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Mineral and biological ice-nucleating particles
above the South East of the British Isles†

A. Sanchez-Marroquin, *a J. S. West, b I. T. Burke,a J. B. McQuaid a

and B. J. Murray a

A small fraction of aerosol particles known as Ice-Nucleating Particles (INPs) have the potential to trigger ice

formation in cloud droplets at higher temperatures than homogeneous freezing. INPs can strongly reduce

the water content and albedo of shallow mixed-phase clouds and also influence the development of

convective clouds. Therefore, it is important to understand which aerosol types serve as INPs and how

effectively they nucleate ice. Using a combination of INP measurements and Scanning Electron

Microscopy with Energy Dispersive Spectroscopy (SEM-EDS), we quantify both the INP concentrations

over a range of activation temperatures and the size-resolved composition. We show that the INP

population of aerosol samples collected from an aircraft over the UK during July of 2017 is consistent

with ice-nucleation on mineral dust below about �20 �C, but some other INP type must account for

ice-nucleation at higher temperatures. Biological aerosol particles above �2 mm were detected based on

visual detection of their morphological features in all the analysed samples at concentrations of at least

10 to 100 L�1 in the boundary layer. We suggest that given the presence of biological material, it could

substantially contribute to the enhanced ice-nucleation ability of the samples at above �20 �C. Organic

material attached to mineral dust could be responsible for at least part of this enhancement. These

results are consistent with a growing body of data which suggests mineral dust alone cannot explain the

INP population in the mid-latitude terrestrial atmosphere and that biological ice nucleating particles are

most likely important for cloud glaciation.

Environmental signicance

The formation of ice in clouds strongly inuences their properties and their role in climate. However, our knowledge of which aerosol particles serve as Ice-

Nucleating Particles (INP) and their concentration in the atmosphere is poorly dened; this is especially so at altitudes requiring an airborne platform. To

help address this problem we collected aerosol samples using an aircra around the South East of the British Isles and then measured INP concentrations and

aerosol composition offline. The results indicate that mineral dust alone cannot account for the observed INPs. We suggest that this important additional type of

INPs is very likely of biological origin.

1 Introduction

The lifetime, precipitation and radiative properties of clouds

that contain both supercooled water and ice (mixed-phase

clouds) are signicantly affected by the presence of aerosol

particles that can trigger ice formation.1–3 These particles are

known as Ice-Nucleating Particles (INPs). Climate models

tend to oversimplify and poorly represent the ice-related

processes such as ice formation triggered by the presence of

INPs. INPs and ice production are important in deep

convective clouds,4,5 as well as shallow clouds,3 but it is

becoming increasingly clear that the representation of ice-

processes is particularly important in dening the amount

of water and ice that models produce in shallow clouds.6–8

This difficulty in properly representing the amount of super-

cooled water in shallow mid- and high-latitude mixed-phase

clouds is a key cause of the large uncertainty in the negative

cloud-phase feedback.9,10 This feedback is produced by the

fact that as the atmosphere warms, water will replace ice in

mixed-phase clouds, increasing their albedo. The strength of

this feedback depends on how much supercooled water and

ice there is present day clouds.11

Given that INPs are important for dening the cloud phase

feedback, it is therefore very important to characterise the

sources of INPs to properly represent the ice-related processes

in climate models. Mineral dust from the deserts is known to be

one of the most relevant sources of INPs worldwide, both
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because of its abundance throughout the atmosphere and its

relatively high ice-nucleation ability below�15 �C.12–15 Although

most of the dust present in the atmosphere is emitted from hot

and arid deserts,16 signicant amounts of dust are emitted from

anthropogenic activities such as agriculture (which could

contribute up to �25% of the global burden17) or from high-

latitude dust sources.18 Ash from volcanic eruptions, which

has some similarities to desert dust in composition, has also

been identied as a source of INPs.19–22 Other known sources of

INPs are sea-spray aerosol containing marine organic mate-

rial,23–26 biological aerosol particles from terrestrial locations

such as pollen, bacteria or fungal fragments.27–29 Additionally,

ice-nucleation macromolecules of biological origin can become

attached to mineral or soil dust particles.30–33 Fertile soil dust

generally has a higher ice-nucleation ability than desert dusts,

due to the biological material which is internally mixed with the

dust particles.34–36 However, the relative contribution of bio-

logical INPs compared to the contribution of mineral dust at

altitudes where mixed-phase clouds can occur in mid- to high-

latitudes has not been fully addressed. This question is partic-

ularly relevant since the majority of the measurements of bio-

logical INPs are carried out at ground level. In different

modelling studies, sea-spray aerosol containing marine organic

material has been found to compete with mineral dust at alti-

tudes where mixed-phase clouds can occur, particularly in

remote oceans.14,37,38However, it is not clear if terrestrial sources

of biological INPs could compete with mineral dust at cloud

relevant altitudes.39–43

The freezing temperatures of biological INPs tend to be

higher than those for mineral dust INPs.1,44 Similar behaviour

is observed in many atmospheric INP measurements,45,46

where biological material is commonly responsible for the ice-

nucleation properties of an aerosol sample in the higher end

of its temperature spectrum, while dust tends to be the

dominant INP type at temperatures below ��20 �C. Although

surface measurements show that there is a signicant

biogenic component to the INP population,45–47 these

measurements might have been inuenced by the proximity

to these sources of INPs. Hence, measurements at altitude are

necessary to see if the INP population across the boundary are

also enhanced above mineral dust. In spite of the technical

and logistical difficulties of measuring INPs on board of

aircra, this has been done in different locations including

the Arctic,48–51 North America,52 the Pacic,53,54 the Tropical

Atlantic,55 Iceland,56 or the Eastern Mediterranean.57 However,

aircra measurements of INPs have never been conducted

above the UK.

Here, we present a dataset of INP concentration measure-

ments alongside the aerosol size-resolved composition ob-

tained using Scanning Electron Microscopy with Energy

Dispersive Spectroscopy (SEM-EDS) of aerosol samples collected

in the south of the UK during July 2017. In order to avoid

potential biases from the aerosol emitted at the ground level, we

collected aerosol particles at different altitudes within the

boundary layer. The data obtained from these techniques are

used to estimate the contribution of mineral dust to the INP

population.

2 Experimental
2.1 Sampling platform

The aerosol samples shown here have been collected on board

of the FAAM BAe-146. This research aircra has a wide range of

instruments to measure different atmospheric properties. Here

we have collected aerosol particles on top of lters for offline

analysis using the lter inlet system on board of the FAAM BAe-

146. Most of the aerosol samples have been acquired opportu-

nistically during research ights that were carried out within

the Effect of Megacities on the transport and transformation of

pollutants on the Regional and Global scale (EMeRGe)

campaign, in July 2017, close to the city of London. Samples

from an Oil and Gas research ight on the 11th of July 2017 as

well as a FAAM test ight on the 27th of September 2017 are also

shown.

The analysis of our lter samples has been complemented

with data from different instruments. The Passive Cavity Aero-

sol Spectrometer probe 100-X (PCASP) and the Cloud Droplet

Probe (CDP) are underwing optical particle counters, which

have been used to measure the size distribution of the aerosol

particles.58 These instruments measure the optical diameters of

aerosol particles in an approximated range of 0.1 to 3 mm and 2

to 50 mm respectively. O3 and CO measurements from the

TE49C UV Photometric Ozone analyser by Thermo Scientic

and AL5002 Fast Fluorescence CO Analyser by Aerolaser GmbH

instruments respectively were also used. Other measurements

that have been used in the present study are the pressure alti-

tude and aircra location. Our sampling strategy systematically

involves avoiding sampling in cloudy conditions. The inlet line

was closed immediately whenever we had online indication of

the presence of liquid water or ice (detected using the CDP). The

dew point temperature was monitored, being always at least

a few degrees below the true air temperature. All the comple-

mentary data was downloaded via the Centre for Environmental

Data Analysis (CEDA).

2.2 Aerosol particle sampling

Aerosol particles have been collected on top of lters using the

lter inlet system on board of the FAAM BAe-146. This lter inlet

system has been previously used for aerosol collection.55,56,59–62

This system and the used set up has been described and char-

acterised previously.63 The system has a bypass that can be used

to regulate the ow and minimise the sub-isokinetic enhance-

ment, it was operated with this bypass fully open. This lter

inlet system can sample particles smaller than�20 mmon top of

two lters simultaneously. Most of the samples have been

collected on top of a polycarbonate with a pore size of 0.4 mm

and a Teon lter with an equivalent pore size of 0.45 mm

simultaneously. Polycarbonate lters have been analysed using

SEM-EDS at the University of Leeds in order to characterise their

size-resolved composition, while Teon lters have been used

to quantify the INP concentration using a droplet-based assay.

Most samples were taken in the South-East of the UK, as

shown In Fig. 1a, where the ight tracks corresponding to the

sampling locations are displayed. Further information

© 2021 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2021, 1, 176–191 | 177
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corresponding to these samples can be found in Table 1. In

order to investigate the origin of the air masses where the

samples were collected, we ran Hybrid Single-Particle

Lagrangian Integrated Trajectory (HYSPLIT) back trajectories

using a Python package described in a previous study.64 The air

parcel trajectories were calculated using the Global Data

Assimilation System 3 hour meteorology reanalysis product.

Back trajectories were run from an approximated middle point

in between the starting and the ending sampling time. This

analysis is shown in Fig. 1b. As shown, all samples apart from

one were collected in the boundary layer.

2.3 Ice-nucleating particle measurements

INPs have been measured using a lter droplet-on-lter assay

that has been previously used during other FAAM BAe-146 eld

campaigns.55,56 This technique is a combination of the tech-

niques used in previous studies.53,65 Teon lters where aerosol

samples have been collected using the lter inlet system on

board of the FAAM BAe-146 are placed on top of glass slides

(Ted Pella cover glass, 48 � 60 � 0.15 mm), whose surface was

made hydrophobic by applying Turtle Wax ClearVue Rain

repellent solution. The glass slides are placed on top of a cold

stage over a thin layer of silicone oil to improve the thermal

contact. About 60 pure water (Milli-Q®) droplets of 2 mL are

pipetted on top of the exposed lters. The system is cooled at

a constant rate of 1 K min�1 while a camera records the freezing

of the droplets at the same time as stage temperature

measurements are automatically taken. This allows us to obtain

the fraction of droplets frozen as a function of temperature,

ff(T). In order to prevent condensation and frost growth, the

experiment is performed in a chamber that is ushed using

a �0.2 L min�1
ow of dry nitrogen (zero grade). The ff(T)

calculated using this experiment is shown in Fig. 2a. The INP

concentrations, which have been calculated from f(T) using the

eqn (1), are shown in Fig. 2b.

½INP�ðTÞ ¼ �lnð1� ff ðTÞÞ
Afil

Vaa
(1)

where Al ¼ 11 cm2 is the exposed area of the lter, Va is the

sampled air volume, and a ¼ 1.375 cm2 is the contact surface of

each droplet. The contact surface has been calculated from

a droplet contact angle of 126�, assuming spherical cap geometry.

The errors have been calculated using the same Monte Carlo

algorithm as in ref. 56. This error includes the uncertainty associ-

ated with the randomness of the distribution of freezing sites

within the experiment, as well as a range of contact angles from

�110 to �130�. These calculations are based on the singular

description of the ice-nucleation phenomenon. Although ice-

nucleation is a stochastic process, this description assumes that

the time-dependence is of second order in comparison with the

distribution of the ice-nuclei types through the droplets.1 This

approach has been extensively used for many years in different

laboratory, eldwork and modelling studies. However, in the

analysis it is usually assumed that the surface area of the aerosol

particles is homogenously scattered through the droplet pop-

ulation. Hence, large variability in the surface area of the aerosol

Fig. 1 (a) Flight tracks of the sampling locations. (b–e) HYSPLIT

analysis of the 4 day back trajectories of the air masses where the

samples were taken. Each of the panels contains the samples collected

in each of the four days of the campaign. The back trajectory asso-

ciated with each air mass has been coloured based on its altitude. The

stars correspond to the starting point of each back trajectory, which is

the middle point of the sampling location.

178 | Environ. Sci.: Atmos., 2021, 1, 176–191 © 2021 The Author(s). Published by the Royal Society of Chemistry
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per droplet can lead to signicant biases when calculating magni-

tudes such as the INP concentration using droplet-based assays.66

In the Sect. S1,† we use Monte Carlo simulations to show the

distribution of surface area through the droplet populations of our

experiments for one of our samples. Our analysis suggests that 95%

of the droplets have a supermicron surface area within�4% of the

mean. Hence, we consider that the assumption of a constant

surface area per droplet is justied.

Some samples were analysed at the FAAM facility aer the

ight without any storage. However, given the time limitations,

some other samples were analysed in the University of Leeds

aer being stored at about �18 �C for a few days, in a similar

way to previous studies.24,25,45,55,67 The set up in both cases was

the same, and we did not observe any storing effect difference

between samples collected on the same day that were analysed

and the ones that were stored for a few days. INP measurement

blank experiments were performed every day of analysis using

a clean lter instead of an exposed lter. The water droplets

placed on top of the lters with the aerosol samples nucleated

ice at a signicantly higher temperature than the blanks, as

shown in Fig. S2.†

Note that this INP measurement technique was chosen

instead of a lter washing droplet based assay45 because the

later one has a much smaller sensitivity to the sampled INPs (it

places amuch smaller fraction of aerosol particles of the lter in

the same volume of water). Sensitivity to INP is important given

the low sampling times that are possible during aircra

measurements. The disadvantage of the used droplet-on-lter

assay is that we were not able to perform heating tests to

detect the heat-labile component of the INP population, which

is likely of biological origin. In spite of not relying on the lter-

washing droplet based assay as a primary way to measure INP

during this campaign, a subset of 10 of the polycarbonate lters

were analysed using this technique. In 7 out of the 10 cases, only

half of the lter was analysed using this method, reserving the

other half for the SEM-EDS analysis. The separation was done

using a clean sterile blade. A discussion of a comparison

between these two techniques is shown in Sect. S3.† Overall,

there is a good agreement for 6 samples, while other three

present some discrepancies below an order of magnitude at

some specic parts of the temperature spectrum. Only one

sample presents a discrepancy of an order of magnitude. We

suggest that the two techniques should be compared more

formally in a future study using amore consistent set up such as

an aerosol chamber. This could help to elucidate the discrep-

ancies obtained in some occasions. However, the differences

between the techniques do not modify the conclusions of this

study.

2.4 Scanning electron microscopy

In order to quantify the size-resolved composition of the aerosol

samples, individual aerosol particles collected on top of poly-

carbonate lters have been analysed using SEM-EDS, using an

approach characterised by a previous study.63 The Tescan Vega3

XM scanning electron microscope at the Leeds Electron

Microscopy and Spectroscopy Centre was operated using anT
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accelerating voltage of 20 keV, a pixel dwell time of 10 ms. The

SEM has been operated using a soware for automated particle

analysis (AZtecFeature, Oxford Instruments). Filters were coated

with 30 nm of Iridium prior to analysis to prevent the accu-

mulation of electrons in the sample. Energy-Dispersive X-ray

Spectroscopy was used to obtain the chemical composition of

the aerosol particles. Each particle's raw X-ray spectra is matrix

corrected and transformed by the soware into weight

percentage values of each element present in the analysis

volume (typically 2 mm3).

Polycarbonate lters (with a pore size of 0.4 mm) are placed

under the microscope, and some areas of the lter are scanned

using the soware for automated particle analysis, which allows

us to obtain the morphological properties as well as the

chemical composition (using Energy-Dispersive X-ray Spec-

troscopy) of each aerosol particle of the scanned area in a semi-

automated way. Morphological information is summarised in

size-distributions, using the equivalent circular diameter of

each particle, calculated from its cross-sectional area. In order

to obtain the size-resolved compositional analysis, particles of

each size bin are classied into 10 compositional categories,

using the scheme described in a previous study.63 All the results

of the analysis are shown in Sect. 3.2.† Note that most particles

classied in the Si only, Si rich, Al–Si rich and Ca rich have

a chemical composition consistent with mineral dust.63 The

surface area of mineral dust in our samples was calculated by

multiplying the surface area size distribution by the fraction of

dust particles in each bin and then integrating the resulting

curve.

3 Results and discussion
3.1 Ice-nucleating particle measurements

Using the droplet-on-lter assay described in Sect. 2.3,† we

measured the INP concentration spectra of the collected aerosol

samples, which are shown in Fig. 2a. The [INP] was calculated

using eqn (1) and the fraction of droplets frozen from each lter

experiment, which are shown in Fig. S2.† Most of the INP

concentrations scatter over about half an order of magnitude

for a given temperature. However, the measurements taken

during the C024 ight have a steeper slope about �15 �C, and

are about half an order of magnitude higher in [INP] than the

rest for temperatures below �15 �C. All samples were collected

around the South-East of the UK as shown in Fig. 1. Most of the

samples were collected within the boundary layer. However, the

origin of all the air masses on a multi-day time scale is the

Atlantic Ocean, consistent with the prevailing winds in the

region.

In order to better understand the types of INPs in this area,

we quantied the correlation between the [INP] and different

variables measured by the FAAM BAe-146 and our SEM-EDS

analysis. This could show a potential link between the INP

population and a specic aerosol type or atmospheric vari-

able. However, we could not nd any signicant correlation in

between [INP] and the observed variables. This is shown in

Fig. S4,† where the [INP] of our samples at �19 �C has been

plotted against the number of aerosol particles below and

above �3 mm (PCASP and CDP respectively), CO and O3

concentration, altitude, area of the coarse and submicron

modes measured by the PCASP and CDP, surface area of

mineral dust measured using SEM-EDS and time overland

(from the HYSPLIT analysis). A similar lack of correlation was

found at other temperatures. Part of this low correlation is

explained by the fact that the measured [INP] have relatively

low variability, with most of the measured concentrations

being consistent with each other considering the uncer-

tainties. The only exception to this are the enhanced levels of

O3, submicron aerosol and mineral dust during the C024

ight, when INP concentrations were slightly higher.

However, this is not enough to establish any causality. Given

the shape of the INP spectra of the samples collected on that

day, the enhancement could be produced by an increase in

biological material, which might be linked to the overall

enhancement in aerosol, particularly dust. Furthermore, the

air masses associated with the C024 ight are different from

the rest of the campaign, and they are more likely to be

affected by continental Europe, as shown in Fig. 3. Addition-

ally, Fig. S4† shows that most of the measurements were

carried out within the boundary layer at altitudes from tens of

Fig. 2 [INP] of all the samples collected in this campaign analysed with

the droplet-based assay described in Sect. 2.3.† The uncertainties of

the calculations have been shown for one sample. (b) Comparison of

the dataset collected in this study with a similar dataset collected in

Northern England (O'Sullivan, 2018) and the range of observed [INP] in

mid-latitude terrestrial environments.45,68
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meters to hundreds. There is no relation between altitude and

[INP], suggesting that the INP population is relatively well

mixed through the boundary layer, as expected.

The measured [INP] are compared in Fig. 2 with the ground-

based INP measurements reported in Northern England during

the autumn of 2016.45 Our data is in the high-mid range of [INP]

and has a slightly shallower slope than the data measured in

Northern England. Additionally, the high [INP] reported at

temperatures above ��18 �C in Northern England were heat

sensitive and therefore most likely proteinaceous biological

INP.45 It would appear that we sampled similar INP in this

campaign, but we could not conrm this using heat tests (see

Sect. 2.3† for the rationale of why we used this methodology).

When compared with the range of observed [INP] in mid-

latitude terrestrial environments, our measured concentra-

tions yield above it or in the upper range.68

3.2 Aerosol with SEM

Using SEM-EDS, we collected the morphological properties of

35 677 particles as well as the chemical properties of a subset of

22 361 particles across 9 lters collected over 4 days of the

campaign. The resulting size distributions and size-resolved

compositions are shown in Fig. 3–6. We also compare the

SEM size distributions with those derived from the optical

probes on board of the FAAM BAe-146. The agreement between

the optical and the SEM size distributions are generally good,

although the SEM technique tends to undercount submicron

aerosol, as previously observed in ref. 63. However, the coarser

mode, which contributes dominantly to the surface area, is well

captured in our lter samples.

The chemical composition of the collected aerosol particles

doesn't exhibit a large sample-to-sample variability, as shown in

Fig. 3–6. All the samples are dominated by carbonaceous

Fig. 4 Aerosol size distribution and size-resolved composition of the samples collected on 2017/07/17. The samples are C022_1 (a) and C022_5

(b).

Fig. 3 Aerosol size distribution and size-resolved composition of the samples collected on 2017/07/11 (oil and gas). PCASP data not available for

this flight due to technical problems.
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particles in almost the whole size range. These particles have

a chemical composition consistent with black carbon from

combustion processes as well as primary or secondary organic

material. All the samples have a prominent mineral dust mode

(particles in the categories Si only, Si rich, Al–Si rich and Ca

rich) centred in between �1 and 10 mm, which constitute

between 17 and 45% of the surface area of the samples, as

shown in Table 1. In addition, there are minor contributions of

sea spray aerosol (Na rich), metal rich particles and sulphates (S

rich) in most samples. Biological aerosol particles were manu-

ally detected based on their morphology in nearly all samples.

Further description of how the biological aerosol particles were

detected is found in Sect. 3.4.† Almost all the samples were

collected within the boundary layer. The lack of variability

within the samples suggests that the aerosol particles were

relatively well mixed within the boundary layer. The only

exception is the C022_5, which was collected at about 1500m, in

the free troposphere. The chemical composition of this sample

(Fig. 4b), was very similar to the rest of the samples. However,

the particle number size distribution of this sample was smaller

than most of the other SEM analysed samples, as shown in

Fig. S5.† Unfortunately, [INP] was not measured for this sample

due to technical problems during lter collection.

In order to investigate the composition of mineral dust

sampled in the UK, we plot the ternary diagram of the chemical

composition of the dust particles collected in this study. We

also contrast this to results using the same technique for

previously reported samples of Saharan dust from Barbados.56

Note that for this analysis, dust refers to the particles in the

categories Si only, Si rich, Al–Si rich, Ca rich and metal rich.

Additionally, only Si, Al, Fe, Ca Mg and Na have been

considered, excluding other elements. The majority of the

particles in both datasets fall within a mode in the lower mid-

section of the plot (about 50% of Si, 10% of Ca + Fe + Mg and

40% of Na + Al). Furthermore, both datasets exhibit some quartz

particles (right corner of the ternary plots, corresponding to Si¼

100%). The similarities between the datasets could be due to the

fact that Saharan dust its commonly transported to North-

Western Europe.69 However, there are some differences

between the two datasets. Fig. 7 clearly shows a signicant

presence of particles containing only Ca + Fe + Mg (top corner)

in the UK samples that are not present in the samples collected

in Barbados.

Further examination of these particles show that most of

them contained only Ca (likely calcium carbonate), or Ca + S

(likely Gypsum or sulphur aged calcium carbonate) which could

have a local origin such a soil or construction.70 Another

difference between the datasets is that the UK dust particles are

less concentrated in the central bottom mode, scattering more

to other areas of the ternary plot such as the right side (corre-

sponding to no Al or Na). Comparing the differences and

similarities between the two datasets, it is likely the collected

dust is a combination of dust from local and desert sources. The

local sources of dust could include dust emitted from agricul-

tural soils. These dusts have an ice-nucleation ability which is

generally greater than desert dusts due to the presence of bio-

logical ice-nucleating material.34–36

3.3 The contribution of mineral dust to the INP population

As shown in Sect. 3.3† and Table 1, all the aerosol samples

collected in the UK during this study contained signicant

amounts of dust particles (between 2.9 and 31.0 mm2 cm�3). In

Fig. 5 Aerosol size distribution and size-resolved composition of the samples collected on 2017/07/19. The samples are C024_2 (a) and C024_3

(b).
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order to investigate if dust is contributing to the ice-nucleation

ability of our samples, we calculate the ice-nucleation density of

active sites (ns) of the mineral dust component of the samples.

This calculation assumes that all the ice-nucleation ability of

our samples is given by the dust. If this assumption is valid, the

derived ns values should be compatible with mineral dust,

whereas if the ns for our sample is higher, then some other

component must control the sample's ice-nucleating ability. We

calculate ns according to the equation:

nsðTÞ ¼
½INP�ðTÞ

s

where s is the surface areas of the dust from Table 1, calculated

using SEM-EDS. The ns values of our samples are shown

alongside ns values of other Saharan dust (Fig. 8a) and agri-

cultural soil (Fig. 8b) samples. The ns values of our samples are

larger (at the higher temperature range of their spectrum) and

have a shallower slope than most of the Saharan dust samples

(some of them scooped from the surface,12,15,71 some sampled

Fig. 6 Aerosol size distribution and size-resolved composition of the samples collected on 2017/07/20. The samples are C025_1 (a), C025_5 (b),

C025_3 (c) and C025_4 (d). Due to technical problems, less aerosol particles were analysed for the C025_4 sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2021, 1, 176–191 | 183
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from the air,72,73 including one using a similar method to the

present study55), as shown in Fig. 8a. This difference is almost 2

orders of magnitude at ��15 �C. However, at temperatures

below �20 �C, the ns values of our samples overlap with the

upper range of the desert dust data. Similarly, our samples

exhibit larger ns values than dust which contains 10% of K-

feldspar, but they are compatible at temperatures at the end

of the temperature range of our data (��25 �C). Our samples

exhibit a slightly larger activity than agricultural dusts at

temperatures above ��20 �C and a comparable below this

threshold when compared with some of the data shown in

Fig. 8b.34,35 However, it has a similar slope and it is slightly less

active than agricultural soils from another study.36

Overall, Fig. 8 shows that the upper range of the ns of desert

dust could explain the ice-nucleation ability at the colder end of

its temperature range (�20 to �25 �C). However, an additional

type of aerosol particle is responsible for ice-nucleation at

temperatures close to�20 �C and above. Given that agricultural

dust is likely one of the components of the dust in the samples,

a part of this enhancement could be due to the presence of

organic material within the soil. However, it is also likely that an

additional types of INPs within our samples is responsible for

its high ice-nucleation ability at the higher temperature range.

This additional contribution to the INP population could be

primary biological aerosol particles. Biological aerosol particles

were detected in nearly all samples by SEM (see Sect. 3.4†). It is

also worth noting that the results shown here are consistent

with the ndings of other INP measurements in the UK. In

a previous study, the [INP] of samples collected in autumn in

North England were consistent with the modelled dust [INP] at

temperatures below �20 �C, while concentrations above that

temperature were heat-sensitive (likely biogenic) and larger

than expected from the modelled desert dust.45 Hence, by

inference, we suggest that the enhanced activity of the samples

above �20 �C could be related to heat-sensitive protein-based

biogenic (primary biological particles, by-product fragments

and macromolecules) ice-nucleating material.

3.4 Estimates of primary biological aerosol particles

Biological aerosol particles are commonly found in the atmo-

sphere, particularly in places such as agricultural managed

areas like the UK.74–77 Some of these particles are known to

nucleate ice and therefore they have the potential to contribute

to the INP population.1 Primary biological aerosol particles, in

Fig. 7 Chemical composition in a heat map ternary diagram of Saharan dust particles collected in Barbados (a) compared with the dust particles

collected in the UK in this study (b). The colour scale represents the percentage of particles of each dataset that are in each region of the ternary

diagram.

Fig. 8 Ice active site densities (ns) of the samples collected in the UK assuming that only their mineral dust component is responsible for ice-

nucleation. (a) The data is compared to Saharan dust from different studies,12,15,55,71–73 as well as dust containing 10% of K-feldspar.87 (b) Our ns
values are shown in comparison with agricultural soils from different studies.34–36
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the form of supermicron cells or plant fragments, were detected

in all the SEM-EDS analysed samples.

Primary biological particles were detected by manually

scanning the SEM images looking for the distinct morphologies

of biological aerosol particles on the lters. A selection of some

of the different biological aerosol particles is shown in Fig. 9

and a set of the images of �100 particles is shown in Sect. S6.†

The majority of the identied particles are ellipsoidal (a–d, f–h,

k), and can present a smooth (h and k) or ornamented surface

(a–d) although some of them have a spheroid (e), or shell shape

(i and j). Some of them can present certain asymmetry with

respect to their major axis (f–k). Most of them seemed to be

deposited on the lter individually while some others appear in

pairs or clusters of several particles (normally attached at their

extremes). On some occasions, narrow and long particles (tens

of mm) were observed (l). Based on their morphology, the

majority of the particles detected here are consistent with

fungal spores such as conidia, ascospores or hyphal fragments,

as reported by other studies of SEM-EDS on biological

aerosols.78–80

Some of the presented particles are consistent with fungal

spores of different genuses.81 We found particles that are

consistent with fungal spores of the Cladosporium species-

complex (a–d). Spores that could belong to the Aspergillus or

Penicilinum genera (e, f, i and j) were identied. (h) Likely

belongs to the Botrytis genus. Some particles are more difficult

to classify down to the genus level but are consistent with

basidiospores (g and j) or ascospores (k). The large lamentous

particle in (l) is likely a fragment of fungal hyphae. Additionally,

we cannot rule out the possibility of bacterial aerosol in our

samples, such as (i). Overall, most of the spores we found

belong to the Cladosporium, Aspergillus and Penicillinium

Fig. 9 Different biological aerosol particles observed on top of the filters presented in this study. A selection of themost representative biological

aerosol particles has been presented. The scale corresponds to 5 mm in all the images.

© 2021 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2021, 1, 176–191 | 185
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genera, which are very commonly found near the ground,

sometimes in the soil, on plants and plant debris. Spores of the

genera Botrytis, Didymella and Mycosphaerella graminicola,

which are produced on plants, and plant debris or soil, were

also found (see Sect. S6†). The presence of these spores

demonstrates that there is a substantial source of terrestrial

aerosol particles. In Fig. 1b it is shown that apart from ight

CO22, back-trajectories of air masses were predominantly over

the sea before reaching the British Isles and so it can be

deduced that the genera sampled most likely came from ground

sources in Britain and Ireland. Flight CO22 back-trajectories

included locations over northern France, Belgium and the

Netherlands and so could have received spores from sources in

those locations.

EDS analysis was applied to some of the detected biological

aerosol particles. Our SEM-EDS approach cannot be used to

quantify the percentage of C and O in the particle, since these

elements are present in the background polycarbonate lter.63

As a consequence, we cannot fully quantify the exact chemical

composition of these biological aerosol particles. Additionally,

since the characteristic X-rays of P and the coating of the

samples (Ir) overlap, our technique is likely to miss the detec-

tion of P in the particles. Background elements (C and O) were

the dominant components in most of the detected biological

aerosol particles. However, the majority of the particles also

exhibited the presence of elements such as K, S, Ca, Cl, P or Na

(in that order of frequency). Elements such as Si, Al or Fe were

detected in some rare occasions. The observed chemical

composition is consistent with previous studies.82,83

Up to tens of particles with these morphological character-

istics were detected in all the SEM-EDS analysis we carried out

on the lters (each of the analysis covers up to 1% of the lter

surface). This allowed us to quantify a lower limit of the bio-

logical aerosol concentration per surface of the lter as well as

their atmospheric concentration. In order to determine if these

particles are potential artefacts, we performed a handling blank

experiment during a test ight in the UK in September 2017,

which is shown in Fig. 10a. In this experiment, a pair of lters

(measurement 1 and 2) were exposed to the air for a few

minutes, sampling myriads of aerosol particles. Additionally,

one handling blank was placed in the system and treated as

a normal lter but not exposed to the air. There was a signi-

cantly larger amount of biological aerosol particles in the lters

exposed to the atmosphere (measurement 1 and 2) than in the

handling blank lter (where there was less than 1 biological

particle per mm2). Fig. 10a also shows that there was a signi-

cant amount of biological particles within most of the lters

collected for this study (in between 5 and 30 particles per mm2).

In Fig. 10b, these biological particles are reported in terms of

atmospheric concentration. Almost all of our measurements of

the concentration of primary biological aerosol particles bigger

than �2 mm, with obvious biological morphological features,

are between about 5 and 100 L�1. These values are consistent

with the literature data for fungal spores over vegetated

regions.75 The only measurement within the dataset presented

here where the biological aerosol particle concentration is not

signicantly larger than the handling blank is C022_5. This

sample was collected at a higher altitude than the rest, about

1500 m and above the boundary layer. Our results indicate that

there was a signicant amount of primary biological aerosol

particles (10–100 L�1) within the Northern-West European

boundary layer during July of 2017. However, more research is

necessary in order to study if these particles are also present in

the free troposphere.

Fig. 10 Estimation of the concentrations of biological aerosol particles. (a) Biological particle concentration per unit of area in the filter. The first

3 bars correspond to the handling blank test carried out on the 27th of September of 2017. In this test, a handling blank as well as two samples

were collected (measurement 1 and 2). The number of biological aerosol particles on top of the measurements was much higher than in the

handling blank. The data in the red bar corresponds to a second analysis using a very low magnification, which underestimates the detection of

biological aerosol particles. (b) Atmospheric concentrations of biological aerosol particles of the SEM-EDS analysed filters (from C019_4 to

C025_3). The data has been presented alongside pressure altitude. Note that the data point in the bottom right side of the image (about 1500m)

corresponds to the low biological aerosol sample (C022_5).
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Our approach to quantifying the concentration of primary

biological aerosol particles will likely underestimate the real

concentrations given that some of these particles would not be

counted if they did not show any of the obvious biological

morphological features. This visual technique was only sensi-

tive to particles bigger than �2 mm. Hence, we are not sensitive

to most bacteria, which tend to be smaller and have a smooth

spherical or oval morphology, which makes it challenging to

identify them on the basis of images alone. In addition, we

cannot establish whether the biological particles that we have

belong to species that nucleate ice effectively. Our techniques

cannot be used to determine if the detected biological aerosol

particles signicantly contribute to the INP population.

However, if a fraction of �0.001 to 0.01 of the biological parti-

cles present in our samples are active as INPs at the high end of

the temperature range of the measurements (�10 to �15 �C),

they could be responsible for themeasured [INP] (�0.1 to 1 L�1).

Some studies suggest that for fungal several types of common

fungal spores, those fractions of INPs are only reached at lower

temperatures (below �20 �C).28,40,84 However, the ice-nucleation

properties of fungal material are very complex and variable,

showing remarkably high freezing temperatures in some occa-

sions.85 Additionally, other types of primary biological aerosol

particles could also exist in our samples. In conclusion, it is

unclear whether the detected primary biological aerosol parti-

cles contribute to the measured INP population. However, the

observation of these particles does demonstrate that there is

a local source (or sources) of terrestrial biological aerosol, which

may explain the enhanced ice nucleating activity of these

samples.

4 Conclusions

In July of 2017, aerosol particles were sampled on top of lters

during a set of ights carried out by the FAAM BAe-146 over the

South-East of the UK. Particles up to �20 mm were collected

using the lter inlet system on board of the aircra,63 which

allowed us to collected aerosol samples onto two different lters

in parallel. These lters were analysed using SEM-EDS and

a droplet-based assay in order to quantify the size-resolved

composition and [INP] of the aerosol sample.

The measured [INP] did not exhibit a large variability during

the course of the campaign. Additionally, the reported values

are in the upper end of other measurements in similar latitudes.

The SEM-EDS analysis suggests that all the samples had similar

morphological and chemical characteristics. Furthermore, they

were dominated by carbonaceous aerosol particles, with

a strong presence of mineral dust particles, particularly in the

coarse sizes. The surface areas of the detected dust were

between 2.9 and 31.0 mm2 cm�3 (between 17 and 45% of the

surface area of the samples). Although we cannot fully deter-

mine the origin of these dust particles, a signicant part of

them could be transported desert dust with contributions of

material from other sources, potentially local fertile soils which

are known to contain very active components.34 Primary bio-

logical particles, bigger than 2 mm and of and possessing an

obvious biological morphology, were detected in all the samples

with concentrations of 5 to 100 L�1.

Further analysis shows that the ice-nucleation ability of our

samples is consistent with mineral dust at the lower end of its

temperature spectrum (close to �25 �C). However, at tempera-

tures above �20 �C, our samples are signicantly more active

than expected from desert dust, being enhanced by almost 2

orders of magnitude at ��15 �C. A part of the measured dust is

likely to have another origin than deserts, and it could include

fertile soils, which contain biological residues and can have

a higher ice-nucleation ability than desert dust. Additionally,

since primary biological aerosol particles were detected in most

samples, there is an active source (or sources) of aerosol from

the terrestrial environment. Hence, it is likely that the

enhancement in the ice-nucleation ability at the higher end of

the temperature spectrum is produced by the presence of bio-

logical material.

Our measurements have been carried out in July and mostly

within the boundary layer. At these locations, altitudes and time

of the year, temperatures rarely reach 0 �C, hence shallow

mixed-phase clouds are very infrequent. However, they have

been conducted at different altitudes covering most of the

boundary layer. As a consequence, our results are representative

of the boundary layer and are unlikely to be affected by being

too close to ground level sources of INPs. This is particularly

relevant for the biological aerosol particle measurements,

which are usually carried out close to where these aerosol

particles are emitted. Additionally, boundary layer INPs might

play a role in the evolution of convective clouds, which

frequently occur in this region at this time of the year.4,86 Our

results suggest that biological INPs may be an important INP

type in higher temperature freezing in these convective systems.

In addition, our measurements are consistent with the existing

body of atmospheric measurements which emphasise the

importance of mineral dust and biological material as INPs at

the lower and higher end of the temperature spectrum,

respectively.
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C. Linke, et al., Ice nucleating particles in the Saharan Air

Layer, Atmos. Chem. Phys., 2016, 16(14), 9067–9087.

73 N. Reicher, L. Segev and Y. Rudich, The WeIzmann

Supercooled Droplets Observation on a Microarray

(WISDOM) and application for ambient dust, Atmos. Meas.

Tech., 2018, 11(1), 233–248.

74 P. H. Gregory, Microbiology of the atmosphere, Neth. J. Plant

Pathol., 1973, 79(6), 265.

75 V. R. Després, J. A. Huffman, S. M. Burrows, C. Hoose,

A. S. Safatov, G. Buryak, et al., Primary biological aerosol

particles in the atmosphere: a review, Tellus B, 2012, 64(1),

15598.

76 M. Nicolaisen, J. S. West, R. Sapkota, G. G. M. Canning,

C. Schoen and A. F. Justesen, Fungal Communities

Including Plant Pathogens in Near Surface Air Are Similar

across Northwestern Europe, Front. Microbiol., 2017, 8, 1729.

77 E. Banchi, C. G. Ametrano, E. Tordoni, D. Stankovic,

S. Ongaro, M. Tretiach, et al., Environmental DNA

assessment of airborne plant and fungal seasonal diversity,

Sci. Total Environ., 2020, 738, 140249.

78 K. Wittmaack, H. Wehnes, U. Heinzmann and R. Agerer, An

overview on bioaerosols viewed by scanning electron

microscopy, Sci. Total Environ., 2005, 346(1–3), 244–255.

190 | Environ. Sci.: Atmos., 2021, 1, 176–191 © 2021 The Author(s). Published by the Royal Society of Chemistry

Environmental Science: Atmospheres Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

6
 M

ar
ch

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 5

/2
5
/2

0
2
1
 1

2
:3

4
:5

9
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



79 J. A. Huffman, B. Sinha, R. M. Garland, A. Snee-Pollmann,

S. S. Gunthe, P. Artaxo, et al., Size distributions and

temporal variations of biological aerosol particles in the

Amazon rainforest characterized by microscopy and real-

time UV-APS uorescence techniques during AMAZE-08,

Atmos. Chem. Phys., 2012, 12(24), 11997–12019.

80 A. Kolpakova, J. Hovorka and M. Klán, Pollen

Characterization in Size Segregated Atmospheric Aerosol,

IOP Conf. Ser. Earth Environ. Sci., 2017, 95(6), 062001.

81 M. E. Lacey and J. S. West, The Air Spora, Springer US, 1st

edn, 2006, vol. XVI, p. 156.

82 S. Matthias-Maser and R. Jaenicke, The size distribution of

primary biological aerosol particles with radii > 0.2 mm in

an urban/rural inuenced region, Atmos. Res., 1995, 39(4),

279–286.

83 W. Li, L. Liu, L. Xu, J. Zhang, Q. Yuan, X. Ding, et al.,

Overview of primary biological aerosol particles from

a Chinese boreal forest: Insight into morphology, size, and

mixing state at microscopic scale, Sci. Total Environ., 2020,

719, 137520.

84 R. Iannone, D. I. Chernoff, A. Pringle, S. T. Martin and

A. K. Bertram, The ice nucleation ability of one of the most

abundant types of fungal spores found in the atmosphere,

Atmos. Chem. Phys., 2011, 11(3), 1191–1201.
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