraction for the algal particles (diatom

cell, T. pseudonana) available in the literature (Wilson et al.

2015) to estimate the algal IN in the atmosphere. The rela-

tionship between the frozen fraction (falgae) of algae and tem-

perature was established by inspection of extended data from

Wilson et al. (2015, their Fig. 6):

f
algae

(T)5 A
1
1

(A
2
2A

1
)

11 10(B1T)3p
, (9)

where A1 5 20.03, A2 5 0.993, B 5 27.738C, and p 5 0.399.

Also falgae(T)5 0 atT.2248C and falgae(T)5 1 atT,2358C.
If the concentration of algal particles (nalgae) in the air is

known, then for X 5 ALG,

n
IN_BIO,X

5 f
algae

3 n
algae

. (10)

Algal IN estimates by Wilson et al. (2015) are based on

samples collected from oceanic (Arctic, Atlantic, North

Pacific) and coastal locations (British Columbia, Canada).

Our scheme treats algal particles over the ocean but does not

necessarily apply to the prediction of biogenic organic mac-

romolecules which can act as efficient IN. Although they are

biological in origin, these organic macromolecules are not

classified as PBAPs as they are dissolved organic matter and

therefore not primary (Knopf et al. 2018; Pummer et al. 2012,

2015; McCluskey et al. 2018). Such ice nucleating macro-

molecules are located on the surfaces of leaves, wood, and

bark and can be washed down by rainwater (Felgitsch

et al. 2018).

b. Empirical determination of values of parameters

Based on above measurements of IN (Fig. 7 and appendix

D) and size distributions (Fig. 3 and appendix C) for nine cases

FIG. 7. Prediction of biological ice nuclei concentrations by new empirical parameterization based on the

size distribution of PBAPs, shown as a function of temperature for various bioaerosol species. The total

biological ice nuclei concentrations from the empirical parameterization (thick gray line) are compared

with the observed values (thick red) from the drop freezing experiments with LINDA and with previous

observations by Pouzet et al. (2017) (thick purple line). The prediction is based on the total size distribution

(5 mm 1 1.2 mm) for each sampling day shown here. In addition, predicted values of biological IN are

compared to previous observations listed in Table 6. Biological ice nuclei concentration of fungi based on

active fractions measured by Haga et al. (2014) (green crosses) and O’Sullivan et al. (2015) (green triangles)

are shown for comparison. The number concentrations of pollen as biological ice nuclei are shown based on

Murray et al. (2012) (blue diamonds) and O’Sullivan et al. (2015) (blue squares). The bacterial ice nuclei

concentrations based on Joly et al. (2014) (magenta circles). The leaf litter as ice nuclei are also shown

based on Schnell and Tan-Schnell (1982) and Schnell and Vali (1976). Black dotted lines in the plot of

1.2 mm filter represent the upper and lower bounds in predicting ice nuclei concentrations due to uncer-

tainties in collection efficiency.
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(section 2c), the values of active biological IN from groups 1–4

were estimated using proposed EP [Eqs. (5)–(8)]. The scope of

the experimental derivation of estimates of all unknown pa-

rameters for each PBAP category was limited by several

technical aspects of PBAP collection and processing for ice

nucleation. A key problem we faced when observing samples

was that the size distributions of various PBAP groups over-

lapped greatly. Consequently, it was not possible to isolate

each PBAP group on any single filter. In addition, two of the

four PBAP groups, including pollen and leaf litter, naturally

have lower IN activity compared to fungi and bacteria

(Després et al. 2012, and references therein). We aimed to

overcome these difficulties by collecting our samples on

different days under contrasting conditions in conjunction

with inverse modeling, in the expectation that filters of

contrasting porosities would be enriched differently in

PBAP groups for the same airmass. However, there was a

limit to the number of parameters that could be constrained

by inverse modeling.

The relative abundance of the four groups of PBAPs and

IN concentrations was seen to vary among the nine con-

trasting cases (Figs. 3, 7, C1, and D1). For agreement be-

tween observed and parameterized values, least squares

fitting was used to estimate the universal law applicable to

all nine cases so as to resolve the optimal values of the un-

known parameters for PBAP groups 1–4, (Table 5). The

concentration of total active biological IN from the EP was

then compared to the observed biological IN concentrations

for each of the nine cases (see Figs. 7 and D1). This varia-

tional analysis was performed by minimizing the weighted

sum (E) over all nine cases of the mean squared error per

case. The analysis was carried out with logarithm (base 10)

of the active IN concentration for all temperatures where it

is observed to be nonzero. Given the uncertainties associ-

ated with the size distribution of PBAPs on the 1.2 and 5mm

and total filters (total of both), higher weights were applied

for 5mm and total filters (100%) than for the 1.2 mm filter

(0.1%). Overall, the error of the optimal fitted prediction is

about 61 m23 of active IN per case.

The optimum values of the parameters inferred for the

empirical scheme are shown in Table 5. The basis and sources

of these fitting parameters are mentioned separately in this

table. Based on the relationship between total measured bio-

logical IN concentrations at the ATTO site and freezing tem-

perature, the value of slope parameter, g, at T . 2208C is

prescribed as 0.58C21 and is assumed to be identical among

PBAP groups 1–4 (section 1). The slope values are based on a

visual fit to the observed IN data and may not be accurate

for all PBAP groups. This value of the slope parameters

fitted to our observation is in agreement with previous

observations made by Vali [1994, Eq. (8) therein] and Pouzet

et al. (2017) (Fig. 7).

The values of vX,1,* for pollen and viral, plant/animal

detritus were not prescribed directly from the literature. In

the variational analysis, the values of the unknown param-

eter vX,1,* of comparatively less active PBAP groups in-

cluding pollen and viral, plant/animal detritus were

constrained between 0.1 to 0.01 m2 so that their estimated

IN activity match the laboratory observation reported in the

literature. Previous observations of leaf litter (a major part

of group 4) from the tropics by Schnell and Tan-Schnell

(1982) were used to constrain the values of vX,1,* for group

4. For pollen, the vX,1,* was constrained based on labora-

tory observations on active sites per gram of pollen mass

(Betula pendula) by O’Sullivan et al. (2015). Additional

details about these measurements used in the construction

of the EP are given in Table 6.

In the current study, the values of T1 and T2 for deter-

mining the factor j are assumed to be variable for each

bioaerosol type and are estimated based on the literature

of previous observations or laboratory measurements.

Therefore, the values of T1 and T2 for each PBAP group

are denoted by TX,1 and TX,2. Several studies have docu-

mented the activation of pollen at temperatures colder

than 2108C (Després et al. 2012; Kanji et al. 2017, and refer-

ences therein). Freezing tests on leaf litter showed its activa-

tion at temperatures ;278C (Schnell and Tan-Schnell 1982;

Després et al. 2012). Based on these observations, T1 was

TABLE 5. Details about most empirical parameters mentioned in sections 4a and 4b, together with their values, are given. The source

of each fitting parameter is mentioned in parenthesis. The slope values are based on visual fit to observed data and are not derived from

the variational analysis.

Symbol Value Source

gFNG, gPLN,gBCT, gDTS 0.58C21 ATTO data (visual fit by eye)

vFNG,1,* 9.817 3 1025 m2 ATTO data

vPLN,1,* 0.1m2 Constrained based on O’Sullivan et al. (2015)

vBCT,1,* 9.12 3 1025 m2 ATTO data

vDTS,1,* 0.1m2 Constrained based on Schnell and Tan-Schnell (1982)

TFNG,1, TFNG,2 278, 228C Partly ATTO data (fit by eye); partly based on Richard et al. (1996),

Després et al. (2012), and Kunert et al. (2019)

TPLN,1, TPLN,2 2108, 278C Prescribed based on Després et al. (2012) and Kanji et al. (2017, and

references therein)

TBCT,1, TBCT,2 278, 228C Partly ATTO data (fit by eye); partly based on Després et al. (2012,
and references therein)

TDTS,1, TDTS,2 2108, 278C Prescribed based on Schnell and Tan-Schnell (1982) and

Després et al. (2012)
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assumed to be 2108 to 278C for pollen and plant/animal de-

tritus, respectively. Comparatively, fungi and bacteria are ac-

tivated at temperatures warmer than 258C (Richard et al.

1996; Després et al. 2012; Kunert et al. 2019), and

therefore, 278 and 228C, respectively, were assumed for T1

of both.

Figure 7 andD1 shows the predicted number concentrations

of crystals nucleated by various biological species based on size

distributions from the total (5 and 2mm combined) and (see

Fig. D1 for the 5 and 1.2mm filters). The predicted values of

total biological IN by the EP are of similar magnitude in

comparison with observations from the total (5mm 1 2mm)

and 5mm filters. The total number concentration was domi-

nated by fungi and bacteria. Contributions to the measured IN

activity from pollen and detritus were lower by two orders of

magnitude than those from fungi and bacteria at any given

temperature.

Pollen grains can swell and explode from high humidityc

exposure to emit numerous nanoscale particles, which are 10

to 1000 times smaller than intact particles. These smaller

fragments may become aerosolized and act as efficient IN

(O’Sullivan et al. 2015; Knopf et al. 2018). Given this, the

contributions of pollen grains to total biological IN may be

more important than suggested by our measurements.

Finally, the predicted total IN concentration is lower by

one to two orders of magnitude when compared with the

values obtained for the 1.2mm filters (Fig. 7; see also Fig. D1).

This can be attributed to the uncertainties in estimating the

TABLE 6. Origin of estimations of various biological IN concentrations (conc.) shown in Fig. 7. The mass of bioaerosol particles was

calculated assuming aerosol particles to be spherical with a density of 1000 kgm23. Observation of IN activity of pollen and leaf litter used

in the construction of the scheme are mentioned in parentheses.

Species Reference

Observed mass (kg m23)

or number conc. (m23) IN conc. (m23)

Fungi 1) O’Sullivan et al. (2015): Nucleation

sites at258, 2108, and2158C are 2.53
105, 4 3 107, and 2 3 108 g21,

respectively

Mass: 1.51 3 1029 (0911N) For 0911N: 0.38 (258C), 60.63 (2108C),
303.16 (2158C)

1.52 3 1029 (0912D) For 0912D: 0.37 (258C), 60.5 (2108C),
302.53 (2158C)

1.17 3 1029 (0913D) For 0913D: 0.29 (258C), 46.8 (2108C),
234.4 (2158C)

2) Haga et al. (2014): Active IN per fungi

at2108 and2158C are 53 1024 and 73
1024, respectively

Conc.: 1.01 3 105 (0911N) For 0911N: 52.80 (2108C), 73.93 (2158C)
0.73 3 105 (0912D) For 0912N: 36.9 (2108C), 51.70 (2158C)
0.49 3 105 (0913D) For 0913N: 24.81 (2108C), 34.74 (2158C)

Pollen 1) O’Sullivan et al. (2015) (used in

construction of scheme): Nucleation

sites at2108 and2158C are 23 103 and

10 3 103 g21, respectively

Mass: 5.76 3 10210 (0911N) For 0911N: 1.15 3 1023(2108C), 5.76 3
1023(2158C)

5.14 3 10210 (0912D) For 0912D: 1.02 3 1023 (2108C), 5.14 3
1023 (2158C)

1.18 3 10210 (0913D) For 0913D: 2.36 3 1024 (2108C), 1.18 3
1023 (2158C)

2) Murray et al. (2012) Pollen as potential IN is 23 1023 (2158C)

Bacteria 1) Joly et al. (2014): Bacterial conc. was

variable from 1.6 3 103 to 3.4 3
104mL21; mean fraction of ice nucle-

ation active bacteria at 268, 288, and
2128C are 0.01%, 0.18%, and 1.02%,

respectively; liquid water content was

assumed 0.5 gm23

0.32 (268C), 5.8 (288C), 32.5 (2108C)

Leaf litter 1) Schnell and Tan-Schnell (1982):

Nucleus concentration at 26.58C and

2108C is 60 and 800 g21, respectively

(used in construction of scheme)

Mass: 3.86 3 10210 (0911N) For 0911N: 2.3 3 1025 (26.58C), 3.08 3
1024 (2108C)

2.56 3 10211 (0912D) For 0912D: 1.5 3 1026 (26.58C), 2 3
1025 (2108C)

2.67 3 10210 (0913D) For 0913D: 1.6 3 1025 (26.58C), 2.13 3
1024 (2108C)

2) Schnell and Vali (1976): Nucleus

concentration at278 and212 78C is 100

and 1000 g21, respectively (for leaf litter

in tropical climate zone)

For 0911N: 3.8 3 1025 (278C), 3.8 3
1024 (2128C)

For 0912D: 2.5 3 1025 (278C), 2.5 3
1024 (2128C)

For 0913D: 2.67 3 1025 (278C), 2.67 3
1024 (2128C)

Total biological IN Pouzet et al. (2017) (Fig. 1): Rainwater

content was assumed 0.3 gm23 to con-

vert concentrations to m23 of the air

0.06 (258C), 1.65 (2108C), 6 (2128C)
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collection efficiency of 5mm filters and hence to the size dis-

tributions of bioaerosol particles on 1.2mm filters.

5. Comparison of the empirical scheme with independent
observations

The new EP is also compared with previous laboratory data

and field observations, not used in its construction (as shown in

Figs. 7 and D1). Additional details on the origin of these da-

tasets and corresponding calculations are given in Table 6. The

total concentration of PBAP IN predicted by EP is in good

agreement with previous observations for rainwater samples

from Opme (France) by Pouzet et al. (2017). For fungi, esti-

mations of nucleation sites per gram of fungal mass (Fusarium

avenaceum) (O’Sullivan et al. 2015) and active IN per fungus

(Basidiomycota spores) (Haga et al. 2014) were used to cal-

culate their contribution as IN for the observed mass and

number concentration of fungi over the Amazon. According

to previous studies by Murray et al. (2012, and references

therein), the number concentration of birch pollen as potential

IN is typically 23 1023m23 at2158C. Based on ice nucleation

activity of bacteria isolated from cloud water (Puy de Dôme,

France) by Joly et al. (2014), number concentrations of po-

tential INA bacteria were estimated ;0.32 and 5.8m23 of

cloud air at temperatures 268 and 288C, respectively. The
active IN concentration from leaf litter per m3 of air based on

measurements by Schnell and Vali (1976) for leaf litter from

tropical regions are also shown for comparison with parame-

terized values. When the uncertainty limits are considered, the

EP’s predicted PBAP IN concentrations are in agreement with

available literature data.

Various metrics are used in the previous studies to represent

ice nucleation abilities of various PBAP groups. The most

commonly used metrics include 1) ice-active surface site den-

sities (ns); 2) ice-active mass site densities (nm), an analog to ns,

but mass equivalent; and 3) activated fraction (Kanji et al.

2017, and references therein). To represent our proposed EP

[section 4a(2)] in terms of these commonmetrics, we estimated

FIG. 8. (a) Ice-active surface site densities (ns) and (b) ice-active mass site density for various PBAP groups from

the proposed empirical parameterization (dotted lines) are shown as a function of temperature. The values for these

two parameters from previous studies are also shown for a few biological species of PBAPs. Based on the literature,

the values of ns for fungi and bacteria (Hoose and Möhler 2012; Hummel et al. 2018) and pollen (Pummer et al.

2012; Diehl et al. 2002) are also provided for comparison. Similarly, literature-based estimations of nm are also

provided for fungi (O’Sullivan et al. 2015; Pummer et al. 2015; Fröhlich-Nowoisky et al. 2015), bacteria

(Govindarajan and Lindow 1988; Kanji et al. 2017), pollen (Diehl and Mitra 2015), and leaf litter (Després
et al. 2012).
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the mean values of ns and nm for various PBAP groups based

on their IN activity, surface area mixing ratio, and mass in the

nine cases considered in the study.

Figure 8 shows the dependence of these variables from the

EP on temperature. The values of these two parameters for

limited species of PBAP groups from the available literature

are also shown for reference. However, there is a considerable

spread in the literature data. At any given temperature, our

estimated values of ns and nm for PLN and DTS by EP were

much lower (by three orders of magnitude) when compared

with our prediction of FNG and BCT as observed in the lit-

erature data (Kanji et al. 2017, and references therein). The

values of nm for group 4 (mostly leaf litter) are in good

agreement with literature data. The literature values of ns and

nm for snowmax and Pseudomonas syringae bacteria are much

higher than our estimated values (see Fig. 8). For any given

PBAP group, the published observations of ns and nm show

large variations among different biological species (Kanji et al.

2017, and references therein) which limits their direct com-

parison with our estimated values of the EP, which apply to

entire groups of PBAPs. At a temperature of 2108C, for ex-
ample, nm of three species of fungal spores showed a wide

variation over four orders of magnitude.

6. Application of empirical parameterization in a parcel
model for an idealized case

The new EP of biological ice nucleation is applied in an

idealized 0D parcel model to shed light on some ramifications

for natural ice initiation arising from the formulation. For

simplicity, there are nomicrophysical processes included in the

parcel model except for the heterogeneous ice nucleation. The

adiabatic parcel starts at 208C, rises to 2508C and humidity is

artificially prescribed corresponding to exact water saturation.

Input size distributions of PBAPs (groups 1–4) to the empirical

scheme are prescribed from observations for the case of

0911N. An EP from Phillips et al. (2013) was applied for

nonbiological IN species including mineral dust/metallic and

soot. The climatological values [from Model of Ozone and

Related Chemical Tracers (MOZART)] of mass mixing ratios

for dust (2.9 3 10210 kg kg21) and soot (3 3 10211 kg kg21)

over the ATTO site were prescribed for estimating their con-

tribution as IN. Total PBAP size distributions were prescribed

based on observations on 0911N. For algae, quantitative

measurements of their abundance in the ambient air are rare

and so algal particles were not included in the simulation

shown here.

Figure 9 shows the predicted number concentration of active

biological IN from multiple species as well as the total IN.

Compared with the original prediction by Phillips et al. (2013),

the total biological IN predicted by the new empirical scheme

differs up to one order of magnitude at T . 2158C and by

about half an order of magnitude at T , 2158C. The original

EP by Phillips et al. (2013) does not resolve individual groups

of PBAPs. It was based on the ice nucleation of a bacterial

FIG. 9. The number concentration of biological ice nuclei pre-

dicted by empirical parameterization as a function of supercooling

in a water-saturated air parcel. The number concentrations of dust,

soot, and biological ice nuclei predicted by the empirical ice nu-

cleation scheme by Phillips et al. (2013) (mentioned as PH13 in the

plot) are also shown for comparison. The error bars of observed IN

concentrations indicates the standard deviations estimated based

on the uncertainties in the measurements. An error bar in thick red

on the biological (model) line indicated uncertainties in the esti-

mated biological IN at a temperature colder than 2158C.

FIG. 10. Pie charts showing the relative contributions to the total IN concentrationof thedifferent PBAPgroups aswell as

dust and soot particles at (a) T 5 2158C and (b) T 5 2258C for the parcel model simulation shown in Fig. 9.
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strain observed in the laboratory that may not represent the

large variations in ice nucleation characteristics observed

among different PBAP groups.

Overall, total IN concentrations predicted by the model

are in good agreement with the concentrations observed at

the ATTO site (Fig. 9). Moreover, relative contributions to

the total IN concentration of the different PBAP groups as

well as dust and soot particles from this simulation are

shown in Fig. 10. Biological particles dominate the pre-

dicted total IN concentrations at a temperature warmer

than 2208C and at colder levels dust, and soot particles

became increasingly important in determining the total IN

concentrations in the cloud.

7. Conclusions

A modification to the flexible framework for treating

multiple species of atmospheric IN in terms of empirical

observations from the real atmosphere, namely, the ‘‘em-

pirical parameterization’’ (EP), is proposed in the current

study. This framework treats all known and empirically quanti-

fied modes of heterogeneous ice nucleation (e.g. deposition,

condensation/immersion-freezing, inside-out and outside-in

contact freezing). The previous single species for biological

IN has been replaced by five major PBAP groups including

FNG, PLN, BCT,DTS, andALG. The new treatment has been

fitted to observations of PBAPs in a field campaign at the

ATTO site in the central Amazon. Some literature data are

also used to constrain some aspects of this bio-EP. The new

empirical treatment will allow atmospheric models to resolve

the IN activity of these PBAP groups explicitly.

Amazonian PBAPs were collected on PTFE membrane fil-

ters and Si wafers for use in drop freezing experiments, ice

nuclei activation in the cloud chamber, and SEM/EDX anal-

ysis. The EP was constructed from coincident observations of

PBAP size, composition, concentration, and ice nucleating

ability, and predicts numbers of active IN in each of the five

groups of PBAPs.

The measured IN concentrations activated by deposition

and condensation-freezing modes varied over three orders of

magnitude throughout the campaign and strongly depended on

the processing temperature and ice supersaturation in the

chamber. At2258C, the measured IN concentrations activated

by deposition and condensation-freezing mode ranged from

0.002 to 1 L21 for ice supersaturations of 21% and 28%, re-

spectively. The filter samples were analyzed in LINDA to es-

timate biological IN active between258 and2158C. Filter and
Si wafer samples were analyzed under SEM to measure the

size distribution of common PBAP species. For each case,

more than 300 images of bioaerosol particles were used.

The observed bioaerosols included brochosomes, fungal

spores, bacteria, canopy debris (e.g., leaf and insect fragments,

plant waxes), and less commonly pollen and insect scales.

Overall, size distributions were observed to be bimodal and

were like previous measurements from similar geographical

locations (e.g., Huffman et al. 2012; Whitehead et al. 2016).

The observed size distributions of PBAP groups have provided

constraints primarily on their surface areas in determining

their ice nucleation activity. The size distribution of total bio-

aerosol particles was consistently dominated by a submicron

peak associated with either viral, plant/animal detritus, or

bacterial particles. The coarse mode of PBAPs observed in the

current study was dominated by fungal spores consistent with

previous observations (e.g., Huffman et al. 2012). The total

number concentration of bioaerosols (with D . 0.3mm) in-

ferred by our SEM analysis is in good agreement with FCM

analysis.

The total number concentration of biological IN predicted

by the proposed parameterization scheme for the Amazon

location was dominated by fungi and bacteria, with only a very

minor role for pollen and detritus. For PBAP groups consid-

ered here, the active IN concentrations predicted by the

scheme, and independent observational data not used in its

construction, were consistent with the same order of magni-

tude. Implementation of the scheme in the 0D parcel model

showed that biological IN account for most of the total ice

nuclei activation at temperatures . 2208C. At colder tem-

peratures, dust and soot become more important to ice nu-

cleation than biological IN, and increasingly so with more

supercooling.

Thus, the new EP qualitatively reproduces the previous

observations in the Amazon basin by Prenni et al. (2009) of

biological IN determining the total IN concentrations at

freezing temperatures warmer than 2258C. They showed

that mineral dust became increasingly more important for ice

nucleation at temperatures colder than 2278C. In their trans-

mission electron microscopy, no soot IN were observed.

However, it should be noted that their observations were

limited to the wet season when there must have been little or

no biomass burning. Biomass burning conditions are char-

acteristics of the Amazon dry season and are maximum

around September. Thus, soot particles resulting from biomass

burning can play an important role in determining the ice nu-

cleation at colder temperatures during the dry season, as sug-

gested by our parcel model simulation. Recent observations by

Schill et al. (2020) reported that black carbon from biomass

burning contributes, at most, 10% to IN (2368 #

T # 2118C). Nevertheless, the ability of black carbon

emitted from biomass burning to act as IN is currently un-

certain. Relative contributions of dust and soot to the ice

nucleation shown in our parcel model simulations are lim-

ited to a case study and will be highly variable depending on

the abundance of these aerosol species in the atmosphere.

To conclude, a modification of the EP is proposed based

partly on Amazonian field observations, resolving the IN ac-

tivity of the five basic groups of PBAP.
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TABLE A1. Symbols used in this paper, along with their descriptions and units.

Notation Description Value and units

D Diameter m

Dg Median diameter m

falgae Frozen fraction of algal particles from Wilson et al. (2015) —

HX Fraction reducing ice nuclei activity at low Si, warm T —

max Maximum value —

min Minimum value —

N Total aerosol number concentration m23

ns Ice-active surface site density m22

nm Ice-active mass site density kg21

nX Number mixing ratio of particles in PBAP group X kg21

nIN_BIO Total number mixing ratio of active biological IN predicted kg21

nIN_BIO,X Contribution to nIN_BIO from PBAP group X kg21

nX,a Number of aerosols in PBAP group X kg21

nX,a,cn Number mixing ratio of contact IN for group X kg21

nX,a,liq Number of interstitial IN in group X lost by becoming immersed kg21

nX,imm Number of IN from group X immersed in cloud liquid kg21

Qr Mixing ratio of rain kg kg21

QX Mixing ratio of aerosol in group X kg kg21

RHice Relative humidity over ice %

Si Saturation ratio of vapor with respect to ice —

t Time s

T Temperature 8C
TX,1 Colder threshold temperature for onset of freezing for group X 8C
TX,2 Warmer threshold temperature for onset of freezing for group X 8C
yt Fall speed of raindrop in given size bin m s21

w Vertical velocity of air m s21

sg Geometric standard deviation —

X Label for four PBAP groups [fungal spores and associated fragments (FNG), pollen and

their fragments (PLN), bacteria and their fragments (BCT), viral, plant/animal detritus

(DTS), and algae (ALG)]

—

j(T) Fraction that is zero for T . TX,2 (8C) and 1 for T , TX,1 (8C), being d01(T, TX,1, TX, 2) for

TX,1 , T , TX,2 (8C) for X 5 FNG, PLN, BCT, DTS

0 # j # 1

VX Total surface area of all bioaerosols . 0.1mm in diameter in group X m2 kg21 of air

VX,int Interstitial component of VX m2 kg21 of air

VX,rain Total surface area of all aerosols with D . 0.1mm in group X inside raindrops m2 kg21 of air

dba (y, y1, y2) Cubic interpolation function equal to a at y # y1 and to b for y $ y2, while dba5 a0 1 a1y1
a2y

2 1 a3y
3 for y1 , y , y2, where a0 5B, a1 5Ay1y2, a2 52A(y1 1 y2)/2,

and a3 5A/3 withA5 6(a2b)/(y2 2 y1)
3 andB5 a1Ay31/62Ay21y2/2 (adopted from

Phillips et al. 2008)

—

mX Average number of ice embryos per aerosol particle —

gX Slope value of the fit for X 5 FNG, PLN, BCT, and DTS each of four PBAP group 8C21

aX Fraction of nIN,1,* from IN activity group X 5 {DM, BC, O, solO} {2/3, 1/3–0.06, 0.06}

vX,1,* Baseline coefficient of PBAP for X 5 FNG, PLN, BCT, and DTS m2

Dt Model time step s

DTCIN Difference in freezing temperature between contact and bulk water modes 4.58C
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APPENDIX A

List of Symbols

Symbols used in the present paper are listed and described in

Table A1.

APPENDIX B

Parameters of Lognormal Size Distribution

The following lognormal distribution function was fitted to ob-

served size distributions of variousPBAPgroups at theATTOsite:

dN(D)

d log(D)
5

Nffiffiffiffiffiffi
2p

p
logs

g

exp

(
2[log(D/D

g
)]2

2(logs
g
)2

)
, (B1)

whereN is the total aerosol number concentration, andDg and

sg are the parameters of a lognormal distribution: Dg is the

median diameter, and sg is geometric standard deviation

(polydispersity). These parameters for various PBAP groups

are enlisted in Table B1.

APPENDIX C

PBAP Size Distribution from 5 and 1.2mm Filter

The size distribution of various PBAP on 5 and 1.2mm filter

is provided in Fig. C1.

APPENDIX D

Model Prediction of Biological Particles for 5 and
1.2mm Filters

Prediction of biological ice nuclei concentrations by new

empirical parameterization based on the size distribution of

PBAPs on 5 and 1.2mm filter is shown in Fig. D1.

APPENDIX E

Implementation of Empirical Parameterization in an
Atmospheric Model

The present EP scheme slots into the EP framework for

heterogeneous ice nucleation already described in Phillips

et al. (2008, 2013). Their framework represents all modes of

heterogeneous ice nucleation. The EP described in this study is

TABLE B1. Parameters of lognormal size distribution of various PBAP groups based on our SEM analysis. Here N is the total aerosol

number concentration,Dg is the median diameter, and sg is geometric standard deviation.When implemented in a cloudmodel, the value

ofN is free to evolve during the simulationwithout the values below. For viral, plant/animal detritus, the ratio of numbers in bothmodes in

the model always follows the ratio ofN values below but with a total number in both modes that is free to evolve. For algae, we have used

the size distribution parameters from literature (Després et al. 2012) with Dg 5 5mm, sg 5 1.5, and N 5 0.5 3 103 m23.

PBAP group Parameters of lognormal size distribution Value of the parameter

Fungal spores and associated fragments Dg 2.5mm

sg 1.8

N 7 3 104m23

Bacteria and their fragments Dg 0.7mm

sg 1.7

N 4.5 3 105m23

Pollen and their fragments Dg 9mm

sg 1.5

N 1.1 3 103m23

Viral, plant/animal detritus Fine mode with

Dg 0.5mm

sg 1.4

N 3 3 105m23

Coarse mode with

Dg 3.6mm

sg 1.4

N 7 3 103m23
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for ice nucleation through deposition and condensation- and

immersion-freezing mode.

To implement the scheme in a cloud model, each group X

of IN is partitioned into prognostic components which are

interstitial and immersed in cloud droplets to reflect the in-

cloud scavenging of IN by precipitation. Extra scalars were

introduced to track the depletion in the number mixing ratio

of interstitial IN by becoming immersed in cloud liquid

without necessarily freezing (nX,a,liq) and the actual number

mixing ratio of immersed IN (nX,imm). The cut off size for

immersed and interstitial IN size distributions is determined

by (nX,a,liq) and mixing ratio of aerosol in group X (QX). To

include the heterogeneous freezing of raindrops a temporary

grid of size bins was created to discretize their size distribution.

If the mass mixing ratio of each bin is dQr, the number of IN

particles in the rain that activate in time Dt is given by

d(Dn
IN,rain

) ’Dtmin

�
(w2 y

t
)
›T

›z
, 0

�
d

dT

3[exp(2g
X
T)2 1]�

X

dV
X ,rain

v
X,1,*

. (E1)

For a given raindrop size bin dVX,rain 5 VX,rain(dQr/Qr) is

the surface area mixing ratio of IN within the raindrops. The

fall velocity of raindrops is given by yt, whilew is the vertical air

velocity.

FIG. C1. The size distribution of PBAPs based on SEM analysis of 5 and 1.2mm filter.
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We have adopted the approach followed by Phillips et al.

(2008) for inside-out contact freezing. It assumes that a given IN

has a freezing temperature for the contact nucleation, which is

DTCIN ’ 4.58C higher than for the immersion and condensation

freezing mode. The number mixing ratio of potentially active,

interstitial IN activated by contact freezing (nX,cn) is given by

n
X,cn

ffi j(T) fexp[2g
X
(T2DT

CIN
)]2 1g�

X

dV
X,int

v
X,1,*

. (E2)

Here, VX,int is the component of VX for interstitial IN.
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