
For clarity, the co-author’s comments are copied in black and our responses are offset in 

blue.  We thank the co-author for their helpful comments and recommendations which we 

address below. 

Comments to the Author: 

Authors, 

Thank you for the responses you posted to each of the referee comments and for the revised 

version. After reading comments following the second round of review, I agree with both referees 

that the edits are not yet sufficient to accept the manuscript for publication. A number of areas 

remain where clarification and revision of the text can improve the manuscript. In general, both 

suggested that responses to their comments need to be translated more specifically into a revised 

version rather than only in the response document. Additionally, in several cases I agree with the 

last round of referee comments that the results need to be more carefully placed in appropriate 

context of their applicability to understand Antarctic aerosol in general. I encourage you to read 

through both the original set of referee comments and the most recent round to make specific 

improvements to the manuscript. If there are a minority of comments that you disagree with, please 

justify those cases individually. I anticipate that the manuscript will be acceptable once the text is 

sufficiently revised. 

Regards, 

Alex Huffman 

We thank the co-editor for their helpful comments and suggestions. 

Non-public comments to the Author: 

I wanted to share more specific details in the non-public section. Referee #3 published publically 

available comments that you should be able to see. Referee #1 submitted only confidential 

comments. While s/he rated the manuscript as acceptable after technical corrections, it is clear in 

her/his comments that s/he did not consider the responses to be sufficient. For example s/he stated 

that the authors were “somewhat dismissive” of original comments, including some other colorful 

comments, and s/he strongly encouraged me to suggest that the comments in the review document 

be processed into a revised text. In particular s/he suggested that a brief discussion be included on 

the limitations of using an instrument that has no quantifiable fluorescence calibration. You and I 

obviously know that doing the experimental work to make this a reality is not trivial, and having 

done it before your field measurements is impossible now. I don’t disagree that including a few 

sentences of text on the issue is a reasonable and manageable request, however.  

We will include a discussion of a lack of an available fluorescence calibration standard at the 

time of deployment at the end of section 2.2 as requested. 

So I suggest you go back to both rounds of review by these referees and relatively carefully include 

manuscript revisions. To help you ignore certain comments that I thought were finished or 

superfluous, I went through the original comments by Referee #1, with the following brief 

responses: 



 

Point 1 

- Regarding manuscript title. I don’t disagree with their comment here that including “fluorescence” 

in the name would benefit the reader. I don’t feel strongly that the word “bioparticles” be removed 

in favor of “fluorescent,” but at least including the latter brings some clarity and benefit. 

We agree to revise the tile of the revised manuscript to: 

“Real Time Detection of Airborne Fluorescent Bioparticles in Antarctica” 

- P4L22: I’m okay with a non-response here. Confusing comment. 

- P4L30: Here is a place that including extra discussion and references could be useful. 

We will include the following at the end of P5L1 and split the remainder into a new 

paragraph: 

“PBAP of interest (e.g., pollen, bacteria & fungal spores) have been demonstrated to 

show a detectable  autofluorescent  response  with  the  WIBS  (Hernandez  et  al.,  

2016,  Savage  et  al., 2017).    Non-fluorescent  particles  will  exhibit  fluorescent  

signal  below  the  instrument fluorescence  threshold,  thus  the  fluorescent signal  

will  be  clipped  at  zero  in  the  processed data as described in Crawford et al., 

(2015), however, this information and the particle size is still recorded and used to 

define the non-fluorescent particle population.  Non-fluorescent particles are by 

default classified as non-biological by this technique.”  

- P5L16: Include some aspect of your response in the revision. 

We will include the following as a new paragraph at P5L20: 

“The  laboratory  categorisation  and classification of  bioaerosols  of  interest  is  an  

ongoing  area  of  research.  To date  there  have been two significant systematic  

laboratory characterisation studies published using a similar instrument (WIBS-4A); 

Hernandez et  al., (2016) and Savage et al., (2017).  We have also performed our 

own characterisation for the purpose of validating machine learning algorithms 

experiments (e.g., Ruske et al., 2017 & Crawford et al., 2015).  The Hernandez et al., 

(2016) study characterised the autofluorescence of 14 bacterial, 13 pollen and 29 

fungal spore samples.  The Savage et al., (2017) study characterised 3 bacterial, 5  

fungal, 14 pollen, 12 pure biofluorophore, 13 mineral dust, 6 HULIS, 3 PAH, 7 

combustion soot and smoke, 3 brown carbon and 3 miscellaneous non-biological  

particle samples. These studies showed that each particle type demonstrated a 

broad characteristic autofluorescence, size and asymmetry factor that can be used 

to interpret and classify ambient measurements, e.g., bacteria were found to 

predominantly fluoresce in channel FL1 and were generally under 2.5 µm in 

diameter.  While  these  studies  are  not  exhaustive,  the  authors  note  that  the 

fluorescent spectra observed should hold as a broad trend for each particle type.  



We use such libraries to aide interpretation of our results, along with our own 

laboratory measurements (provided in Appendix A).” 

Point 2, P4L1: Ok 

Point 3 

- First point, Ok 

- P4L22: Include response in text. 

We will revise P4L22 to the following for clarity: 

“The instrument has an inlet flow of 2.35 L min−1, the majority of which is filtered 

with a HEPA filter to remove all particles, such that the 0.23 L min−1 sample flow is 

sheathed in particle free air to constrain the aerosol into a controlled jet and to 

minimise contamination of the optics.  

- P5L3: Include in text. 

We have included the pertinent details of our response in the text we will add as a response 

to P5L16, as shown in a previous response. 

- P5L1: Ok. 

- P16L1: Include in text. 

We will include the requested text in the revised manuscript. 

Point 4: Ok 

Point 5: Ok 

 

With respect to Referee #3, respond carefully to the second round of review. Additionally: 

Point 1: Similar to comments from Referee #1, include a more thorough response to questions that 

the referee brings up here. Also include some aspect of your response into the manuscript. 

We acknowledge that we misinterpreted the referee’s request to provide details in the 

discussion to be related to the pollen characterisation experiment, and not a discussion of 

fluorescent calibration as was intended.  We apologise and will rectify this error.  We will 

include a discussion on the lack of a fluorescent calibration standard at the time of 

deployment and how this may influence the subsequent analysis in the revised manuscript. 

We will insert the following text at end of section 2.2: 

“At the time of deployment no robust fluorescence calibration method existed for 

UV-LIF spectrometers.  Since this time the first successful calibration methods for 

WIBS type instruments have become available (Robinson et al., 2017).  While the 

data presented here is uncalibrated, the instrument was routinely sent back to the 



manufacturer for servicing where no significant changes in the PMT voltages and 

gains or xenon flash lamp powers were found.  At the start of the of measurement 

period the  instrument response was checked with fluorescent doped polystyrene 

latex spheres to verify the instrument was responding sensibly, however, absolute 

comparison between calibrations is not possible due to variation in fluorescent 

intensity  between  batches  of particles and  the  degradation  of  their  doping  

material  with time.  As the unsupervised learning method employed in this study 

requires no a priori information, the lack of calibration should not impact the 

analysis as the method groups similar data points together for subsequent analysis.  

The details of this method are described in the next section.“ 

Point 3: The point that the referee raises about AF here is a good one that s/he brings up 

again in the second round. See those follow-up comments. 

In addition to our response to the second round we will also include a short discussion of 

observed AF values for mineral dusts when discussing the classification of cluster Cl1, both 

from our previous measurements from INUPIAQ during Saharan dust events and the recent 

Savage at al., (2017) characterisation experiments. 

We revise P6L22 to the following: 

“Particles in this cluster were small, Dp ~1.3 µm, with an AF value of ~11, suggesting 

near spheroidal particles.  The AF value reported here is consistent with previous 

WIBS measurements at an Alpine mountain top site during a Saharan dust event, 

where a distinct dust cluster was observed with an average AF of ~7 (Crawford et al., 

2016).  It is also consistent with several mineral dust samples which were 

systematically sampled as part of a larger fluorescence characterisation experiment 

and which displayed average AF values of 10. (Savage et al., 2017).  Additionally, this 

characterisation experiment showed the majority of PBAP samples to display AF 

values significantly greater than 10.” 

 

Point 11: This is also an important point that the referee comes back to in round 2. I would suggest 

also include text in the abstract quickly but appropriately highlighting the context through which the 

study should present Antarctic aerosol. 

We will reiterate the short, case study nature of this work in the abstract and we will also 

include the possibility or marine traffic as a source of PBAP in the abstract.  We will revise 

P1L15 to the following: 

“Likely distal sources identified by back trajectory analyses and dispersion modelling 

were the coastal ice margin zones in Halley Bay consisting of bird colonies with likely 

associated high bacterial activity together with contributions from exposed ice 

margin bacterial colonies but also long range transport from the southern coasts of 

Argentina and Chile.  Dispersion modelling also demonstrated emissions from 

shipping lanes and as such, marine anthropogenic sources cannot be ruled out.” 



We will also revise P1L20 to the following: 

“While this short pilot study is not intended to be generally representative of 

Antarctic aerosol, it demonstrates the usefulness of the UV-LIF measurement 

technique for the quantification of Antarctic airborne bioaerosol concentrations, and 

to understand their dispersion.  The potential importance for microbial colonisation 

of Antarctica is highlighted.” 

 

Additional general and typographical comments (line numbers refer to revised/tracked manuscript 

text): 

P1L10: “Clearly” seems overselling here. 

We will revise this to “likely”. 

P4, First paragraph of Section 2.2: The references to previous WIBS work seems overly self-citatory 

here. While I recognize the critical contributions your group has made, it would be useful to include 

a slightly broader perspective here. 

We will include additional references in the revised manuscript as requested. 

P4, L26: AF is not rigorously defined and only mentioned as a ‘shape factor’ which is a stretch. 

We will revise this to the following: 

“Aerosol in the sample flow is illuminated by a 635nm laser and the resultant 

scattered light is used to determine the particle size and a proxy for particle shape 

using a quadrant detector, asymmetry factor (AF) and is interpreted as follows: AF < 

10-15 is indicative of near spherical particles, AF > 20 aspherical particles, and AF > 

30 fibre or rod like particles, where laboratory characterisations using corn starch 

flour to represent irregular particles and ellipsoidal haematite particles were used  

as  an  analogue for  rod-like  bacterial  particles  to determine these thresholds 

(Kaye et  al. 2007).” 

P4, L34: Missing closing parentheses behind 420-650 nm. 

We will correct this in the revised manuscript. 

P5, L6: I don’t think you have yet defined PBAP 

We will define PBAP here. 

P5, L12: sigma is not yet defined 

We will explicitly state this as 3 standard deviations for clarity. 

P6, L15: More clearly define what you mean by “identified” here. 

We will revise this to: 



“A subset of approximately 17,000 particles were identified as exhibiting fluorescent 

intensities greater than the fluorescence threshold…” 

P6, L25: “Significantly more aspherical” This relates to the comments by Referee #3 about AF. 

We will remove “significantly”.  

P8, L2: You combined clusters 2 and 4 into an assumed “PBAP” cluster, which is fine for analysis. The 

terminology applied here implies lesser uncertainty than I think is appropriate, however. I strongly 

suggest calling this something like “PBAP cluster” etc. so that it is easy to distinguish between 

“PBAP” as directly measured and “PBAP cluster” from those particles assigned to the name after 

clustering of fluorescent particles. 

We will revise this as suggested. 

P12, L4: I agree with the authors that including this first-approximation of flux values is worthwhile 

here, but I think it is reasonable to heed the referee comments here by at least putting the 

magnitude of bounds on the uncertainty. I.e. are you talking about order of magnitude uncertainty? 

Plus/minus 20%, off by 3 order of magnitude, etc. 

We will revise the flux estimate section of the paper after revisiting referee #3’s comments 

about their applicability and purpose they serve. This was meant as cautionary tale for 

previous flux estimates using this approach.  We will include error bounds on the presented 

values using the standard deviations of the observed number concentrations. 

P14, L20: Word “proven” is a bit strong here. 

We will remove “proven” in the revised manuscript. 

P16, L1: “,based on …. comparison with … laboratory studies.” 

We will revise this as suggested. 

P16, L32: “Four typical pollens” … do you mean that they were all aerosolized together? Please 

clarify. 

The samples were all aerosolised separately.  We will revise the previous sentence to the 

following to clarify this: 

“Sample particles of interest were separately aerosolised into a large, clean HEPA 

filtered containment chamber (incorporating a recirculation fan), from which the 

WIBS-3D drew measurement samples. Dry materials were aerosolised directly from 

small quantities of powder using a filtered compressed air jet.  The sample chamber 

was cleaned with absorbent paper and sodium hypochlorite in between samples to 

minimise contamination (Ruske et al., 2017).” 

P17, Table A1: If Cl2 is likely to be pollen, what is Cl1? Please clarify 

Cluster Cl1 is unidentified but may be caused by fragmentation of the pollen samples during 

aerosolisation.  We will include this after the discussion of Cl2 in the revised manuscript. 



 

Referee #3 Report 

The authors have clarified their selection of time periods to analyze, however their responses to 

other comments by myself and other reviewers are rather minimal and unsatisfying (i.e. I don't see 

where they have amended anything in response to reviewer 2's questions about the back trajectory 

analysis).  

Additionally, now that the authors have included the number of particles observed in each cluster, I 

wonder if this might be a bit of over-analysis given the low statistics. Especially given that it seems 

like a single anthropogenic source from a ship could be responsible for quite a lot of what seemed to 

be PBAP. Even before this addition, multiple reviewers had commented about the robustness and 

applicability of these measurements and, in response, the authors have added one sentence at the 

end calling for more work in the future. In my opinion a larger and more thoughtful re-write would 

have been appropriate. 

We feel that the low counts of PBAP observed here serves to highlight the utility of the UV-

LIF technique in environments where low numbers of particles of interest may be masked by 

several orders of magnitude more of common aerosol (e.g., sea salt) when using traditional 

collection methods, such as impaction on filters.  We disagree that the other referees have 

called into question the applicability and robustness of the measurements in their 

assessment of the manuscript, however, we will revise our conclusions to include the 

possibility that the PBAP observed during wind event A may also be due to anthropogenic 

emissions from marine traffic. However, based on previous measurements of anthropogenic 

aerosol emissions this is unlikely 

We will revise P16L17 in the summary & conclusions to the following: 

“The presence of particles characteristic of pollen is evidence towards the latter 

conclusion, however, the dispersion model results also display emissions from 

regions which feature significant marine traffic, and thus anthropogenic marine 

sources for these observations cannot be ruled out.” 

During the review phase of this manuscript, the Savage et al., (2017) WIBS bioaerosol 

characterisation paper was accepted into public discussion.  As part of this paper the authors 

investigated the effect of increasing the fluorescence threshold from the forced trigger 

mean + 3 standard deviations to the mean + 9 standard deviations in an attempt to minimise 

the inclusion of non-biological particles into the fluorescent population.  They found that 

generally that all PBAP of interest would fluoresce well above this increased threshold, while 

non-biological interferents would not, effectively equating the fluorescent concentration to 

that of the true PBAP concentration.  We have briefly investigated the effect of using this 

increased threshold in our analysis; this has the effect for greatly reducing the fluorescent 

number concentration to typically less than a few per litre, with peaks of 5 to 20 L-1 during 

wind event A. The cluster analysis on this reduced input sample features 3 highly fluorescent 

clusters and 2 medium fluorescence clusters, relative to the new 9σ threshold.  It was seen 

that using the increased threshold removes the likely non-biological material, leaving only 



any significant PBAP concentrations during wind event A.  This is consistent with the results 

we present using the 3σ threshold.  The removal of weakly fluorescent non-biological 

aerosol from the clustering input improves the PBAP counting statistics to ~1000 particles 

observed during wind event A, as PBAP are not misattributed into the non-biological 

centroids as is possible in the 3σ threshold case.  

I am still uncomfortable with the flux calculation as presented though I suppose the main conclusion 

is just that the local source, if there is one, is tiny. In response to my comment the authors say that 

they show that previous methods are overly simplistic but that's not at all how I read that section of 

the paper. To me it seems like the authors take these very simplistic tools and apply them to a 

scenario where it's not clear that they apply or give useful information but present it as the best that 

can be done. 

The unconstrained, single height flux calculation presented is highly uncertain, as we state in 

the manuscript. After discussion of its scientific value, we chose to include the flux in the 

manuscript to highlight issues with this technique and raise questions about its applicability, 

since this method has been employed in frequently cited modelling studies.  Given the 

uncertainty of the method and the lack of other estimates to compare our values to, we feel 

it is best to revise the flux section to firmly state the uncertainty in the presented values and 

to advise caution in interpreting a result which may not be applicable to the circumstances 

of the measurements. The point here is that previous similar approaches have been used to 

estimate bioaerosol fluxes for model assimilation and such approaches can, as highlighted by 

the discussions, be problematic.  We revise this section to the following: 

“In the past, short term wind driven enhancements in number concentrations have 

been used to infer the existence of local surface sources, e.g., Sesartic and Dallafior 

(2011), however, deriving an aerosol flux from single height concentration 

measurements can lead to highly uncertain results, Petelski and Piskozub (2006) & 

Pryor et al., (2008).  If we assume that the majority of the larger fluorescent particles 

(clusters Cl1 and PBAP cluster) are locally re-suspended then a net flux for these 

could be estimated using the approach of Sesartic and Dallafior (2011), resulting in 

fluxes for wind event A of FCl1 = 7.2 ± 11.8, and FPBAP = 1.1 ± 2.6 m2s-1.  However such 

calculations based on these crude assumptions are very uncertain.   

Air mass back trajectory analysis and dispersion modelling (next section) reveal that 

the aerosol observed during wind event A may be from distal sources, and as such, 

the local surface source flux estimates presented are invalid in this case.  These 

values are presented to highlight the difficulty in estimating bioaerosol fluxes using 

these methods, which have previously been used in model assimilations, and they 

should not be over-interpreted given their uncertainty and may be invalid in this 

case.” 

I also think there could be much more thoughtful additions regarding the variable performance of 

the clustering algorithm and the impacts of that on the conclusions. For example, if the asymmetry 

factor cannot distinguish the "fine detail" between biological particles and dust (which should 

actually look very different from each other) then I think it is wrong to try to interpret small 



variations in that measurement as indicative of different clusters. What happens if that piece of 

information is omitted?  

In our prior response to question 3 by referee #3 we state that the quadrant detector is 

incapable of resolving fine detail.  By this we meant that it cannot detect surface 

morphology as is possible with a dual CMOS array (as in the Ruske et al., 2017 study), 

however, differentiation between spheroidal, ellipsoidal and rod like particles is possible 

which can provide a useful piece information alongside other data when interpreting cluster 

results.  Certainly in the case of clusters 1 & 3 we feel the difference in AF values is 

sufficiently large to be able to separate the two when also considering their fluorescence 

and size values, whereas the much more fluorescent clusters can clearly be distinguished 

based on their fluorescent intensities and size. 

As requested we have removed AF from the clustering to demonstrate its effect.  This tends 

to have the effect of promoting fragmentation of the clusters into subclusters based on our 

previous research into HCA algorithms, however, this detail was omitted from Crawford et 

al., (2015) for the sake of brevity.  We see in this case that the removal of AF results in 

cluster fragmentation; the previous 4 cluster solution with AF included is fragmented into 12 

clusters when AF is omitted from the clustering input, which we display visually below. 

 

Figure 1.  Cluster solutions with AF included. 

 

Figure 2. Cluster solutions with AF included. 



Here it can be seen that the original cluster 3 (Fig. 2) has been split into clusters 4 and 12 

when AF is omitted (Fig. 3) on the basis of their size; original cluster 1 has been split into 

clusters 3 and 10 for the same reason; the remaining moderately to highly fluorescent 

fragmented clusters by in large compare with original PBAP clusters 2 & 4, the fragmentation 

of which is largely depended on the choice of HCA linkage used.  Given the low numbers of 

particles assigned to each of these fragmented PBAP clusters (most contain single digit 

counts) we would still combine them into one larger overall PBAB cluster in our analysis. 

In general, though the authors have at least responded to some of the larger comments, it still feels 

like the dataset is a bit oversold and the conclusions are simply not completely convincing or 

particularly interesting. 

It was our intention to demonstrate the value of using UV-LIF spectrometers to detect very 

low counts of PBAP in a climate sensitive region, which may be missed by traditional 

methods, rather than to present the results as being generally representative of Antarctic 

bioaerosol.  We feel that this dataset shows that PBAP may be transported from South 

America, as hypothesised by Pearce et al., (2009), and is of interest to the community for 

this reason.  We accept that other sources such as marine traffic may also be the source of 

the observed PBAP and this will be clarified in the revised manuscript as detailed in an 

earlier response.  We are encouraged however that the observations have generated new 

discussions. 



For clarity, the co-author’s comments are copied in black and our responses are offset in 

blue.  We thank the co-author for their helpful comments and recommendations which we 

address below. 

Comments to the Author: 

Authors, 

Thank you for the responses you posted to each of the referee comments and for the revised 

version. After reading comments following the second round of review, I agree with both referees 

that the edits are not yet sufficient to accept the manuscript for publication. A number of areas 

remain where clarification and revision of the text can improve the manuscript. In general, both 

suggested that responses to their comments need to be translated more specifically into a revised 

version rather than only in the response document. Additionally, in several cases I agree with the 

last round of referee comments that the results need to be more carefully placed in appropriate 

context of their applicability to understand Antarctic aerosol in general. I encourage you to read 

through both the original set of referee comments and the most recent round to make specific 

improvements to the manuscript. If there are a minority of comments that you disagree with, please 

justify those cases individually. I anticipate that the manuscript will be acceptable once the text is 

sufficiently revised. 

Regards, 

Alex Huffman 

 

Non-public comments to the Author: 

I wanted to share more specific details in the non-public section. Referee #3 published publically 

available comments that you should be able to see. Referee #1 submitted only confidential 

comments. While s/he rated the manuscript as acceptable after technical corrections, it is clear in 

her/his comments that s/he did not consider the responses to be sufficient. For example s/he stated 

that the authors were “somewhat dismissive” of original comments, including some other colorful 

comments, and s/he strongly encouraged me to suggest that the comments in the review document 

be processed into a revised text. In particular s/he suggested that a brief discussion be included on 

the limitations of using an instrument that has no quantifiable fluorescence calibration. You and I 

obviously know that doing the experimental work to make this a reality is not trivial, and having 

done it before your field measurements is impossible now. I don’t disagree that including a few 

sentences of text on the issue is a reasonable and manageable request, however.  

We will include a discussion of a lack of an available fluorescence calibration standard at the 

time of deployment at the end of section 2.2 as requested. 

So I suggest you go back to both rounds of review by these referees and relatively carefully include 

manuscript revisions. To help you ignore certain comments that I thought were finished or 

superfluous, I went through the original comments by Referee #1, with the following brief 

responses: 



 

Point 1 

- Regarding manuscript title. I don’t disagree with their comment here that including “fluorescence” 

in the name would benefit the reader. I don’t feel strongly that the word “bioparticles” be removed 

in favor of “fluorescent,” but at least including the latter brings some clarity and benefit. 

We agree to revise the tile of the revised manuscript to: 

“Real Time Detection of Airborne Fluorescent Bioparticles in Antarctica” 

- P4L22: I’m okay with a non-response here. Confusing comment. 

- P4L30: Here is a place that including extra discussion and references could be useful. 

We will include the following at the end of P5L1 and split the remainder into a new 

paragraph: 

“PBAP of interest (e.g., pollen, bacteria & fungal spores) have been demonstrated to 

show a detectable  autofluorescent  response  with  the  WIBS  (Hernandez  et  al.,  

2016,  Savage  et  al., 2017).    Non-fluorescent  particles  will  exhibit  fluorescent  

signal  below  the  instrument fluorescence  threshold,  thus  the  fluorescent signal  

will  be  clipped  at  zero  in  the  processed data as described in Crawford et al., 

(2015), however, this information and the particle size is still recorded and used to 

define the non-fluorescent particle population.  Non-fluorescent particles are by 

default classified as non-biological by this technique.”  

- P5L16: Include some aspect of your response in the revision. 

We will include the following as a new paragraph at P5L20: 

“The  laboratory  categorisation  and classification of  bioaerosols  of  interest  is  an  

ongoing  area  of  research.  To date  there  have been two significant systematic  

laboratory characterisation studies published using a similar instrument (WIBS-4A); 

Hernandez et  al., (2016) and Savage et al., (2017).  We have also performed our 

own characterisation for the purpose of validating machine learning algorithms 

experiments (e.g., Ruske et al., 2017 & Crawford et al., 2015).  The Hernandez et al., 

(2016) study characterised the autofluorescence of 14 bacterial, 13 pollen and 29 

fungal spore samples.  The Savage et al., (2017) study characterised 3 bacterial, 5  

fungal, 14 pollen, 12 pure biofluorophore, 13 mineral dust, 6 HULIS, 3 PAH, 7 

combustion soot and smoke, 3 brown carbon and 3 miscellaneous non-biological  

particle samples. These studies showed that each particle type demonstrated a 

broad characteristic autofluorescence, size and asymmetry factor that can be used 

to interpret and classify ambient measurements, e.g., bacteria were found to 

predominantly fluoresce in channel FL1 and were generally under 2.5 µm in 

diameter.  While  these  studies  are  not  exhaustive,  the  authors  note  that  the 

fluorescent spectra observed should hold as a broad trend for each particle type.  



We use such libraries to aide interpretation of our results, along with our own 

laboratory measurements (provided in Appendix A).” 

Point 2, P4L1: Ok 

Point 3 

- First point, Ok 

- P4L22: Include response in text. 

We will revise P4L22 to the following for clarity: 

“The instrument has an inlet flow of 2.35 L min−1, the majority of which is filtered 

with a HEPA filter to remove all particles, such that the 0.23 L min−1 sample flow is 

sheathed in particle free air to constrain the aerosol into a controlled jet and to 

minimise contamination of the optics.  

- P5L3: Include in text. 

We have included the pertinent details of our response in the text we will add as a response 

to P5L16, as shown in a previous response. 

- P5L1: Ok. 

- P16L1: Include in text. 

We will include the requested text in the revised manuscript. 

Point 4: Ok 

Point 5: Ok 

 

With respect to Referee #3, respond carefully to the second round of review. Additionally: 

Point 1: Similar to comments from Referee #1, include a more thorough response to questions that 

the referee brings up here. Also include some aspect of your response into the manuscript. 

We acknowledge that we misinterpreted the referee’s request to provide details in the 

discussion to be related to the pollen characterisation experiment, and not a discussion of 

fluorescent calibration as was intended.  We apologise and will rectify this error.  We will 

include a discussion on the lack of a fluorescent calibration standard at the time of 

deployment and how this may influence the subsequent analysis in the revised manuscript. 

We will insert the following text at end of section 2.2: 

“At the time of deployment no robust fluorescence calibration method existed for 

UV-LIF spectrometers.  Since this time the first successful calibration methods for 

WIBS type instruments have become available (Robinson et al., 2017).  While the 

data presented here is uncalibrated, the instrument was routinely sent back to the 



manufacturer for servicing where no significant changes in the PMT voltages and 

gains or xenon flash lamp powers were found.  At the start of the of measurement 

period the  instrument response was checked with fluorescent doped polystyrene 

latex spheres to verify the instrument was responding sensibly, however, absolute 

comparison between calibrations is not possible due to variation in fluorescent 

intensity  between  batches  of particles and  the  degradation  of  their  doping  

material  with time.  As the unsupervised learning method employed in this study 

requires no a priori information, the lack of calibration should not impact the 

analysis as the method groups similar data points together for subsequent analysis.  

The details of this method are described in the next section.“ 

Point 3: The point that the referee raises about AF here is a good one that s/he brings up 

again in the second round. See those follow-up comments. 

In addition to our response to the second round we will also include a short discussion of 

observed AF values for mineral dusts when discussing the classification of cluster Cl1, both 

from our previous measurements from INUPIAQ during Saharan dust events and the recent 

Savage at al., (2017) characterisation experiments. 

We revise P6L22 to the following: 

“Particles in this cluster were small, Dp ~1.3 µm, with an AF value of ~11, suggesting 

near spheroidal particles.  The AF value reported here is consistent with previous 

WIBS measurements at an Alpine mountain top site during a Saharan dust event, 

where a distinct dust cluster was observed with an average AF of ~7 (Crawford et al., 

2016).  It is also consistent with several mineral dust samples which were 

systematically sampled as part of a larger fluorescence characterisation experiment 

and which displayed average AF values of 10. (Savage et al., 2017).  Additionally, this 

characterisation experiment showed the majority of PBAP samples to display AF 

values significantly greater than 10.” 

 

Point 11: This is also an important point that the referee comes back to in round 2. I would suggest 

also include text in the abstract quickly but appropriately highlighting the context through which the 

study should present Antarctic aerosol. 

We will reiterate the short, case study nature of this work in the abstract and we will also 

include the possibility or marine traffic as a source of PBAP in the abstract.  We will revise 

P1L15 to the following: 

“Likely distal sources identified by back trajectory analyses and dispersion modelling 

were the coastal ice margin zones in Halley Bay consisting of bird colonies with likely 

associated high bacterial activity together with contributions from exposed ice 

margin bacterial colonies but also long range transport from the southern coasts of 

Argentina and Chile.  Dispersion modelling also demonstrated emissions from 

shipping lanes and as such, marine anthropogenic sources cannot be ruled out.” 



We will also revise P1L20 to the following: 

“While this short pilot study is not intended to be generally representative of 

Antarctic aerosol, it demonstrates the usefulness of the UV-LIF measurement 

technique for the quantification of Antarctic airborne bioaerosol concentrations, and 

to understand their dispersion.  The potential importance for microbial colonisation 

of Antarctica is highlighted.” 

 

Additional general and typographical comments (line numbers refer to revised/tracked manuscript 

text): 

P1L10: “Clearly” seems overselling here. 

We will revise this to “likely”. 

P4, First paragraph of Section 2.2: The references to previous WIBS work seems overly self-citatory 

here. While I recognize the critical contributions your group has made, it would be useful to include 

a slightly broader perspective here. 

We will include additional references in the revised manuscript as requested. 

P4, L26: AF is not rigorously defined and only mentioned as a ‘shape factor’ which is a stretch. 

We will revise this to the following: 

“Aerosol in the sample flow is illuminated by a 635nm laser and the resultant 

scattered light is used to determine the particle size and a proxy for particle shape 

using a quadrant detector, asymmetry factor (AF) and is interpreted as follows: AF < 

10-15 is indicative of near spherical particles, AF > 20 aspherical particles, and AF > 

30 fibre or rod like particles, where laboratory characterisations using corn starch 

flour to represent irregular particles and ellipsoidal haematite particles were used  

as  an  analogue for  rod-like  bacterial  particles  to determine these thresholds 

(Kaye et  al. 2007).” 

P4, L34: Missing closing parentheses behind 420-650 nm. 

We will correct this in the revised manuscript. 

P5, L6: I don’t think you have yet defined PBAP 

We will define PBAP here. 

P5, L12: sigma is not yet defined 

We will explicitly state this as 3 standard deviations for clarity. 

P6, L15: More clearly define what you mean by “identified” here. 

We will revise this to: 



“A subset of approximately 17,000 particles were identified as exhibiting fluorescent 

intensities greater than the fluorescence threshold…” 

P6, L25: “Significantly more aspherical” This relates to the comments by Referee #3 about AF. 

We will remove “significantly”.  

P8, L2: You combined clusters 2 and 4 into an assumed “PBAP” cluster, which is fine for analysis. The 

terminology applied here implies lesser uncertainty than I think is appropriate, however. I strongly 

suggest calling this something like “PBAP cluster” etc. so that it is easy to distinguish between 

“PBAP” as directly measured and “PBAP cluster” from those particles assigned to the name after 

clustering of fluorescent particles. 

We will revise this as suggested. 

P12, L4: I agree with the authors that including this first-approximation of flux values is worthwhile 

here, but I think it is reasonable to heed the referee comments here by at least putting the 

magnitude of bounds on the uncertainty. I.e. are you talking about order of magnitude uncertainty? 

Plus/minus 20%, off by 3 order of magnitude, etc. 

We will revise the flux estimate section of the paper after revisiting referee #3’s comments 

about their applicability and purpose they serve. This was meant as cautionary tale for 

previous flux estimates using this approach.  We will include error bounds on the presented 

values using the standard deviations of the observed number concentrations. 

P14, L20: Word “proven” is a bit strong here. 

We will remove “proven” in the revised manuscript. 

P16, L1: “,based on …. comparison with … laboratory studies.” 

We will revise this as suggested. 

P16, L32: “Four typical pollens” … do you mean that they were all aerosolized together? Please 

clarify. 

The samples were all aerosolised separately.  We will revise the previous sentence to the 

following to clarify this: 

“Sample particles of interest were separately aerosolised into a large, clean HEPA 

filtered containment chamber (incorporating a recirculation fan), from which the 

WIBS-3D drew measurement samples. Dry materials were aerosolised directly from 

small quantities of powder using a filtered compressed air jet.  The sample chamber 

was cleaned with absorbent paper and sodium hypochlorite in between samples to 

minimise contamination (Ruske et al., 2017).” 

P17, Table A1: If Cl2 is likely to be pollen, what is Cl1? Please clarify 

Cluster Cl1 is unidentified but may be caused by fragmentation of the pollen samples during 

aerosolisation.  We will include this after the discussion of Cl2 in the revised manuscript. 



 

Referee #3 Report 

The authors have clarified their selection of time periods to analyze, however their responses to 

other comments by myself and other reviewers are rather minimal and unsatisfying (i.e. I don't see 

where they have amended anything in response to reviewer 2's questions about the back trajectory 

analysis).  

Additionally, now that the authors have included the number of particles observed in each cluster, I 

wonder if this might be a bit of over-analysis given the low statistics. Especially given that it seems 

like a single anthropogenic source from a ship could be responsible for quite a lot of what seemed to 

be PBAP. Even before this addition, multiple reviewers had commented about the robustness and 

applicability of these measurements and, in response, the authors have added one sentence at the 

end calling for more work in the future. In my opinion a larger and more thoughtful re-write would 

have been appropriate. 

We feel that the low counts of PBAP observed here serves to highlight the utility of the UV-

LIF technique in environments where low numbers of particles of interest may be masked by 

several orders of magnitude more of common aerosol (e.g., sea salt) when using traditional 

collection methods, such as impaction on filters.  We disagree that the other referees have 

called into question the applicability and robustness of the measurements in their 

assessment of the manuscript, however, we will revise our conclusions to include the 

possibility that the PBAP observed during wind event A may also be due to anthropogenic 

emissions from marine traffic. However, based on previous measurements of anthropogenic 

aerosol emissions this is unlikely 

We will revise P16L17 in the summary & conclusions to the following: 

“The presence of particles characteristic of pollen is evidence towards the latter 

conclusion, however, the dispersion model results also display emissions from 

regions which feature significant marine traffic, and thus anthropogenic marine 

sources for these observations cannot be ruled out.” 

During the review phase of this manuscript, the Savage et al., (2017) WIBS bioaerosol 

characterisation paper was accepted into public discussion.  As part of this paper the authors 

investigated the effect of increasing the fluorescence threshold from the forced trigger 

mean + 3 standard deviations to the mean + 9 standard deviations in an attempt to minimise 

the inclusion of non-biological particles into the fluorescent population.  They found that 

generally that all PBAP of interest would fluoresce well above this increased threshold, while 

non-biological interferents would not, effectively equating the fluorescent concentration to 

that of the true PBAP concentration.  We have briefly investigated the effect of using this 

increased threshold in our analysis; this has the effect for greatly reducing the fluorescent 

number concentration to typically less than a few per litre, with peaks of 5 to 20 L-1 during 

wind event A. The cluster analysis on this reduced input sample features 3 highly fluorescent 

clusters and 2 medium fluorescence clusters, relative to the new 9σ threshold.  It was seen 

that using the increased threshold removes the likely non-biological material, leaving only 



any significant PBAP concentrations during wind event A.  This is consistent with the results 

we present using the 3σ threshold.  The removal of weakly fluorescent non-biological 

aerosol from the clustering input improves the PBAP counting statistics to ~1000 particles 

observed during wind event A, as PBAP are not misattributed into the non-biological 

centroids as is possible in the 3σ threshold case.  

I am still uncomfortable with the flux calculation as presented though I suppose the main conclusion 

is just that the local source, if there is one, is tiny. In response to my comment the authors say that 

they show that previous methods are overly simplistic but that's not at all how I read that section of 

the paper. To me it seems like the authors take these very simplistic tools and apply them to a 

scenario where it's not clear that they apply or give useful information but present it as the best that 

can be done. 

The unconstrained, single height flux calculation presented is highly uncertain, as we state in 

the manuscript. After discussion of its scientific value, we chose to include the flux in the 

manuscript to highlight issues with this technique and raise questions about its applicability, 

since this method has been employed in frequently cited modelling studies.  Given the 

uncertainty of the method and the lack of other estimates to compare our values to, we feel 

it is best to revise the flux section to firmly state the uncertainty in the presented values and 

to advise caution in interpreting a result which may not be applicable to the circumstances 

of the measurements. The point here is that previous similar approaches have been used to 

estimate bioaerosol fluxes for model assimilation and such approaches can, as highlighted by 

the discussions, be problematic.  We revise this section to the following: 

“In the past, short term wind driven enhancements in number concentrations have 

been used to infer the existence of local surface sources, e.g., Sesartic and Dallafior 

(2011), however, deriving an aerosol flux from single height concentration 

measurements can lead to highly uncertain results, Petelski and Piskozub (2006) & 

Pryor et al., (2008).  If we assume that the majority of the larger fluorescent particles 

(clusters Cl1 and PBAP cluster) are locally re-suspended then a net flux for these 

could be estimated using the approach of Sesartic and Dallafior (2011), resulting in 

fluxes for wind event A of FCl1 = 7.2 ± 11.8, and FPBAP = 1.1 ± 2.6 m2s-1.  However such 

calculations based on these crude assumptions are very uncertain.   

Air mass back trajectory analysis and dispersion modelling (next section) reveal that 

the aerosol observed during wind event A may be from distal sources, and as such, 

the local surface source flux estimates presented are invalid in this case.  These 

values are presented to highlight the difficulty in estimating bioaerosol fluxes using 

these methods, which have previously been used in model assimilations, and they 

should not be over-interpreted given their uncertainty and may be invalid in this 

case.” 

I also think there could be much more thoughtful additions regarding the variable performance of 

the clustering algorithm and the impacts of that on the conclusions. For example, if the asymmetry 

factor cannot distinguish the "fine detail" between biological particles and dust (which should 

actually look very different from each other) then I think it is wrong to try to interpret small 



variations in that measurement as indicative of different clusters. What happens if that piece of 

information is omitted?  

In our prior response to question 3 by referee #3 we state that the quadrant detector is 

incapable of resolving fine detail.  By this we meant that it cannot detect surface 

morphology as is possible with a dual CMOS array (as in the Ruske et al., 2017 study), 

however, differentiation between spheroidal, ellipsoidal and rod like particles is possible 

which can provide a useful piece information alongside other data when interpreting cluster 

results.  Certainly in the case of clusters 1 & 3 we feel the difference in AF values is 

sufficiently large to be able to separate the two when also considering their fluorescence 

and size values, whereas the much more fluorescent clusters can clearly be distinguished 

based on their fluorescent intensities and size. 

As requested we have removed AF from the clustering to demonstrate its effect.  This tends 

to have the effect of promoting fragmentation of the clusters into subclusters based on our 

previous research into HCA algorithms, however, this detail was omitted from Crawford et 

al., (2015) for the sake of brevity.  We see in this case that the removal of AF results in 

cluster fragmentation; the previous 4 cluster solution with AF included is fragmented into 12 

clusters when AF is omitted from the clustering input, which we display visually below. 

 

Figure 1.  Cluster solutions with AF included. 

 

Figure 2. Cluster solutions with AF included. 



Here it can be seen that the original cluster 3 (Fig. 2) has been split into clusters 4 and 12 

when AF is omitted (Fig. 3) on the basis of their size; original cluster 1 has been split into 

clusters 3 and 10 for the same reason; the remaining moderately to highly fluorescent 

fragmented clusters by in large compare with original PBAP clusters 2 & 4, the fragmentation 

of which is largely depended on the choice of HCA linkage used.  Given the low numbers of 

particles assigned to each of these fragmented PBAP clusters (most contain single digit 

counts) we would still combine them into one larger overall PBAB cluster in our analysis. 

In general, though the authors have at least responded to some of the larger comments, it still feels 

like the dataset is a bit oversold and the conclusions are simply not completely convincing or 

particularly interesting. 

It was our intention to demonstrate the value of using UV-LIF spectrometers to detect very 

low counts of PBAP in a climate sensitive region, which may be missed by traditional 

methods, rather than to present the results as being generally representative of Antarctic 

bioaerosol.  We feel that this dataset shows that PBAP may be transported from South 

America, as hypothesised by Pearce et al., (2009), and is of interest to the community for 

this reason.  We accept that other sources such as marine traffic may also be the source of 

the observed PBAP and this will be clarified in the revised manuscript as detailed in an 

earlier response.  We are encouraged however that the observations have generated new 

discussions. 
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Abstract. We demonstrate for the first time, continuous real-time observations of airborne bio-fluorescent aerosols recorded

at the British Antarctic Survey’s Halley VI Research Station, located on the Brunt ice shelf close to the Weddell Sea coast

(Lat. 75◦34’59"S, Long. 26◦10’0"W) during Antarctic Summer, 2015. As part of the NERC MAC (Microphysics of Antarctic

Clouds) aircraft aerosol cloud interaction project, observations with a real-time Ultraviolet Light Induced Fluorescence (UV-

LIF) spectrometer were conducted to quantify airborne biological containing particle concentrations along with dust particles5

as a function of wind speed and direction over a three week period.

Significant, intermittent enhancements of both non- and bio-fluorescent particles were observed to varying degrees in very

specific wind directions and during strong wind events. Analysis of the particle UV induced emission spectra, particle sizes and

shapes recorded during these events suggest the majority of particles were likely a subset of dust with weak fluorescence emis-

sion responses. A minor fraction, however, were clearly
::::
likely

:
primary biological particles that were very strongly fluorescent,10

with a subset identified as likely being pollen based on comparison with laboratory data obtained using the same instrument.

A strong correlation of biofluorescent particles with wind speed was observed in some, but not all, periods. Interestingly

the fraction of fluorescent particles to total particle concentration also increased significantly with wind speed during these

events. The enhancement in concentrations of these particles could be interpreted as due to re-suspension from the local ice

surface but more likely due to emissions from distal sources within Antarctica as well as intercontinental transport. Likely15

distal sources identified by back trajectory analyses and dispersion modelling were the coastal ice margin zones in Halley Bay

consisting of bird colonies with likely associated high bacterial activity together with contributions from exposed ice margin

bacterial colonies but also long range transport from the southern coasts of Argentina and Chile.
:::::::::
Dispersion

:::::::::
modelling

::::
also

:::::::::::
demonstrated

::::::::
emissions

:::::
from

:::::::
shipping

:::::
lanes

::::
and

::
as

:::::
such,

::::::
marine

::::::::::::
anthropogenic

:::::::
sources

::::::
cannot

:::
be

::::
ruled

::::
out.

:
Average total

concentrations of total fluorescent aerosols were found to be 1.9 ± 2.6 L−1 over a 3 week period crossing over from November20

into December, but peak concentrations during intermittent enhancement events could be up to several 10’s L−1. The
:::::
While

:::
this

::::
short

:::::
pilot

:::::
study

::
is

:::
not

:::::::
intended

::
to

:::
be

::::::::
generally

::::::::::::
representative

::
of

::::::::
Antarctic

:::::::
aerosol,

:
it
::::::::::::
demonstrates

:::
the usefulness of the
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::::::
UV-LIF

:
measurement technique for quantification of airborne bioaerosol concentrations, and to understand their dispersionand

:
.
:::
The

:
potential importance for microbial colonisation of Antarctica is highlighted.

1 Introduction

Incursion of biological aerosols (bacteria, fungal spores and pollen) by intermittent inter-continental transport has long been

considered an important pathway for potential re-colonisation of the Antarctic biome (Pearce et al., 2016, 2009) in this climate-5

change sensitive continent. However, the airborne transport and dispersal of biological particles to or within the continent has

not been rigorously documented, except from a paleoclimatological perspective. Pearce et al. (2009) suggested that due to the

prevailing wind patterns there, it is likely that a proportion of the observed aerobiota will have originated locally. To date,

no experiments have attempted to quantify bioaerosol surface emission and deposition fluxes to verify this. Understanding the

sources of Antarctic bioaerosols and their dispersion is important for assessing future climate change impacts on the continent’s10

biodiversity. Bioaerosol sources and redistribution mechanisms are also of interest in understanding the contribution to the

possible enhancement of climate aerosol-cloud feedback processes in this pristine environment, influencing the evolution of

the ice-liquid phase in polar clouds via efficient ice nucleation (Wilson et al., 2015; DeMott et al., 1999) and subsequently

impacting radiative feedback responses, e.g. Tan et al. (2016).

1.1 Aerobiology of Antarctica15

The Antarctic continent is host to a range of active microbial communities which are discussed below. Studies in this region

of Antarctica examining the influence of inter-continental transport of biologiocal aerosols were conducted as part of short

2-week studies to catalogue airborne microbial diversity; one in the Austral summer of 2004 and a second in winter of 2005,

at the Halley V station. Air masses during these short studies had mostly traversed open sea and land ice near Dronning Maud

Land before arriving at the station, but had still spent significant time over Antarctic continental landmasses, especially during20

easterly winds (Pearce et al., 2009).

Psychrophilic bacteria have been observed in high concentrations in ice samples collected from the Weddell Sea ice edge

(Delille, 1992; Helmke and Weyland, 1995). These generally present as rod-like structures approximately 2-3 µm in length; gas

vacuole bacteria have also been observed in samples from Antarctic ice-seawater interfaces (IRGENS et al., 1996). It has been

suggested that sea-ice melting may alter bacterial availability and hence influence the flux cycle to the atmosphere although25

this may in turn be reduced by increased bacterial grazing populations (Boras et al., 2010). Individual or aggregates of wind-

borne bacteria are generally only transported relatively short distances from their source, however, aeolian dust particles are

commonly observed to act as transporters of bacteria, with the potential for their global migration (Yamaguchi et al., 2012;

Hallar et al., 2011; Prospero et al., 2005; Griffin et al., 2003). This potential has been highlighted by recent aircraft studies

(e.g., Liu et al., 2015).30

Diatoms have been observed to be lofted into the atmosphere by bubble bursting and wave breaking processes as the proposed

emission mechanism (Cipriano and Blanchard, 1981) and they have been observed in atmospheric samples above sea level
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(Harper and McKay, 2010). Diatoms have been observed to act as efficient ice nuclei (?Knopf et al., 2011; Schnell and Vali, 1976)
::::::::::::::::::::::::::::::::::::::::::::::::::::
(Wilson et al., 2015; Knopf et al., 2011; Schnell and Vali, 1976) and

elevated ice nucleus concentrations have been reported over subpolar oceanic waters during phytoplankton blooms (Bigg,

1973), suggesting they may play a significant role in modifying cloud microphysical processes at warmer temperatures and in

low aerosol concentration environments. Diatom phytoplankton communities are found in cryoconite holes on glaciers (Stanish

et al., 2013; Yallop and Anesio, 2010). The holes are formed when wind-blown debris is deposited on the surface of the glacier,5

causing the surface to melt and form a water filled depression. The debris may contain microorganisms, such as diatoms,

and organic material, allowing microbial communities to develop (Stanish et al., 2013). It has recently been demonstrated by

Musilova et al. (2016) that biological activity in cryoconite holes may lead to a significant decrease in glacier surface albedo,

resulting in enhanced melting and subsequently increasing mass loss.

Penguin guano may also provide a potentially large coastal source of bacteria for airborne redistribution; Zdanowski et al.10

(2004) identified three major phylogenetic groups (Pseudomonadaceae, Flavobacteriaceae and Micrococcaceae) of bacteria

found in bird guano at King George Island, however, little is known about the airborne concentrations and dispersion rates of

these microorganisms in this region.

Airborne fungal particles have not been investigated at Halley station to our knowledge. Seasonal airborne spores have been

monitored at Signy island, 700 km from the continental Antarctic, in the South Orkney Islands, (60◦43’S, 45◦36’W) (Marshall,15

1996). This work highlighted the possible importance of episodic inter-continental transport of spores as a potentially impor-

tant contributor to Antarctic biome re-colonisation and ecosystem diversity. The commonest spores found were Ascospores

(Cladosporium conidia) with daily mean counts ranging from 2.6 to 9.4 x 10−6 L−1. Maximum concentrations were recorded

during episodic events likely associated with air-masses from South America. Concentrations could be between 13 to 24 times

those of background levels.20

Whilst identification of some extremophile microbial populations has been carried out in Antarctica and shown to be depen-

dent on specific air mass trajectory conditions, there has been little in the way of mechanistic studies that quantify concentra-

tions, fluxes or dispersion patterns of these particles once introduced into the continental region (Pearce et al., 2016).

2 Methods

2.1 Site Description25

Aerosol sampling was conducted at the Halley Base Clean Air Sector Laboratory (CASLab) over the period 18 November to

16 December 2015. CASLab was located close to the coast on the Brunt Ice shelf, (Lat. 75◦34’59"S, Long. 26◦10’0"W), and

was approximately 1.1 km SSE of the actual Halley VI research station, approximately 30 m above sea-ice level. It is exposed

to the Weddell Sea from the north and west. Winds blow predominantly from the East to West with stronger winds commonly

causing re-suspension of dry surface material, with peak winds of ∼20 ms−1 being observed on several occasions. Average30

temperature for the sampling period was -6.8◦C, with the period from 18-23 November, however, being significantly colder

(-11.5◦C), than the remaining period average (-5.8◦C). The warmest temperature, -1.2◦C, was recorded on the 7 December and

the coldest, -19◦C, recorded on the 19 November.
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Pollution from the Halley station diesel generators rarely impacts CASLab due to it being south of the station (off the

prevailing wind direction). Furthermore, access is strictly limited to it by foot or by ski. Vehicle access for equipment supply is

particularly restricted, and occurs very infrequently (two to three times per year). Any such periods have been excluded from

the analysis presented here to minimise contamination artefacts. Due to its isolation, surrounded as it is by "low biomass" snow

and ice, most airborne biota are generally considered to have been transported many hundreds of kilometres before reaching5

the station. However, resuspension of coastal biological containing particles associated with e.g. guano related to bird colonies,

Fretwell et al. (2012), as well as from local ice surface sources must also be considered. The nearest ice-free surfaces are the

Heimefrontfjella mountain range in East Antarctica, 400 km inland of the Weddell Sea’s eastern margin in Western Dronning

Maud Land (Jacobs et al., 1996). These extend to over 2000 m above sea level inland and are characterised by very low biomass

and biodiversity with no terrestrial vegetation and virtually no birdlife.10

The CASLab consists of a stack of three standard 20 foot shipping containers mounted on a steel platform which is raised

every 2 years to compensate for snow accumulation and to maintain a constant height above the snow surface. The laboratory

is equipped with a stainless steel aerosol inlet comprising a vertical 200 mm i.d. sample stack fitted with a protective snow

cowl. Sample air is drawn through the stack by a variable flow fan so as to maintain isokinetic sampling at approximately 240

L min−1. Individual instruments are connected to the base of the stack by stainless steel sample lines and these extend well into15

the main aerosol duct. Further details of the aerosol inlet used in this study are provided in Jones et al. (2008). The effective

sampling height for the aerosol measurements in this study was approximately 8 m.

2.2 Instrumentation

Fluorescent aerosol number-size distributions were continuously measured using a Wideband Integrated Bioaerosol Spectrom-

eter (WIBS-3D; University of Hertfordshire) on a particle by particle basis. This instrument was designed to identify common20

bio-fluorophores and discriminate potentially harmful pathogenic bioaerosols from the background population. A full technical

description of earlier and later versions of the instrument can be found in Kaye et al. (2005), Foot et al. (2008) and Stanley

et al. (2011), while results from monitoring bioaerosols and analysis tools for identification of bioaerosols, mainly at remote

sites, can be found in Crawford et al. (2016, 2014), Whitehead et al. (2016), Robinson et al. (2013), O’Connor et al. (2014),

::::::::::::::::::
Gosselin et al. (2016),

:::::::::::::::::::
Whitehead et al. (2016),

::::::::::::::::::
Ziemba et al. (2016),

:::::::::::::::::
Perring et al. (2015) ,

::::::::::::::::::::::::
O’Connor et al. (2015, 2014),

:::::::::::::::::::
Robinson et al. (2013),25

Stanley et al. (2011), and Gabey et al. (2013, 2011, 2010).

::::::::::::::::::::::::::
Gabey et al. (2013, 2011, 2010).

:
The instrument has an inlet flow of 2.35 L min−1, the majority of which is filtered to

provide a clean sheath flow for
::::
with

:
a
:::::
HEPA

:::::
filter

::
to

::::::
remove

:::
all

:::::::
particles,

:::::
such

:::
that

:
the 0.23 L min−1 sample flow aerosol jet

::
is

:::::::
sheathed

::
in

::::::
particle

::::
free

:::
air

:
to
::::::::
constrain

:::
the

::::::
aerosol

::::
into

:
a
:::::::::
controlled

::
jet

::::
and

::
to

:::::::
minimise

::::::::::::
contamination

::
of

:::
the

:::::
optics. Aerosol in

the sample flow is illuminated by a 635 nm laser and the resultant scattered light is used to determine the particle size and shape30

using a quadrant detector, where the shape factor (AF) is intepreted as follows: AF < 10-15 is indicative of near spherical parti-

cles, AF > 20 aspherical particles, and AF > 30 fibre or rod like particles (Kaye et al., 2005)
:
,
:::::
where

:::::::::
laboratory

::::::::::::::
characterisations

::::
using

::::
corn

::::::
starch

::::
flour

::
to

::::::::
represent

:::::::
irregular

:::::::
particles

::::
and

:::::::::
ellipsoidal

::::::::
haematite

:::::::
particles

:::::
were

::::
used

::
as

::
an

::::::::
analogue

:::
for

:::::::
rod-like

:::::::
bacterial

:::::::
particles

::
to
:::::::::

determine
:::::
these

:::::::::
thresholds

:::::::::::::::
(Kaye et al., 2007). The scattering signal is used to sequentially trigger two
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xenon flash lamps, filtered to output light at 280 and 370 nm, to excite the sample aerosol. Any resultant autofluorescent

emissions are collected and filtered into two detection bands (300-400 nm & 420-650 nm) and measured by photomultiplier

tubes. This process takes approximately 25 µs and the instrument has a maximum detection rate of 125 particles s−1 due to

the maximum strobe rate of the flash lamps. This provides three measurements of particle autofluorescence over two excitation

wavelengths, particle size and an approximation of particle shape on a single particle basis. The autofluorescence measure-5

ments are often referred to as: FL1 (Excitation at 280 nm, Detection at 300-400 nm), FL2 (Excitation at 280 nm, Detection

at 420-650 nm), and FL3 (Excitation at 370 nm, Detection at 420-650 nm
:
). The excitation bands of 280 and 370 nm are

optimal for excitation of the more common bio-fluorophores, Tryptophan and NADH respectively. The detection wavebands,

300-400 nm and 420-650 nm, also cover the expected bio-fluorophore emission bands of a wide range of other bio-molecular

markers (Pöhlker et al., 2012).
:::::
PBAP

::
of
:::::::

interest
:::::
(e.g.,

::::::
pollen,

:::::::
bacteria

:::
&

:::::
fungal

:::::::
spores)

::::
have

:::::
been

:::::::::::
demonstrated

:::
to

:::::
show10

:
a
:::::::::
detectable

:::::::::::::
autofluorescent

:::::::
response

::::
with

:::
the

::::::
WIBS

:::::::::::::::::::::::::::::::::::::
(Savage et al., 2017; Hernandez et al., 2016).

:::::::::::::
Non-fluorescent

::::::::
particles

:::
will

::::::
exhibit

::::::::::
fluorescent

:::::
signal

:::::
below

:::
the

:::::::::
instrument

:::::::::::
fluorescence

:::::::::
threshold,

:::
thus

:::
the

::::::::::
fluorescent

:::::
signal

::::
will

::
be

:::::::
clipped

::
at

::::
zero

::
in

:::
the

::::::::
processed

::::
data

::
as

:::::::::
described

::
in

::::::::
Crawford

::
et

:::
al.,

::::::
(2015),

::::::::
however,

::::
this

::::::::::
information

:::
and

:::
the

:::::::
particle

::::
size

::
is

:::
still

::::::::
recorded

:::
and

::::
used

::
to

:::::
define

:::
the

:::::::::::::
non-fluorescent

:::::::
particle

:::::::::
population.

::::::::::::::
Non-fluorescent

:::::::
particles

:::
are

::
by

::::::
default

::::::::
classified

:::
as

::::::::::::
non-biological

::
by

:::
this

:::::::::
technique.

:
15

Whilst there have been no previous measurements of bioaerosol in the Antarctic using the UV-LIF technique, expected

bacteria, such as the common Pseudomonas spp. (Antarctica), have been shown to fluoresce strongly in these wavebands, e.g.

the laboratory studies reported by Gabey (2011) as part of the BIO-05 series of experiments where PBAP
::::::
primary

:::::::::
biological

::::::
aerosol

::::::
particle

:::::::
(PBAP)

:
samples were wet sprayed into the 3.7 m3 NAUA aerosol chamber to be characterised prior to their

injection into the 84 m3 AIDA cloud simulation chamber to assess their efficiency as atmospheric ice nuclei (Toprak and20

Schnaiter, 2013). In addition, laboratory cultures of marine bacteria and algae, that might be expected in this region, also

demonstrate tryptophan-like fluorescence (Dalterio et al., 1986; Petersen, 1989), suggesting that the technique is capable of

detecting such particles if they are present.

In the WIBS instruments in general a particle is considered to be fluorescent in a given channel (FL1-3), if a threshold

fluorescence based on the chamber background mean fluorescence plus 3 σ
:::::::
standard

::::::::
deviations

:
is exceeded. The WIBS-3D can25

detect particles with optical diameters between 0.5 to 20 µm, however, due to detector sensitivity and background fluorescence

within the optical chamber, the fluorescence of aerosol with diameters Dp < 0.8 µm cannot be accurately determined and

the counting efficiency decreases at smaller sizes (Gabey et al., 2011). As such all analysis presented here will be limited to

aerosols with diameters Dp ≥ 0.8 µm. We define a particle to be weakly fluorescent if the maximum detector signal in any

channel is marginally greater than the applied threshold , e.g., < 20; a moderately fluorescent particle is defined as displaying a30

maximum fluorescence in any channel in the range of 20-100; similarly, medium fluorescence is defined over a detector range

of 100-500 and highly fluorescent as > 500.

:::
The

:::::::::
laboratory

::::::::::::
categorisation

::::
and

:::::::::::
classification

::
of

::::::::::
bioaerosols

:::
of

::::::
interest

:::
is

::
an

::::::::
ongoing

::::
area

::
of

::::::::
research.

:::
To

::::
date

:::::
there

::::
have

::::
been

::::
two

:::::::::
significant

:::::::::
systematic

:::::::::
laboratory

::::::::::::::
characterisation

::::::
studies

:::::::::
published

:::::
using

:
a
:::::::

similar
:::::::::
instrument

:::::::::::
(WIBS-4A);

::::::::::::::::::::::
Hernandez et al. (2016) and

:::::::::::::::::
Savage et al. (2017).

:::
We

::::
have

::::
also

::::::::
performed

:::
our

::::
own

:::::::::::::
characterisation

:::
for

:::
the

:::::::
purpose

::
of

::::::::
validating35
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:::::::
machine

:::::::
learning

:::::::::
algorithms

:::::::::::
experiments

:::::::::::::::::::::::::::::::::::::::
(e.g., Ruske et al., 2017; Crawford et al., 2015).

:::
The

:::::::::::::::::::::::::
Hernandez et al. (2016) study

:::::::::::
characterised

:::
the

::::::::::::::
autofluorescence

::
of
:::

14
::::::::

bacterial,
:::

13
::::::

pollen
::::
and

:::
29

:::::
fungal

::::::
spore

:::::::
samples.

::::
The

::::::::::::::::::::::
Savage et al. (2017) study

:::::::::::
characterised

:
3
::::::::
bacterial,

::
5

::::::
fungal,

:::
14

::::::
pollen,

::
12

::::
pure

:::::::::::::
biofluorophore,

:::
13

:::::::
mineral

::::
dust,

::
6

:::::::
HULIS,

:
3
:::::
PAH,

::
7
::::::::::
combustion

::::
soot

:::
and

::::::
smoke,

::
3

:::::
brown

::::::
carbon

:::
and

::
3
::::::::::::
miscellaneous

::::::::::::
non-biological

::::::
particle

::::::::
samples.

:::::
These

::::::
studies

:::::::
showed

:::
that

::::
each

:::::::
particle

::::
type

:::::::::::
demonstrated

:
a
::::::

broad
:::::::::::
characteristic

:::::::::::::::
autofluorescence,

::::
size

:::
and

::::::::::
asymmetry

:::::
factor

::::
that

:::
can

:::
be

::::
used

:::
to

:::::::
interpret

::::
and

:::::::
classify5

::::::
ambient

:::::::::::::
measurements,

::::
e.g.,

:::::::
bacteria

::::
were

:::::
found

::
to

::::::::::::
predominantly

::::::::
fluoresce

::
in

:::::::
channel

::::
FL1

:::
and

:::::
were

:::::::
generally

::::::
under

:::
2.5 µm

::
in

::::::::
diameter.

:::::
While

:::::
these

::::::
studies

:::
are

::::
not

:::::::::
exhaustive,

:::
the

:::::::
authors

::::
note

::::
that

:::
the

:::::::::
fluorescent

:::::::
spectra

::::::::
observed

::::::
should

::::
hold

::
as

::
a

:::::
broad

::::
trend

:::
for

:::::
each

::::::
particle

:::::
type.

:::
We

:::
use

:::::
such

:::::::
libraries

::
to

::::
aide

:::::::::::
interpretation

:::
of

:::
our

::::::
results,

:::::
along

:::::
with

:::
our

::::
own

:::::::::
laboratory

:::::::::::
measurements

:::::::::
(provided

::
in

::::::::
Appendix

:::
A).

:

UV-LIF spectrometers such as the WIBS have many advantages over traditional bioaerosol sampling methods, e.g., on-line10

single particle detection & high time resolution, however, some non-biological fluorescent interferent particles can also show

weak auto-fluorescence and so can be a source of false-positives resulting in potential artefacts when interpreting biological

materials. This means there can be difficulties discriminating some classes of biological particles unambiguously. Generally the

majority of identified interferent non-biological fluorescent aerosols have fluorescence levels similar to the detection limit of

the instrument; for example polycyclic aromatic hydrocarbons (PAHs) and PAH containing soot particles of small diameter (<15

1 µm) have been demonstrated to fluoresce only weakly in FL1 (Toprak and Schnaiter, 2013; Pöhlker et al., 2012), however we

would not expect to see significant concentrations of PAHs or soot particles at this remote site outside of long range transport

events. Mineral dusts also contain a small subset of very weakly fluorescent particles due to the presence of luminescence

centers within the minerals. These are often associated with rare earth elements, but their observed fluorescent intensity is

considerably weaker than observed for primary biofluorophores, Pöhlker et al. (2012). Given the ubiquitous nature of mineral20

dusts, these weakly fluorescent dust sub-categories may present a significant, even dominant, fraction of recorded fluorescent

material, therefore, at the measurement site, particularly during long-range transport events. As such they would likely form

their own population clusters, as demonstrated in (Crawford et al., 2016).

::
At

:::
the

::::
time

::
of

::::::::::
deployment

:::
no

:::::
robust

:::::::::::
fluorescence

:::::::::
calibration

::::::
method

::::::
existed

:::
for

:::::::
UV-LIF

::::::::::::
spectrometers.

:::::
Since

::::
this

::::
time

:::
the

:::
first

:::::::::
successful

:::::::::
calibration

:::::::
methods

:::
for

::::::
WIBS

::::
type

:::::::::
instruments

:::::
have

::::::
become

::::::::
available

:::::::::::::::::::
(Robinson et al., 2017).

::::::
While

:::
the

::::
data25

::::::::
presented

::::
here

::
is

:::::::::::
uncalibrated,

:::
the

:::::::::
instrument

:::
was

::::::::
routinely

::::
sent

::::
back

:::
to

:::
the

:::::::::::
manufacturer

:::
for

::::::::
servicing

:::::
where

:::
no

:::::::::
significant

::::::
changes

:::
in

::
the

:::::
PMT

:::::::
voltages

::::
and

::::
gains

:::
or

:::::
xenon

::::
flash

:::::
lamp

::::::
powers

::::
were

::::::
found.

:::
At

:::
the

::::
start

::
of

:::
the

::
of

:::::::::::
measurement

::::::
period

:::
the

:::::::::
instrument

:::::::
response

::::
was

:::::::
checked

::::
with

::::::::::
fluorescent

:::::
doped

::::::::::
polystyrene

:::::
latex

::::::
spheres

:::
to

:::::
verify

:::
the

:::::::::
instrument

::::
was

::::::::::
responding

:::::::
sensibly,

::::::::
however,

:::::::
absolute

::::::::::
comparison

:::::::
between

::::::::::
calibrations

::
is

:::
not

:::::::
possible

::::
due

::
to

:::::::
variation

:::
in

:::::::::
fluorescent

:::::::
intensity

::::::::
between

::::::
batches

::
of

:::::::
particles

::::
and

:::
the

::::::::::
degradation

::
of

::::
their

::::::
doping

:::::::
material

::::
with

:::::
time.

:::
As

:::
the

:::::::::::
unsupervised

:::::::
learning

::::::
method

:::::::::
employed

::
in30

:::
this

:::::
study

:::::::
requires

::
no

::
a

:::::
priori

::::::::::
information,

:::
the

::::
lack

::
of

:::::::::
calibration

::::::
should

:::
not

::::::
impact

:::
the

:::::::
analysis

::
as

:::
the

:::::::
method

::::::
groups

::::::
similar

:::
data

::::::
points

:::::::
together

:::
for

:::::::::
subsequent

:::::::
analysis.

::::
The

::::::
details

::
of

:::
this

:::::::
method

:::
are

::::::::
described

::
in

:::
the

::::
next

:::::::
section.
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Cluster % of NFL FL1 (a.u.) FL2 (a.u.) FL3 (a.u.) Dp µm AF (a.u.) Class

Cl1 15.6 5.7±20.5 4.2±12.8 54.9±77.7 5.3±3.0 24.5±8.1 Unclassified

Cl2 2.1 135.8±227.4 172.1±185.1 765.6±535.9 7.7±4.0 19.9±9.2 Unclassified

Cl3 82.1 1.9±7.7 3.7±8.0 6.0±22.5 1.3±0.9 10.7±4.0 Dust

Cl4 0.2 678.4±776.8 1810.6±222.7 1831.3±318.1 8.1±5.2 18.8±7.7 Pollen

Table 1. Ward linkage cluster analysis results for the period 18 November to 6 December 2015, showing; the % contribution of the cluster

concentration to NFL; mean fluorescent intensities in channels FL1, FL2 and FL3; the average optical size, Dp (µm); the average shape

factor , (AF - see text); and particle classification, for particles in each cluster.

2.3 Data Analysis Methods

In this study we use the approach of Crawford et al. (2016, 2015) for data pre-processing and subsequent cluster analysis.

This method has successfully been used to differentiate and identify fungal spores, bacteria and mineral dust classes at remote

forests and mountain top sites (Crawford et al., 2016; Gosselin et al., 2016; Whitehead et al., 2016; Crawford et al., 2015). First

the data to be clustered were filtered to remove particles with diameters smaller than 0.8 µm and all non-fluorescent particles to5

leave only fluorescent particles. Due to the paucity of highly fluorescent partilcles we elected to retain saturating particles for

clustering to maximise the populations of particles types of interest, e.g., pollens. The fluorescence, size and asymmetry factor

single particle data were then normalised using the z-score method prior to clustering, using the Ward linkage. The optimum

cluster solution was validated using the Calinski-Harabasz criterion and then integrated time series products were generated

for each cluster at 5 minute time resolution. The method used here is described in full in Crawford et al. (2015) and has been10

compared with other cluster and machine learning techniques by Ruske et al. (2017).

3 Results

The single particle data were collected at CASLab during the period 18 November to 6 December 2015. A subset of approxi-

mately 17,000 fluorescent particles were identified
::
as

::::::::
exhibiting

:::::::::
fluorescent

:::::::::
intensities

::::::
greater

::::
than

:::
the

::::::::::
fluorescence

::::::::
threshold,

which comprised 1.9% of the total number of particles recorded by WIBS, based on particle sizes Dp ≥ 0.8 µm. The Calinski-15

Harabasz criterion returned a 4-cluster solution for the Ward linkage. A summary of the resultant cluster centroids is given in

Table 1 and their relative contributions to the total aerosol population are presented in Fig. 1.

Cluster 3 (Cl3) was found to be the most dominant based on concentration, representing ∼ 82.1% of the total fluorescent

particle population (13,949 particles). Cl3 displays weak fluorescence in all channels. This is consistent with cluster results

obtained from previous laboratory and field studies where a subset of mineral dust was identified as the contributor (Crawford20

et al., 2016; Pöhlker et al., 2012; Gabey, 2011). Particles in this cluster were small, Dp ∼ 1.3 µm, with an AF value of ∼
11, suggesting near spheroidal particles.

:::
The

::::
AF

:::::
value

:::::::
reported

::::
here

::
is

:::::::::
consistent

::::
with

:::::::
previous

::::::
WIBS

::::::::::::
measurements

::
at

:::
an

:::::
Alpine

:::::::::
mountain

:::
top

::::
site

::::::
during

:
a
:::::::

Saharan
:::::

dust
:::::
event,

::::::
where

:
a
:::::::

distinct
::::
dust

::::::
cluster

::::
was

::::::::
observed

::::
with

:::
an

:::::::
average

:::
AF

:::
of

::
∼

:
7
::::::::::::::::::::

(Crawford et al., 2016).
::
It

::
is

::::
also

:::::::::
consistent

::::
with

::::::
several

:::::::
mineral

::::
dust

:::::::
samples

::::::
which

:::::
were

::::::::::::
systematically

:::::::
sampled

:::
as

:::
part

::
of

::
a
:::::
larger

:::::::::::
fluorescence

:::::::::::::
characterisation

::::::::::
experiment

:::
and

::::::
which

::::::::
displayed

:::::::
average

:::
AF

:::::
values

:::
of

::
10

::::::::::::::::::
(Savage et al., 2017).25
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Figure 1. The relative proportions of the non-fluorescent, NNonFL, and fluorescent, NFL, aerosol populations (left); the cluster solution

concentrations, Cluster 1 (Cl1, moderately fluorescent), Cl3 (very weakly fluorescent), and PBAP (strongly fluorescent, middle); PBAP here

consists of the two clusters, Cl2 and Cl4 (right).

::::::::::
Additionally,

::::
this

:::::::::::::
characterisation

:::::::::
experiment

:::::::
showed

:::
the

:::::::
majority

::
of

::::::
PBAP

:::::::
samples

::
to

::::::
display

:::
AF

:::::
values

:::::::::::
significantly

::::::
greater

:::
than

:::
10.

:

Cluster 1 (Cl1) is the second most populous cluster, accounting for approximately 15.6% of the total fluorescent particle

concentration (2646 particles), but with a much larger average Dp of ∼ 5.3 µm, and with AF values of ∼ 25. Cl1 particles are

therefore significantly more aspherical. Cl1, interestingly, also shows a moderate fluorescence in FL3, which is significantly

different to particles seen in Cluster 3 (Cl3). Without further information it is not possible to identify the actual particles that5

this fluorescent cluster may represent. We therefore speculate that it is possibly a much larger sized, more fluorescent, sub-

population of Cl3, which is segregated from it simply owing to its larger size and asphericity, and is therefore possibly dust.

However, this cluster behaviour has not been seen in previous studies and the fluorescence levels are significantly higher than

expected. Alternatively we speculate that this cluster may either be an unidentified large and aspherical primary biological

aerosol particle (PBAP), which is UV resistant, or perhaps small UV resistant PBAP attached to a larger dust particle, as10

described by Yamaguchi et al. (2012). Also, sea salt emitted from open ocean or sea ice (Legrand et al., 2016) could carry

PBAP material since both types of region host biological activity, which is known to impact aerosol population (Burrows et al.,

2013).

The remaining clusters display significantly greater fluorescence than Cl1 and Cl3. These are more likely representative of

larger primary biological aerosols (Hernandez et al., 2016; Crawford et al., 2014; Robinson et al., 2013; Gabey et al., 2010,15

2011). Cluster 4 (Cl4, 31 particles), is highly fluorescent in all channels, particularly FL2 & FL3, with mean sizes, Dp of 8.1

µm, and with a mean AF value of 19. They are much larger and less aspherical than generally reported for bacteria containing

particles at terrestrial or coastal marine locations, e.g. Harrison et al. (2005). We have conducted a laboratory characterisation

study of a small number of bioaerosols previously (at the Defence Science and Technology Laboratory, Porton Down, see

Ruske et al. (2016) for details of the experimental arrangements) with the same instrument used in this study. A cluster analysis20

of these data revealed that a subset of pollens display very similar fluorescent spectra to those of Cl4 (See Appendix A). This is

highly suggestive that Cl4 is representative of pollen, which has been advected to the measurement site via long-range transport,

as there is virtually no plant life on the continent. Cl2 (355 particles) is also strongly fluorescent, particularly in FL3, but much

less, relatively so, in FL2 compared with Cl4. The Cl2 average Dp was 7.7 µm with an AF of 20, which is very similar to Cl4.

We speculate that they may potentially represent either bacterial aggregates or larger dust particles containing uncharacterised25

8



Figure 2. Hourly averaged time series of cluster product concentrations (Cl1, Cl2, Cl3 & Cl4 in table 1) to total fluorescent concentration

(top); Non-fluorescent,NNonFL, and fluorescent particle,NFL, concentrations (middle); dashed line indicates overall mean fluorescent value

+ 1 standard deviation; the corresponding wind direction and speed (ms−1) measured at CasLAB (bottom). Grey shaded areas highlight the

wind events identified in Table 2.

bacteria. The fluorescence spectra do not generally follow those for bacteria or fungal spores observed in previous studies

using the WIBS-3 instrument, which tend to fluoresce most strongly in FL1 (Gosselin et al., 2016; Hernandez et al., 2016;

Crawford et al., 2015, 2016). However, in laboratory experiments (using a WIBS-4A) Hernandez et al. (2016) demonstrated

that a small subset of certain large fungal spores such as the necrotrophic fungus, Botrytis, can fluoresce in all three channels.

As such, fungal spores cannot be completely ruled out. Together, these bio-fluorescent clusters contribute approximately 2.3%,5

by number, to the total fluorescent particle concentration, so hereafter will be combined into one overall cluster representative

of primary biological aerosol particles in our subsequent analyses, and named PBAP
:::::
cluster

:
(as in Fig. 1).

A time series of the fraction each cluster contributes to the total fluorescent concentration is shown in Fig. 2, along with

the corresponding, non-fluorescent, and fluorescent aerosol concentrations and wind data. The average non-fluorescent and

fluorescent concentrations over the whole measurement period were 58.8 ± 66.2 L−1 and 1.9 ± 2.6 L−1 respectively, with 3.6

± 2.9% of the total aerosol population being classified as fluorescent.

Periods of significant enhancement, described in detail below, in the fluorescent particle concentration, and clusters Cl1 and

PBAP
::::::
cluster (Cl2+Cl4), were observed to occur during specific high wind events from the north east. These wind events were

analysed to identify air mass history.5

3.1 Wind Driven Fluorescent Enhancement

Significant enhancements inNFL, and in particular the ratio of fluorescent particles to total particle concentration,NFL:NTOT ,

occurred mainly during strong NE wind events, which is the most common wind direction at Halley. However, this enhancement

was intermittent and did not always occur in these wind sectors, as shown in fig. 3. This may be interpreted in a number of

ways. It either suggests depletion of a local surface source due to wind-driven resuspension or more likely due to emission10
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Figure 3. Polar plot of the campaign average of the ratio of fluorescent (left panel) and PBAP
:::::
cluster

:
(right panel) to total aerosol concentra-

tion. Polar plots are a function of wind speed and wind direction, with concentric rings representing 5 ms−1 increments.

Wind Event Period Wind Speed (ms−1) Wind Direction (◦) NFL (L−1) NCl1 (L−1) NPBAP (L−1)

A 03:00 22/11/2015 - 12:00 24/11/2015 11.34±3.73 69.19±9.79 5.73±7.07 2.16±3.53 0.34±0.78

B 03:00 25/11/2015 - 09:00 26/11 2015 14.12±2.84 72.19±3.01 0.67±1.02 0.08±0.26 0.01±0.10

C 18:00 29/11/2015 - 22:30 02/12/2015 13.43±3.85 70.41±4.36 1.14±4.61 0.06±0.24 0.01±0.11

D 00:00 04/12/2015 - 19:00 06/12/2015 11.52±2.07 65.04±4.28 1.61±1.65 0.03±0.16 0.01±0.10

E 12:00 14/12/2015 - 12:00 15/12/2015 8.62±1.44 230.91±6.06 5.83±3.69 0.29±0.54 0.01±0.13

Table 2. Summary of highlighted fluorescent particle concentration enhancement and wind event periods, A-E, showing average wind speed,

wind direction, concentration of fluorescent particles, NFL, concentration of weakly fluorescent particle cluster, Cl1, concentrations of

strongly fluorescent particles, PBAP (Cl2+Cl4).

changes in a distal source influencing the sampled air-mass. High fluorescent aerosol concentrations were also observed during

SW wind events, however, PBAP cluster concentrations were low during these events.

In the following analysis we have defined an enhanced fluorescence particle concentration event as a period where the total

fluorescent particle concentration, NFL, is greater than 4.5 L−1 (the campaign mean + 1σ). This threshold was exceeded for

approximately 9% of the total measurement period, amounting to 59 hours. We then used periods of enhanced fluorescence,15

or lack thereof, to define events of interest featuring stable meteorological conditions which we subsequently refer to as wind

events, the rationale for each is now briefly described; wind event A is the primary event of interest and features the greatest

fluorescent and PBAP
:::::
cluster

:
concentrations, with high wind speeds from the NE; wind event B features similar meteorological

conditions to wind event A, but in contrast to wind event A displays few fluorescent particles; events C & D also feature high

wind speeds from the NE and some short fluorescent enhancement events, but low PBAP
:::::
cluster

:
concentrations; To contrast20

wind event A, wind event E was chosen to demonstrate flow from the SW and features enhanced fluorescence but low PBAP

:::::
cluster

:
concentrations. These wind events are summarised in Table 2 along with the mean wind speeds, wind direction, mean

fluorescent concentrations, NFL, the concentration of the dominant, weakly fluorescent, Cl1 cluster (unclassified) and the

concentration of the highly fluorescent (likely biological) PBAP cluster. Peak concentrations of these could however be much

higher on shorter timescales within these events which can be more readily detected and quantified by the single particle25

UV-LIF measurement technique. Whilst strong enhancements in the NE sector were common, these did not always occur,

10



Figure 4. Halley CASLab polar concentration plots of total fluorescent particle concentration, NFL (a); weakly fluorescent dust cluster

concentration, Ncl1 (b); and primary biological particle (or biological containing) particle concentration, NPBAP (c), during wind event A.

Polar plots are a function of wind speed and wind direction, with concentric rings representing 5 ms−1 increments. In each case a strong

"hot spot" or possible local "source" might be inferred to the ENE at wind speeds > 10 ms−1, with lesser hot spots seen in the WSW for

NFL.

hence integrating across all these events for the NE sector can mask the intermittent behaviour seen and the changing relative

contributions by the different particle types, e.g., the period 03:00 25/11 - 09:00 26/11 (wind event B) features high wind

speeds from the same sector but little to no enhancement is observed suggesting no local sources. Any small changes are likely

dominated by distal source variation. Similarly the period 18:00 29/11 - 22:30 02/12 (wind event C) features extended, high

wind speeds from the NE sector, but only 2 short periods of fluorescent particle enhancement were observed. Wind event D5

(00:00 04/12 - 19:00 06/12) also only shows some minor enhancement. Another period of significant sustained fluorescent

particle enhancement is observed between 12:00 14/12 - 12:00 15/12 during a moderately strong wind event, but this time from

the west (wind event E). Interestingly the fluorescent characteristics of the particles from this sector were significantly different

to wind event A, featuring much lower concentrations of Cl1 and PBAP
:::::
cluster.

The relationship of NFL, NCl1, and NPBAP to wind speed was examined for wind event A, and the results are shown in10

Fig. 4. The concentrations of Cl1 and PBAP
::::::
cluster (panels b and c) generally increase with increasing wind speed with a more

isolated "hot-spot" for NFL at wind speeds of 12-14 m s−1. The highest concentrations of fluorescent aerosol, Cl1 and PBAP

clusters occur at wind speeds above 10 m s−1 and this persists up to 20 m s−1. Weaker enhancements between 5-10 m s−1 can

be seen in the SW sector in Fig. 4a.

The wind speed dependence for the enhancement during wind event A can be seen more clearly in Fig. 5, where the relation-15

ship with wind speed is shown for NFL, NCl1, NFL:NTOT (the ratio of NFL to the total particle concentration NTOT ) and

NPBAP . Interestingly NFL, and in particular the ratio of NFL:NTOT , all start to show enhancement as wind speeds increase

above a threshold of 4-6 m s−1. This might be interpreted as consistent with surface wind driven re-suspension mechanisms,

previously seen in many studies, and therefore suggestive of contributions from more localised ice surface sources for these

particles, as discussed above. This could be the case particularly for the larger particles in Cl1, Cl2 and Cl4. However, this

11



Figure 5. Fluorescent particle concentrations as a function of wind speed for the period 22/11/2015 - 25/11/2015 for: (a) Total fluorescent

particles, NFL; (b) Moderately fluorescent particles, NCl1; (c) Ratio of total fluorescent particles to total particle concentration NFL:NTOT

and (d) NPBAP (NCl2+NCl4)

may be fortuitous and the reduction in concentration above 14 m s−1, for NFL and NCl1, should be noted and may be caused

by the reduction in inlet transmission efficiency at higher wind speeds. This could suggest a more distal source, supported by

the observation that the fluorescence contribution from one of the clusters (Cl4) is likely pollen. This reduction is less obvious5

for the NFL:NTOT ratio, Fig. 5(c), which is dominated by the much smaller Cl3 particles. The relationship with wind speed

for NPBAP is less clear due to their low concentrations. There is, however, a clear increase in concentration of the larger

fluorescent particles in wind event A, for both Cl1 and PBAP clusters. This can be seen in Fig. 6, which compares the cam-

paign averaged particle size distributions for the various clusters for the whole experimental period to the average distributions

recorded in each of the wind events, listed in Table 2. Wind event periods A and C show the largest range in the PBAP
::::::
cluster10

size distrubutions, whilst events B (Easterly) and E, (Westerly), showed the smallest. However event E did show significant

enhancement in Cl1 and Cl3 concentrations compared to events B, C and D from the Easterly wind sectors. This might suggest

a larger source of Cl3 in both sectors but a limited, associated source of PBAP.

3.2 Flux Estimates

Deriving
:
In

:::
the

:::::
past,

::::
short

::::
term

:::::
wind

:::::
driven

::::::::::::
enhancements

::
in
:::::::
number

::::::::::::
concentrations

:::::
have

::::
been

::::
used

::
to

:::::
infer

:::
the

::::::::
existence

::
of15

::::
local

::::::
surface

:::::::
sources,

::::
e.g.,

:::::::::::::::::::::::::
Sesartic and Dallafior (2011),

::::::::
however,

:::::::
deriving

:
an aerosol flux from single height concentration

measurements , other than by eddy covariance (requiring instruments with appropriate sample volumes and response times), can

lead to highly uncertain results , Petelski and Piskozub (2006), Pryor et al. (2008). If however
:::::::::::::::::::::::::::::::::::::::
(Pryor et al., 2008; Petelski and Piskozub, 2006).

:
If
:
we assume that the majority of the larger moderate and highly fluorescent particles , represented by

::::::::
fluorescent

::::::::
particles

:
(clusters Cl1 and PBAP ,

::::::
cluster) are locally re-suspended from the ice surface then a net flux for these clusters could be esti-20
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Figure 6. Particle size distributions comparing the campaign averaged data (top left panel) with those observed during wind event periods A,

B, C, D & E (see Table 2). Black - non-fluorescent particles (NonFl), Red - Total fluorescent particles, Fl; Blue - Cluster 1, (weakly fluorescent

particles), Cl1; Green - Cluster 3 very weakly fluorescent particles, Cl3; and Brown - Highly fluorescent particles, PBAP (Cl2+Cl4).

mated assuming steady state conditions (i.e. constant flux layer and deposition and emission fluxes balance at the measurement

height). In this case the general resuspension flux approach could be adopted, e.g. Sesartic and Dallafior (2011), where a

particle number flux, F, can be approximated by:

where N is the particle concentration, ∆z and ∆t are the equilibrium measurement heights and vertical dispersion timescales

respectively (for details concerning estimation of ∆t, see Sesartic and Dallafior, 2011). This would result in number fluxes25

within event A for Cl1 and PBAP
::::
using

:::
the

::::::::
approach

::
of

::::::::::::::::::::::::
Sesartic and Dallafior (2011),

::::::::
resulting

::
in

:::::
fluxes

:::
for

:::::
wind

:::::
event

::
A of

FCl1 ∼ 7.2
::
±

::::
11.8, and FPBAP ∼ 1.1

::
±

:::
2.6 m−2 s−1respectively. However , without upwind measurements to fully constrain

this approach
:
.
::::::::
However such calculations based on these crude assumptions are very uncertain. There are unfortunately no

direct measurements of net bioaerosol fluxes from ice surfaces to compare our study with. Sesartic and Dallafior (2011) used

this simple approach to estimate typical number fluxes (for fungal spores only) , from Arctic tundra (based on measurements30

by ?, 1953), of 8 ± 7 . Given the low potential for fungal spores contributing to PBAP in this region, Marshall (1996), and the

general uncertainty with this approach, the lower values presented here for such aerobiota emissions are at least consistent with

the few results published

:::
Air

::::
mass

::::
back

::::::::
trajectory

:::::::
analysis

::::
and

::::::::
dispersion

:::::::::
modelling

:::::
(next

::::::
section)

::::::
reveal

:::
that

:::
the

::::::
aerosol

::::::::
observed

::::::
during

::::
wind

:::::
event

:
A
:::::

may
::
be

:::::
from

:::::
distal

:::::::
sources,

:::
and

:::
as

:::::
such,

:::
the

::::
local

:::::::
surface

:::::
source

::::
flux

::::::::
estimates

:::::::::
presented

:::
are

::::::
invalid

::
in

::::
this

::::
case.

::::::
These

:::::
values

:::
are

::::::::
presented

::
to

::::::::
highlight

:::
the

:::::::
difficulty

::
in
:::::::::
estimating

:::::::::
bioaerosol

:::::
fluxes

:::::
using

::::
these

::::::::
methods,

::::::
which

::::
have

:::::::::
previously

::::
been

::::
used

::
in

:::::
model

::::::::::::
assimilations,

:::
and

::::
they

::::::
should

:::
not

::
be

::::::::::::::
over-interpreted

::::
given

:::::
their

:::::::::
uncertainty

:::
and

::::
may

:::
be

::::::
invalid

::
in

:::
this

::::
case.
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Figure 7. Percentage of time spent by an air mass back trajectory, arriving at CASLab, during wind events A-E, as a function of transport

time, over different land classes; C: Continental (Yellow: land-coastal ice); OW: Open Water (Green: sea ice fraction < 5%); SI: Sea Ice

(Blue: sea ice fraction >5%). LOW shows the proportion of air masses in the history that were < 500 m altitude, (dashed red line).

3.3 Air Mass Trajectory Analysis

Three-day back trajectory analyses were used for possible source attribution. This used the NOAA HYSPLIT tool, Stein et al.5

(2015), with 6-hourly averaged re-analysis meteorological data archived at the National Centers for Environmental Prediction-

National Center for Atmospheric Research (NCEP- NCAR), with a 2.5◦x 2.5◦ spatial resolution.

Fig. 7 summarises the fraction of time spent over different land classes for the back trajectories to CASLab for each period

for the prior 12-120 hours. The land class was specified as being one of three types: Continental (C: land-coastal ice); Open

Water (OW: where the sea ice fraction was < 5%); and Sea Ice (SI: where the sea ice fraction was >5%). The fraction of time10

spent by the air masses below 500 m altitude is also shown. The periods where the highest concentrations of PBAP
::::::
cluster

occured correspond to those with the largest continental influence within the previous 48 hours. Periods B & E are dominated

mainly by sea ice trajectories and show either much lower concentration of PBAP
:::::
cluster

:
or, in the case of period E, fluorescent

particles that exhibited rather different UV-LIF responses.

The UK Met Office Numerical Atmospheric-dispersion Modelling Environment (NAME) model, (Jones et al., 2007) was15

used to identify particle trajectories during key wind events. This inverse Gaussian plume model approach permits charac-

terisation of emission footprints of air or receptor footprints or tropospheric volumetric flow (in a forward analysis). This

provides a probablistic interpretation of where the sources of sampled bioaerosol are likely located and how far the particles

have travelled. NAME model 5-day back trajectories for periods of interest are shown in Fig. 8.

The top left panel shows particle trajectories that are typical of the period just prior to wind event A, where the majority

of particles have passed along the North Dronning Maud Land coastal ice-margin zone and over Neumayer station, prior to

arriving at the CASLab via Easterly winds. This behaviour is common for continental circulation patterns here at this time of
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year. These trajectories pass North and East along the coast via the Lazarev Sea and Lutzow-Holm Bay and eventually from a

source also to the South via the Prince Charles Mountains and Mac Robertson Land in East Antarctica.5

Wind event A (top right) features the same sources as the prior period, but also displays a second cluster of trajectories from

over the northern Weddell Sea, the tip of the Antarctic peninsula, South Shetland Islands and South Orkney Islands, having

previously mainly traversed the southern coasts of Argentina and Chile via the Drake passage. Particles consistent with pollen

were predominantly observed during this event, suggesting that they have been transported from the coast of South America.

This result is consistent with the hypothesis by Pearce et al. (2009), that a significant part of the observed aerobiota may have10

an external continental source. One conclusion therefore is that the wind driven enhancement of fluorescent aerosols may be

due to a combination of resuspension from surface sources, both locally and more distant e.g. likely from along the NE coastal

zone, and also from long range transport.

The modelled emissions from wind event B are shown in the middle left panel of Fig. 8 where it can be seen that the majority

of particles have originated from within the vicinity of Halley VI station, over the Antarctic peninsula and the Weddell Sea.15

Notably there are no contributions from eastern continental Antarctica and virtually none from the South American coast. This

result is consistent with the HYSPLIT back trajectories, which display a high sea ice land class fraction for wind event B.

Emissions from wind event E (bottom right) show no contibutions from the Weddell sea or Peninsula, but show the majority of

particles are local in origin. Coastal eastern Antarctica provides a more distal contribution.

Air mass and particle dispersion analysis has revealed that key periods of interest feature significantly different air mass20

histories and particle origins. The observation that pollen coincides with particles from the coast of South America reaching

the measurement site suggests that long range transport of PBAP may be a significant source of PBAP for the continent, as

pollen is otherwise absent during emission events within the Antarctic Circle. Additionally, all wind events except event E

display surface emissions from areas of marine traffic to and from the tip of the Antartic Penninsula, thus marine traffic may

present a potential minor emission source.25

4 Summary and Conclusions

We have shown the first results of airborne bio-fluorescent aerosol concentrations recorded by a real-time single particle UV-

LIF spectrometer (WIBS) collected in Antarctica. Measurements were collected between 18 November to 6 December 2015 at

the Halley Station Clean Air Sector Laboratory (CasLab) near the Halley VI station. Fluorescent particles comprised 1.9% on

average of the total aerosol population for particle sizes in the range 0.8<Dp<20 µm, with peak concentrations of up to 65 L−130

observed. We adopted a proven cluster analysis approach to identify and discriminate between different UV-LIF fluorescent

aerosol types specific to the instrument used. The resulting cluster concentrations were then analysed with respect to the local

meteorological conditions of wind speed and direction and then with respect to air mass histories using HYSPLIT and NAME

back trajectory analyses to identify probable sources of these particles.

Fluorescent particle concentration enhancements were observed in NE winds and a strong wind speed dependency for some

fluorescent particle clusters was observed. The relationship was less strong for particle clusters that were representative of

15



Figure 8. 5-day back trajectory analysis using the NAME particle dispersion model, with surface emissions for; one day prior to wind event

A (top left); wind event A (top right); wind event B (middle left); wind event C (middle right); wind event D (bottom left); and wind event E

(bottom right), for altitudes < 100 m. X marks the location of the Halley VI station.
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PBAP due to their much lower concentrations (2.3% of the fluorescent particle population) with one cluster being identified as

pollen, and the other as yet unidentified.5

A particularly striking feature in the data was the strong wind speed dependence found for the total fluorescent particle

fraction. 97.7% of this fraction was dominated by two weakly fluorescent populations, Cl3 and Cl1, in decreasing relative

concentrations, with mean sizes for Cl3 of 1.3 ± 0.9 µm and for Cl1, 5.3 ± 3.0 µm. The range of sizes for these very weakly

fluorescent clusters suggests they may be small, naturally fluorescent dust particles, as the fluorescence spectra were consis-

tent with previous studies of long-range transported dust plumes, Crawford et al. (2016). The Cl1 cluster showed the largest10

asphericity factor which also supports this.

The highly fluorescent particles represented by Cl2 and Cl4 are likely biological, based on
::::::::::
comparison

::::
with laboratory stud-

ies. Specific identification remains tentative, however in case of Cl4 (the smallest contributor to fluorescent particle number

concentration), we can suggest this was a pollen class (see appendix A). Cluster 2, however, remains unknown and has not

been observed previously, either in laboratory studies or in ambient air experiments. We speculate that this population may rep-15

resent moderately fluorescent primary biological particles (e.g. UV resistant or particles with low metabolic activity), bacterial

aggregates or possibly biological particles such as bacteria associated with larger dust particles during long range transport,

given the relatively large size and asphericity factor of this cluster. While there are numerous sources of bacteria in the region

(see section 1.1), no bacterial cluster signatures were observed, based on the laboratory samples currently available. This sug-

gests that airborne concentraction of these bacteria are either well below the detection limit of the instrument or that they have20

significantly different autofluorescence signatures to the laboratory samples.

These different observations are likely the net result of the different air-mass sources identified. Whilst local resuspension

fluxes can be estimated and were found to be consistent with modelling estimates based on filter sample collections in the

Arctic (Sesartic and Dallafior, 2011), these are highly uncertain due to the methodology adopted in such studies for such

environments.25

The wind speed enhancements might suggest that a significant source of these fluorescent particles possibly exists on or in

the local ice surface in the region ENE of the CASLab site, but are more likely to have been transported from distal sources,

e.g., the South American continent, and the dispersion model supports this as the more likely scenario. The presence of particles

characteristic of pollen is evidence towards the latter conclusion
:
,
:::::::
however,

:::
the

:::::::::
dispersion

::::::
model

:::::
results

::::
also

::::::
display

:::::::::
emissions

::::
from

::::::
regions

::::::
which

::::::
feature

:::::::::
significant

::::::
marine

:::::
traffic,

::::
and

::::
thus

::::::::::::
anthropogenic

::::::
marine

::::::
sources

:::
for

:::::
these

::::::::::
observations

::::::
cannot

:::
be5

::::
ruled

:::
out. Only a more detailed and robust micrometeorological flux closure approach coupled with multiple site measurements

within the key source footprint regions can confirm this.

The real-time, single particle UV-LIF technique used in this case study has been demonstrated as a useful method for detect-

ing aerobiota in the low concentration Antarctic environment. The continual improvement in detection capacity and sensitivity

of UV-LIF instruments could eventually provide useful information as part of a long term monitoring strategy for understand-10

ing the biodiversity changes in these remote ice dependent refugia. We suggest that further long term studies with supporting

offline measurements are needed to build up a climatology of bioaerosol events to better understand bioaerosol concentrations
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and long range transport in the general case.

Appendix A: Laboratory Characterisation of Fluorescent Particles15

Cluster % of NFL FL1 (a.u.) FL2 (a.u.) FL3 (a.u.) Dp µm AF (a.u.)

Cl1 31.7 10.8±65 157.1±212 315.2±341.2 3.4±2.3 21.2±9.6

Cl2 68.3 322.3±417.1 1741.8±350.8 1830.4±273.6 11.8±3.2 15.4±7.4

Cl4 (ambient) - 678.4±776.8 1810.6±222.7 1831.3±318.1 8.1±5.2 18.8±7.7
Table A1. Ward linkage cluster analysis results for pollen laboratory samples, showing; the % contribution of the cluster concentration to

NFL; mean fluorescent intensities in channels FL1, FL2 and FL3; the average optical size, Dp (µm); and the average shape factor (arb.

units), for particles in each cluster. Ambient cluster Cl4 from table 1 shown for comparison.

A small selection of bioaerosols and fluorescent material were sampled with the WIBS-3D in a series of laboratory char-

acterisations at the Defence Science and Technology Laboratory Porton Down facility prior to its deployment in Antarctica.

Particles of interest were
::::::::
separately

:
aerosolised into a large, clean HEPA filtered containment chamber (incorporating a re-

circulation fan), from which the WIBS-3D drew measurement samples. Dry materials were aerosolised directly from small

quantities of powder using a filtered compressed air jet.
::::
The

::::::
sample

::::::::
chamber

:::
was

:::::::
cleaned

::::
with

:::::::::
absorbent

:::::
paper

:::
and

:::::::
sodium20

::::::::::
hypochlorite

::
in

:::::::
between

:::::::
samples

::
to
::::::::
minimise

::::::::::::
contamination

:
(Ruske et al., 2017). Four typical pollens (birch, paper mulberry,

ragweed and rye grass) were selected from the sample set and clustered using the HCA method described in section 2.3.
:::
The

::::::
pollens

:::::::
selected

:::
are

:::::::
common

::::::::
allergens

::
in

:::
the

::::
UK

:::
are

::::::
readily

::::::::
available

::::
from

::::::::::
commercial

::::::::
suppliers.

:
This yielded a two cluster

solution, as described in table A1. The major cluster, Cl2, accounts for ∼70% of the fluorescent material, suggesting that this

cluster is generally representative of the sampled pollens. This cluster features mean fluorescent intensities, size and shape

factors which are very similar to that of ambient cluster 4 observed at Halley (see table 1), with high fluorescent intensities

observed in FL2 and FL3 and mean particle sizes of approximately 10 µm. This is highly suggestive that ambient cluster Cl4 is

representative of pollen.
:::::
Cluster

::::
Cl1

:
is
:::::
most

:::::
likely

::
the

:::::
result

::
of

::::::::
sampling

::::::
pollen

:::::
which

:::
has

::::
been

::::::::::
fragmented

:::::
during

:::::::::::
aersolisation5

:::::::::::::::::::::
(e.g., Savage et al., 2017).

Author contributions. I. Crawford wrote the paper and performed analysis; M.W. Gallagher and T.W. Choularton were project managers

and contributed towards data interpretation; K.N. Bower and M.J. Flynn conducted the field experiment; S. Ruske contributed towards data

analysis; C. Listowski and N. Brough provided CASLab meteorological data and field support; Z. Flemming provided the NAME analysis;

V.E. Foot provided supporting laboratory data; W.R. Stanley provided WIBS data support.10

18



Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. We would like to thank the University of Manchester and British Antarctic Survey teams conducting the "Microphysics

of Antarctic Clouds" project , Dr. Tom Lachlan-Cope and Prof. Tom Choularton, supported by NERC grant NE/K0142X/1, for kindly

including the WIBS measurements as part of their experiment. We would also like to thank the Dstl team for loan of the WIBS instrument

and for access to their laboratory databases to support the UV-LIF aerosol interpretation. We thank Prof. Paul Kaye for his continued support15

of the WIBS. We would finally like to thank the BAS team at Halley VI for all their support. The authors gratefully acknowledge use of the

NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT transport and dispersion model used in this publication. S. Ruske

is in receipt of a NERC DTP studentship.

19



References

Bigg, E. K.: Ice Nucleus Concentrations in Remote Areas, Journal of the Atmospheric Sciences, 30, 1153–1157, doi:10.1175/1520-20

0469(1973)030<1153:INCIRA>2.0.CO;2, , 1973.

Boras, J. A., Sala, M. M., Arrieta, J. M., Sà, E. L., Felipe, J., Agustí, S., Duarte, C. M., and Vaqué, D.: Effect of ice melting on bacterial

carbon fluxes channelled by viruses and protists in the Arctic Ocean, Polar Biology, 33, 1695–1707, doi:10.1007/s00300-010-0798-8,

http://link.springer.com/10.1007/s00300-010-0798-8, 2010.

Burrows, S. M., Hoose, C., Pöschl, U., and Lawrence, M. G.: Ice nuclei in marine air: biogenic particles or dust?, Atmospheric Chemistry25

and Physics, 13, 245–267, doi:10.5194/acp-13-245-2013, http://www.atmos-chem-phys.net/13/245/2013/, 2013.

Cipriano, R. J. and Blanchard, D. C.: Bubble and aerosol spectra produced by a laboratory ‘breaking wave’, Journal of Geophysical Research,

86, 8085, doi:10.1029/JC086iC09p08085, http://doi.wiley.com/10.1029/JC086iC09p08085, 1981.

Crawford, I., Robinson, N. H., Flynn, M. J., Foot, V. E., Gallagher, M. W., Huffman, J. A., Stanley, W. R., and Kaye, P. H.: Characterisation

of bioaerosol emissions from a Colorado pine forest: results from the BEACHON-RoMBAS experiment, Atmospheric Chemistry and30

Physics, 14, 8559–8578, doi:10.5194/acp-14-8559-2014, http://www.atmos-chem-phys.net/14/8559/2014/, 2014.

Crawford, I., Ruske, S., Topping, D. O., and Gallagher, M. W.: Evaluation of hierarchical agglomerative cluster analysis methods for discrim-

ination of primary biological aerosol, Atmospheric Measurement Techniques Discussions, 8, 7303–7333, doi:10.5194/amtd-8-7303-2015,

http://www.atmos-meas-tech-discuss.net/8/7303/2015/, 2015.

Crawford, I., Lloyd, G., Herrmann, E., Hoyle, C. R., Bower, K. N., Connolly, P. J., Flynn, M. J., Kaye, P. H., Choularton, T. W., and Gal-35

lagher, M. W.: Observations of fluorescent aerosol&ndash;cloud interactions in the free troposphere at the High-Altitude Research Station

Jungfraujoch, Atmospheric Chemistry and Physics, 16, 2273–2284, doi:10.5194/acp-16-2273-2016, http://www.atmos-chem-phys.net/

16/2273/2016/, 2016.

Dalterio, R. A., Nelson, W. H., Britt, D., Sperry, J., Psaras, D., Tanguay, J. F., and Suib, S. L.: Steady-State and Decay Characteristics of

Protein Tryptophan Fluorescence from Bacteria, Applied Spectroscopy, 40, 86–90, doi:10.1366/0003702864815439, http://asp.sagepub.5

com/lookup/doi/10.1366/0003702864815439, 1986.

Delille, D.: Marine bacterioplankton at the Weddell Sea ice edge, distribution of psychrophilic and psychrotrophic populations, Polar Biology,

12, doi:10.1007/BF00238261, http://link.springer.com/10.1007/BF00238261, 1992.

DeMott, P., Chen, Y., Kreidenweis, S., Rogers, D., and Sherman, D.: Ice formation by black carbon particles, Journal of geophysical research

letters, 26, 2429–2432, 1999.10

Foot, V. E., Kaye, P. H., Stanley, W. R., Barrington, S. J., Gallagher, M., and Gabey, A.: Low-cost real-time multiparameter bio-

aerosol sensors, Optically Based Biological and Chemical Detection for Defence, pp. 71 160I–71 160I–12, doi:10.1117/12.800226,

http://spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.800226, 2008.

Fretwell, P. T., LaRue, M. A., Morin, P., Kooyman, G. L., Wienecke, B., Ratcliffe, N., Fox, A. J., Fleming, A. H., Porter, C., and Trathan,

P. N.: An Emperor Penguin Population Estimate: The First Global, Synoptic Survey of a Species from Space, PLoS ONE, 7, e33 751,15

doi:10.1371/journal.pone.0033751, http://dx.plos.org/10.1371/journal.pone.0033751, 2012.

Gabey, A. M.: Laboratory and field characterisation of fluorescent and primary biological aerosol particles, Ph.D. thesis, University of

Manchester, 2011.

20

http://dx.doi.org/10.1175/1520-0469(1973)030%3C1153:INCIRA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1973)030%3C1153:INCIRA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1973)030%3C1153:INCIRA%3E2.0.CO;2
http://dx.doi.org/10.1007/s00300-010-0798-8
http://link.springer.com/10.1007/s00300-010-0798-8
http://dx.doi.org/10.5194/acp-13-245-2013
http://www.atmos-chem-phys.net/13/245/2013/
http://dx.doi.org/10.1029/JC086iC09p08085
http://doi.wiley.com/10.1029/JC086iC09p08085
http://dx.doi.org/10.5194/acp-14-8559-2014
http://www.atmos-chem-phys.net/14/8559/2014/
http://dx.doi.org/10.5194/amtd-8-7303-2015
http://www.atmos-meas-tech-discuss.net/8/7303/2015/
http://dx.doi.org/10.5194/acp-16-2273-2016
http://www.atmos-chem-phys.net/16/2273/2016/
http://www.atmos-chem-phys.net/16/2273/2016/
http://www.atmos-chem-phys.net/16/2273/2016/
http://dx.doi.org/10.1366/0003702864815439
http://asp.sagepub.com/lookup/doi/10.1366/0003702864815439
http://asp.sagepub.com/lookup/doi/10.1366/0003702864815439
http://asp.sagepub.com/lookup/doi/10.1366/0003702864815439
http://dx.doi.org/10.1007/BF00238261
http://link.springer.com/10.1007/BF00238261
http://dx.doi.org/10.1117/12.800226
http://spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.800226
http://dx.doi.org/10.1371/journal.pone.0033751
http://dx.plos.org/10.1371/journal.pone.0033751


Gabey, A. M., Gallagher, M. W., Whitehead, J., Dorsey, J. R., Kaye, P. H., and Stanley, W. R.: Measurements and comparison of primary

biological aerosol above and below a tropical forest canopy using a dual channel fluorescence spectrometer, Atmospheric Chemistry and20

Physics, 10, 4453–4466, doi:10.5194/acp-10-4453-2010, http://www.atmos-chem-phys.net/10/4453/2010/, 2010.

Gabey, A. M., Stanley, W. R., Gallagher, M. W., and Kaye, P. H.: The fluorescence properties of aerosol larger than 0.8 µm in ur-

ban and tropical rainforest locations, Atmospheric Chemistry and Physics, 11, 5491–5504, doi:10.5194/acp-11-5491-2011, http://www.

atmos-chem-phys.net/11/5491/2011/, 2011.

Gabey, A. M., Vaitilingom, M., Freney, E., Boulon, J., Sellegri, K., Gallagher, M. W., Crawford, I. P., Robinson, N. H., Stanley, W. R.,25

and Kaye, P. H.: Observations of fluorescent and biological aerosol at a high-altitude site in central France, Atmospheric Chemistry and

Physics, 13, 7415–7428, doi:10.5194/acp-13-7415-2013, http://www.atmos-chem-phys.net/13/7415/2013/, 2013.

Gosselin, M. I., Rathnayake, C. M., Crawford, I., Pöhlker, C., Fröhlich-Nowoisky, J., Schmer, B., Després, V. R., Engling, G., Gallagher,

M., Stone, E., Pöschl, U., and Huffman, J. A.: Fluorescent bioaerosol particle, molecular tracer, and fungal spore concentrations during

dry and rainy periods in a semi-arid forest, Atmospheric Chemistry and Physics, 16, 15 165–15 184, doi:10.5194/acp-16-15165-2016,30

http://www.atmos-chem-phys.net/16/15165/2016/, 2016.

Griffin, D. W., Kellogg, C. A., Garrison, V. H., Lisle, J. T., Borden, T. C., and Shinn, E. A.: Atmospheric microbiology in the northern

Caribbean during African dust events, Aerobiologia, 19, 143–157, doi:10.1023/B:AERO.0000006530.32845.8d, http://link.springer.com/

10.1023/B:AERO.0000006530.32845.8d, 2003.

Hallar, A. G., Chirokova, G., McCubbin, I., Painter, T. H., Wiedinmyer, C., and Dodson, C.: Atmospheric bioaerosols transported via dust35

storms in the western United States, Geophysical Research Letters, 38, n/a–n/a, doi:10.1029/2011GL048166, http://doi.wiley.com/10.

1029/2011GL048166, 2011.

Harper, M. A. and McKay, R. M.: Diatoms as markers of atmospheric transport, in: The Diatoms, edited by Smol, J. P. and Stoermer,

E. F., pp. 552–559, Cambridge University Press, Cambridge, doi:10.1017/CBO9780511763175.032, http://ebooks.cambridge.org/ref/id/

CBO9780511763175A043, 2010.

Harrison, R. M., Jones, A. M., Biggins, P. D. E., Pomeroy, N., Cox, C. S., Kidd, S. P., Hobman, J. L., Brown, N. L., and Beswick, A.: Climate5

factors influencing bacterial count in background air samples., International journal of biometeorology, 49, 167–78, doi:10.1007/s00484-

004-0225-3, http://www.ncbi.nlm.nih.gov/pubmed/15290434, 2005.

Helmke, E. and Weyland, H.: Bacteria in sea ice and underlying water of the eastern Weddell Sea in midwinter, Marine Ecology Progress

Series, 117, 269–287, doi:10.3354/meps117269, http://www.int-res.com/articles/meps/117/m117p269.pdf, 1995.

Hernandez, M., Perring, A. E., McCabe, K., Kok, G., Granger, G., and Baumgardner, D.: Chamber catalogues of optical and fluorescent10

signatures distinguish bioaerosol classes, Atmospheric Measurement Techniques, 9, 3283–3292, doi:10.5194/amt-9-3283-2016, http://

www.atmos-meas-tech.net/9/3283/2016/, 2016.

IRGENS, R. L., GOSINK, J. J., and STALEY, J. T.: Polaromonas vacuolata gen. nov., sp. nov., a Psychrophilic, Marine, Gas Vacuolate

Bacterium from Antarctica, International Journal of Systematic Bacteriology, 46, 822–826, doi:10.1099/00207713-46-3-822, http://ijs.

microbiologyresearch.org/content/journal/ijsem/10.1099/00207713-46-3-822, 1996.15

Jacobs, J., Bauer, W., Spaeth, G., Thomas, R. J., and Weber, K.: Litholog and structure of the Grenville-aged (1.1 Ga) basement of heimefront-

fjella (East Antarctica), Geologische Rundschau, 85, 800–821, doi:10.1007/BF02440112, http://link.springer.com/10.1007/BF02440112,

1996.

21

http://dx.doi.org/10.5194/acp-10-4453-2010
http://www.atmos-chem-phys.net/10/4453/2010/
http://dx.doi.org/10.5194/acp-11-5491-2011
http://www.atmos-chem-phys.net/11/5491/2011/
http://www.atmos-chem-phys.net/11/5491/2011/
http://www.atmos-chem-phys.net/11/5491/2011/
http://dx.doi.org/10.5194/acp-13-7415-2013
http://www.atmos-chem-phys.net/13/7415/2013/
http://dx.doi.org/10.5194/acp-16-15165-2016
http://www.atmos-chem-phys.net/16/15165/2016/
http://dx.doi.org/10.1023/B:AERO.0000006530.32845.8d
http://link.springer.com/10.1023/B:AERO.0000006530.32845.8d
http://link.springer.com/10.1023/B:AERO.0000006530.32845.8d
http://link.springer.com/10.1023/B:AERO.0000006530.32845.8d
http://dx.doi.org/10.1029/2011GL048166
http://doi.wiley.com/10.1029/2011GL048166
http://doi.wiley.com/10.1029/2011GL048166
http://doi.wiley.com/10.1029/2011GL048166
http://dx.doi.org/10.1017/CBO9780511763175.032
http://ebooks.cambridge.org/ref/id/CBO9780511763175A043
http://ebooks.cambridge.org/ref/id/CBO9780511763175A043
http://ebooks.cambridge.org/ref/id/CBO9780511763175A043
http://dx.doi.org/10.1007/s00484-004-0225-3
http://dx.doi.org/10.1007/s00484-004-0225-3
http://dx.doi.org/10.1007/s00484-004-0225-3
http://www.ncbi.nlm.nih.gov/pubmed/15290434
http://dx.doi.org/10.3354/meps117269
http://www.int-res.com/articles/meps/117/m117p269.pdf
http://dx.doi.org/10.5194/amt-9-3283-2016
http://www.atmos-meas-tech.net/9/3283/2016/
http://www.atmos-meas-tech.net/9/3283/2016/
http://www.atmos-meas-tech.net/9/3283/2016/
http://dx.doi.org/10.1099/00207713-46-3-822
http://ijs.microbiologyresearch.org/content/journal/ijsem/10.1099/00207713-46-3-822
http://ijs.microbiologyresearch.org/content/journal/ijsem/10.1099/00207713-46-3-822
http://ijs.microbiologyresearch.org/content/journal/ijsem/10.1099/00207713-46-3-822
http://dx.doi.org/10.1007/BF02440112
http://link.springer.com/10.1007/BF02440112


Jones, A., Thomson, D., Hort, M., and Devenish, B.: The U.K. Met Office’s Next-Generation Atmospheric Dispersion Model, NAME

III, in: Air Pollution Modeling and Its Application XVII, pp. 580–589, Springer US, Boston, MA, doi:10.1007/978-0-387-68854-1_62,20

http://link.springer.com/10.1007/978-0-387-68854-1{_}62, 2007.

Jones, A. E., Wolff, E. W., Salmon, R. A., Bauguitte, S. J.-B., Roscoe, H. K., Anderson, P. S., Ames, D., Clemitshaw, K. C., Fleming,

Z. L., Bloss, W. J., Heard, D. E., Lee, J. D., Read, K. A., Hamer, P., Shallcross, D. E., Jackson, A. V., Walker, S. L., Lewis, A. C., Mills,

G. P., Plane, J. M. C., Saiz-Lopez, A., Sturges, W. T., and Worton, D. R.: Chemistry of the Antarctic Boundary Layer and the Interface

with Snow: an overview of the CHABLIS campaign, Atmospheric Chemistry and Physics, 8, 3789–3803, doi:10.5194/acp-8-3789-2008,25

http://www.atmos-chem-phys.net/8/3789/2008/, 2008.

Kaye, P. H., Stanley, W. R., Hirst, E., Foot, E. V., Baxter, K. L., and Barrington, S. J.: Single particle multichannel bio-aerosol fluorescence

sensor, Optics Express, 13, 3583, doi:10.1364/OPEX.13.003583, http://www.opticsexpress.org/abstract.cfm?URI=oe-13-10-3583http://

www.opticsexpress.org/abstract.cfm?URI=OPEX-13-10-3583, 2005.

::::
Kaye,

::
P.
:::

H.,
:::::::::

Aptowicz,
:::
K.,

::::::
Chang,

::
R.

:::
K.,

:::::
Foot,

:::
V.,

:::
and

:::::::
Videen,

:::
G.:

::::::::::::
ANGULARLY

::::::::::
RESOLVED

::::::::
ELASTIC

::::::::::::
SCATTERING

::::::
FROM30

:::::::::
AIRBORNE

::::::::::
PARTICLES,

:::
in:

:::::
Optics

::
of

::::::::
Biological

:::::::
Particles,

::
pp.

::::::
31–61,

::::::
Springer

::::::::::
Netherlands,

::::::::
Dordrecht, doi:10.1007/978-1-4020-5502-

7_3,
:::::
2007.

Knopf, D. A., Alpert, P. A., Wang, B., and Aller, J. Y.: Stimulation of ice nucleation by marine diatoms, Nature Geoscience, 4, 88–90,

doi:10.1038/ngeo1037, http://www.nature.com/doifinder/10.1038/ngeo1037, 2011.

Legrand, M., Yang, X., Preunkert, S., and Theys, N.: Year-round records of sea salt, gaseous, and particulate inorganic bromine in the35

atmospheric boundary layer at coastal (Dumont d’Urville) and central (Concordia) East Antarctic sites, Journal of Geophysical Research:

Atmospheres, 121, 997–1023, doi:10.1002/2015JD024066, http://doi.wiley.com/10.1002/2015JD024066, 2016.

Liu, D., Quennehen, B., Darbyshire, E., Allan, J. D., Williams, P. I., Taylor, J. W., Bauguitte, S. J.-B., Flynn, M. J., Lowe, D., Gal-

lagher, M. W., Bower, K. N., Choularton, T. W., and Coe, H.: The importance of Asia as a source of black carbon to the Euro-

pean Arctic during springtime 2013, Atmospheric Chemistry and Physics, 15, 11 537–11 555, doi:10.5194/acp-15-11537-2015, http:

//www.atmos-chem-phys.net/15/11537/2015/, 2015.

Marshall, W. A.: Biological particles over Antarctica, Nature, 383, 680–680, doi:10.1038/383680a0, http://www.nature.com/doifinder/10.

1038/383680a0, 1996.5

Musilova, M., Tranter, M., Bamber, J., Takeuchi, N., and Anesio, A.: Experimental evidence that microbial activity lowers the albedo of

glaciers, Geochemical Perspectives Letters, pp. 106–116, doi:10.7185/geochemlet.1611, http://www.geochemicalperspectivesletters.org/

article1611, 2016.

O’Connor, D. J., Healy, D. A., Hellebust, S., Buters, J. T. M., and Sodeau, J. R.: Using the WIBS-4 (Waveband Integrated

Bioaerosol Sensor) Technique for the On-Line Detection of Pollen Grains, Aerosol Science and Technology, 48, 341–349,10

doi:10.1080/02786826.2013.872768, http://www.tandfonline.com/doi/abs/10.1080/02786826.2013.872768, 2014.

Pady, S. M.and Kapica, L.

::::::::
O’Connor,

::
D.

:::
J.,

:::::
Healy,

:::
D.

:::
A.,

:::
and

:::::::
Sodeau,

::
J.

::
R.: AIR-BORNE FUNGI IN THE ARCTIC AND OTHER PARTS OF CANADA

::
A

::::::
1-month

:::::
online

:::::::::
monitoring

:::::::
campaign

::
of

::::::
ambient

:::::
fungal

:::::
spore

:::::::::::
concentrations

:
in
:::

the
::::::
harbour

:::::
region

::
of

:::::
Cork,

:::::
Ireland, Canadian Journal of

Botany
::::::::::
Aerobiologia, 31, 309–323, , , 1953.

:::::::
295–314, doi:10.1007/s10453-015-9365-7

:
,
::::
2015.

:
15

Pearce, D. A., Bridge, P. D., Hughes, K. A., Sattler, B., Psenner, R., and Russell, N. J.: Microorganisms in the atmosphere over Antarctica,

FEMS Microbiology Ecology, 69, 143–157, doi:10.1111/j.1574-6941.2009.00706.x, https://academic.oup.com/femsec/article-lookup/

doi/10.1111/j.1574-6941.2009.00706.x, 2009.

22

http://dx.doi.org/10.1007/978-0-387-68854-1_62
http://link.springer.com/10.1007/978-0-387-68854-1{_}62
http://dx.doi.org/10.5194/acp-8-3789-2008
http://www.atmos-chem-phys.net/8/3789/2008/
http://dx.doi.org/10.1364/OPEX.13.003583
http://www.opticsexpress.org/abstract.cfm?URI=oe-13-10-3583 http://www.opticsexpress.org/abstract.cfm?URI=OPEX-13-10-3583
http://www.opticsexpress.org/abstract.cfm?URI=oe-13-10-3583 http://www.opticsexpress.org/abstract.cfm?URI=OPEX-13-10-3583
http://www.opticsexpress.org/abstract.cfm?URI=oe-13-10-3583 http://www.opticsexpress.org/abstract.cfm?URI=OPEX-13-10-3583
http://dx.doi.org/10.1007/978-1-4020-5502-7_3
http://dx.doi.org/10.1007/978-1-4020-5502-7_3
http://dx.doi.org/10.1007/978-1-4020-5502-7_3
http://dx.doi.org/10.1038/ngeo1037
http://www.nature.com/doifinder/10.1038/ngeo1037
http://dx.doi.org/10.1002/2015JD024066
http://doi.wiley.com/10.1002/2015JD024066
http://dx.doi.org/10.5194/acp-15-11537-2015
http://www.atmos-chem-phys.net/15/11537/2015/
http://www.atmos-chem-phys.net/15/11537/2015/
http://www.atmos-chem-phys.net/15/11537/2015/
http://dx.doi.org/10.1038/383680a0
http://www.nature.com/doifinder/10.1038/383680a0
http://www.nature.com/doifinder/10.1038/383680a0
http://www.nature.com/doifinder/10.1038/383680a0
http://dx.doi.org/10.7185/geochemlet.1611
http://www.geochemicalperspectivesletters.org/article1611
http://www.geochemicalperspectivesletters.org/article1611
http://www.geochemicalperspectivesletters.org/article1611
http://dx.doi.org/10.1080/02786826.2013.872768
http://www.tandfonline.com/doi/abs/10.1080/02786826.2013.872768
http://dx.doi.org/10.1007/s10453-015-9365-7
http://dx.doi.org/10.1111/j.1574-6941.2009.00706.x
https://academic.oup.com/femsec/article-lookup/doi/10.1111/j.1574-6941.2009.00706.x
https://academic.oup.com/femsec/article-lookup/doi/10.1111/j.1574-6941.2009.00706.x
https://academic.oup.com/femsec/article-lookup/doi/10.1111/j.1574-6941.2009.00706.x


Pearce, D. A., Alekhina, I. A., Terauds, A., Wilmotte, A., Quesada, A., Edwards, A., Dommergue, A., Sattler, B., Adams, B. J., Magalhães,

C., Chu, W.-L., Lau, M. C. Y., Cary, C., Smith, D. J., Wall, D. H., Eguren, G., Matcher, G., Bradley, J. A., de Vera, J.-P., Elster, J., Hughes,20

K. A., Cuthbertson, L., Benning, L. G., Gunde-Cimerman, N., Convey, P., Hong, S. G., Pointing, S. B., Pellizari, V. H., and Vincent, W. F.:

Aerobiology Over Antarctica – A New Initiative for Atmospheric Ecology, Frontiers in Microbiology, 7, doi:10.3389/fmicb.2016.00016,

http://journal.frontiersin.org/Article/10.3389/fmicb.2016.00016/abstract, 2016.

::::::
Perring,

::
A.

::
E.,

::::::::
Schwarz,

:
J.
::
P.,

:::::::::::
Baumgardner,

:::
D.,

::::::::
Hernandez,

:::
M.

::
T.,

:::::::::
Spracklen,

::
D.

::
V.,

:::::
Heald,

:::
C.

::
L.,

::::
Gao,

::
R.

:::
S.,

:::
Kok,

:::
G.,

::::::::::
McMeeking,

::
G.

:::
R.,

:::::::
McQuaid,

::
J.

::
B.,

::::
and

:::::
Fahey,

::
D.

:::
W.:

:::::::
Airborne

:::::::::
observations

::
of
:::::::

regional
:::::::
variation

::
in

::::::::
fluorescent

::::::
aerosol

:::::
across

::
the

::::::
United

::::
States

:
,
::::::
Journal

::
of25

:::::::::
Geophysical

::::::::
Research:

::::::::::
Atmospheres,

::::
120,

:::::::::
1153–1170, doi:10.1002/2014JD022495

:
,
::::
2015.

:

Petelski, T. and Piskozub, J.: Vertical coarse aerosol fluxes in the atmospheric surface layer over the North Polar Waters of the Atlantic,

Journal of Geophysical Research, 111, C06 039, doi:10.1029/2005JC003295, http://doi.wiley.com/10.1029/2005JC003295, 2006.

Petersen, H.: Determination of an Isochrysis galbana algal bloom by L-tryptophan fluorescence, Marine Pollution Bulletin, 20, 447–451,

doi:10.1016/0025-326X(89)90065-9, http://linkinghub.elsevier.com/retrieve/pii/0025326X89900659, 1989.30

Pöhlker, C., Huffman, J. A., and Pöschl, U.: Autofluorescence of atmospheric bioaerosols – fluorescent biomolecules and potential interfer-

ences, Atmospheric Measurement Techniques, 5, 37–71, doi:10.5194/amt-5-37-2012, http://www.atmos-meas-tech.net/5/37/2012/, 2012.

Prospero, J. M., Blades, E., Mathison, G., and Naidu, R.: Interhemispheric transport of viable fungi and bacteria from Africa to the Caribbean

with soil dust, Aerobiologia, 21, 1–19, doi:10.1007/s10453-004-5872-7, http://link.springer.com/10.1007/s10453-004-5872-7, 2005.

Pryor, S. C., Gallagher, M., Sievering, H., Larsen, S. E., Barthelmie, R. J., Birsan, F., Nemitz, E., Rinne, J., Kulmala, M., Grönholm,35

T., Taipale, R., and Vesala, T.: A review of measurement and modelling results of particle atmosphere–surface exchange, Tellus B:

Chemical and Physical Meteorology, 60, 42–75, doi:10.1111/j.1600-0889.2007.00298.x, https://www.tandfonline.com/doi/full/10.1111/j.

1600-0889.2007.00298.x, 2008.

:::::::
Robinson,

::
E.
:::

S.,
::::
Gao,

:::::
R.-S.,

:::::::
Schwarz,

::
J.

::
P.,

:::::
Fahey,

:::
D.

:::
W.,

:::
and

::::::
Perring,

::
A.

:::
E.:

::::::::::
Fluorescence

::::::::
calibration

::::::
method

:::
for

:::::::::::
single-particle

::::::
aerosol

:::::::::
fluorescence

:::::::::
instruments,

::::::::::
Atmospheric

::::::::::
Measurement

:::::::::
Techniques,

:::
10,

:::::::::
1755–1768,

:
doi:10.5194/amt-10-1755-2017

:
,
::::
2017.

:

Robinson, N. H., Allan, J. D., Huffman, J. A., Kaye, P. H., Foot, V. E., and Gallagher, M.: Cluster analysis of WIBS single-particle bioaerosol

data, Atmospheric Measurement Techniques, 6, 337–347, doi:10.5194/amt-6-337-2013, http://www.atmos-meas-tech-discuss.net/5/6387/5

2012/http://www.atmos-meas-tech.net/6/337/2013/, 2013.

Ruske, S., Topping, D. O., Foot, V. E., Kaye, P. H., Stanley, W. R., Crawford, I., Morse, A. P., and Gallagher, M. W.: Evaluation of Machine

Learning Algorithms for Classification of Primary Biological Aerosol using a new UV-LIF spectrometer, Atmospheric Measurement

Techniques Discussions, pp. 1–18, doi:10.5194/amt-2016-214, http://www.atmos-meas-tech-discuss.net/amt-2016-214/, 2016.

Ruske, S., Topping, D. O., Foot, V. E., Kaye, P. H., Stanley, W. R., Crawford, I., Morse, A. P., and Gallagher, M. W.: Evaluation of ma-10

chine learning algorithms for classification of primary biological aerosol using a new UV-LIF spectrometer, Atmospheric Measurement

Techniques, 10, 695–708, doi:10.5194/amt-10-695-2017, http://www.atmos-meas-tech.net/10/695/2017/, 2017.

::::::
Savage,

:::
N.,

::::::
Krentz,

:::
C.,

::
K

:
ö
::::::
nemann,

:::
T.,

::::
Han,

::
T.
:::

T.,
::::::::
Mainelis,

:::
G.,

::
Pö

::::
hlker,

:::
C.,

::::
and

::::::::
Huffman,

::
J.

:::
A.:

:::::::::
Systematic

::::::::::::
Characterization

::::
and

:::::::::
Fluorescence

::::::::
Threshold

::::::::
Strategies

::
for

:::
the

:::::::
Wideband

::::::::
Integrated

::::::::
Bioaerosol

:::::
Sensor

::::::
(WIBS)

:::::
Using

:::::::::::
Size-Resolved

::::::::
Biological

:::
and

::::::::
Interfering

::::::
Particles

:
,
:::::::::
Atmospheric

:::::::::::
Measurement

::::::::
Techniques

::::::::::
Discussions,

::
pp.

:::::
1–41, doi:10.5194/amt-2017-170,

:::::
2017.15

Schnell, R. C. and Vali, G.: Biogenic Ice Nuclei: Part I. Terrestrial and Marine Sources, Journal of the Atmospheric

Sciences, 33, 1554–1564, doi:10.1175/1520-0469(1976)033<1554:BINPIT>2.0.CO;2, http://journals.ametsoc.org/doi/abs/10.1175/

1520-0469{%}281976{%}29033{%}3C1554{%}3ABINPIT{%}3E2.0.CO{%}3B2, 1976.

23

http://dx.doi.org/10.3389/fmicb.2016.00016
http://journal.frontiersin.org/Article/10.3389/fmicb.2016.00016/abstract
http://dx.doi.org/10.1002/2014JD022495
http://dx.doi.org/10.1029/2005JC003295
http://doi.wiley.com/10.1029/2005JC003295
http://dx.doi.org/10.1016/0025-326X(89)90065-9
http://linkinghub.elsevier.com/retrieve/pii/0025326X89900659
http://dx.doi.org/10.5194/amt-5-37-2012
http://www.atmos-meas-tech.net/5/37/2012/
http://dx.doi.org/10.1007/s10453-004-5872-7
http://link.springer.com/10.1007/s10453-004-5872-7
http://dx.doi.org/10.1111/j.1600-0889.2007.00298.x
https://www.tandfonline.com/doi/full/10.1111/j.1600-0889.2007.00298.x
https://www.tandfonline.com/doi/full/10.1111/j.1600-0889.2007.00298.x
https://www.tandfonline.com/doi/full/10.1111/j.1600-0889.2007.00298.x
http://dx.doi.org/10.5194/amt-10-1755-2017
http://dx.doi.org/10.5194/amt-6-337-2013
http://www.atmos-meas-tech-discuss.net/5/6387/2012/ http://www.atmos-meas-tech.net/6/337/2013/
http://www.atmos-meas-tech-discuss.net/5/6387/2012/ http://www.atmos-meas-tech.net/6/337/2013/
http://www.atmos-meas-tech-discuss.net/5/6387/2012/ http://www.atmos-meas-tech.net/6/337/2013/
http://dx.doi.org/10.5194/amt-2016-214
http://www.atmos-meas-tech-discuss.net/amt-2016-214/
http://dx.doi.org/10.5194/amt-10-695-2017
http://www.atmos-meas-tech.net/10/695/2017/
http://dx.doi.org/10.5194/amt-2017-170
http://dx.doi.org/10.1175/1520-0469(1976)033%3C1554:BINPIT%3E2.0.CO;2
http://journals.ametsoc.org/doi/abs/10.1175/1520-0469{%}281976{%}29033{%}3C1554{%}3ABINPIT{%}3E2.0.CO{%}3B2
http://journals.ametsoc.org/doi/abs/10.1175/1520-0469{%}281976{%}29033{%}3C1554{%}3ABINPIT{%}3E2.0.CO{%}3B2
http://journals.ametsoc.org/doi/abs/10.1175/1520-0469{%}281976{%}29033{%}3C1554{%}3ABINPIT{%}3E2.0.CO{%}3B2


Sesartic, A. and Dallafior, T. N.: Global fungal spore emissions, review and synthesis of literature data, Biogeosciences, 8, 1181–1192,

doi:10.5194/bg-8-1181-2011, http://www.biogeosciences.net/8/1181/2011/, 2011.20

Stanish, L. F., Bagshaw, E. A., McKnight, D. M., Fountain, A. G., and Tranter, M.: Environmental factors influencing diatom communi-

ties in Antarctic cryoconite holes, Environmental Research Letters, 8, 045 006, doi:10.1088/1748-9326/8/4/045006, http://stacks.iop.org/

1748-9326/8/i=4/a=045006?key=crossref.99502a123c814db0db9389d12cfae30a, 2013.

Stanley, W. R., Kaye, P. H., Foot, V. E., Barrington, S. J., Gallagher, M., and Gabey, A.: Continuous bioaerosol monitoring in a tropical

environment using a UV fluorescence particle spectrometer, Atmospheric Science Letters, 12, 195–199, doi:10.1002/asl.310, http://doi.25

wiley.com/10.1002/asl.310, 2011.

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M. D., and Ngan, F.: NOAA’s HYSPLIT Atmospheric Transport

and Dispersion Modeling System, Bulletin of the American Meteorological Society, 96, 2059–2077, doi:10.1175/BAMS-D-14-00110.1,

http://journals.ametsoc.org/doi/10.1175/BAMS-D-14-00110.1, 2015.

Tan, I., Storelvmo, T., and Zelinka, M. D.: Observational constraints on mixed-phase clouds imply higher climate sensitivity, Science, 352,30

224–227, doi:10.1126/science.aad5300, http://www.sciencemag.org/cgi/doi/10.1126/science.aad5300, 2016.

Toprak, E. and Schnaiter, M.: Fluorescent biological aerosol particles measured with the Waveband Integrated Bioaerosol Sensor WIBS-4:

laboratory tests combined with a one year field study, Atmospheric Chemistry and Physics, 13, 225–243, doi:10.5194/acp-13-225-2013,

http://www.atmos-chem-phys.net/13/225/2013/, 2013.

Whitehead, J. D., Darbyshire, E., Brito, J., Barbosa, H. M. J., Crawford, I., Stern, R., Gallagher, M. W., Kaye, P. H., Allan, J. D., Coe, H.,35

Artaxo, P., and McFiggans, G.: Biogenic cloud nuclei in the central Amazon during the transition from wet to dry season, Atmospheric

Chemistry and Physics, 16, 9727–9743, doi:10.5194/acp-16-9727-2016, http://www.atmos-chem-phys.net/16/9727/2016/, 2016.

Wilson, T. W., Ladino, L. A., Alpert, P. A., Breckels, M. N., Brooks, I. M., Browse, J., Burrows, S. M., Carslaw, K. S., Huffman, J. A.,

Judd, C., Kilthau, W. P., Mason, R. H., McFiggans, G., Miller, L. A., Nájera, J. J., Polishchuk, E., Rae, S., Schiller, C. L., Si, M.,

Temprado, J. V., Whale, T. F., Wong, J. P. S., Wurl, O., Yakobi-Hancock, J. D., Abbatt, J. P. D., Aller, J. Y., Bertram, A. K., Knopf, D. A.,

and Murray, B. J.: A marine biogenic source of atmospheric ice-nucleating particles, Nature, 525, 234–238, doi:10.1038/nature14986,

http://www.nature.com/doifinder/10.1038/nature14986, 2015.
::::
2015.

Wilson, T. W., Ladino, L. A., Alpert, P. A., Breckels, M. N., Brooks, I. M., Browse, J., Burrows, S. M., Carslaw, K. S., Huffman, J. A.,615

Judd, C., Kilthau, W. P., Mason, R. H., McFiggans, G., Miller, L. A., Nájera, J. J., Polishchuk, E., Rae, S., Schiller, C. L., Si, M., Temprado,

J. V., Whale, T. F., Wong, J. P. S., Wurl, O., Yakobi-Hancock, J. D., Abbatt, J. P. D., Aller, J. Y., Bertram, A. K., Knopf, D. A., and Murray,

B. J.: A marine biogenic source of atmospheric ice-nucleating particles, Nature, 525, 234–238, , , 2015.

Yallop, M. and Anesio, A.: Benthic diatom flora in supraglacial habitats: a generic-level comparison, Annals of Glaciology, 51, 15–22,

doi:10.3189/172756411795932029, http://openurl.ingenta.com/content/xref?genre=article{&}issn=0260-3055{&}volume=51{&}issue=620

56{&}spage=15, 2010.

Yamaguchi, N., Ichijo, T., Sakotani, A., Baba, T., and Nasu, M.: Global dispersion of bacterial cells on Asian dust, Scientific Reports, 2,

doi:10.1038/srep00525, http://www.nature.com/articles/srep00525, 2012.

Zdanowski, M. K., Weglenski, P., Golik, P., Sasin, J. M., Borsuk, P., Zmuda, M. J., and Stankovic, A.: Bacterial diversity in AdÃ©lie

penguin, Pygoscelis adeliae, guano: molecular and morpho-physiological approaches, FEMS Microbiology Ecology, 50, 163–173,625

doi:10.1016/j.femsec.2004.06.012, https://academic.oup.com/femsec/article-lookup/doi/10.1016/j.femsec.2004.06.012, 2004.

::::::
Ziemba,

::
L.

:::
D.,

:::::::::
Beyersdorf,

::
A.

:::
J.,

:::::
Chen,

::
G.,

:::::
Corr,

::
C.

:::
A.,

::::::::::
Crumeyrolle,

::
S.

:::
N.,

::::::
Diskin,

:::
G.,

:::::::
Hudgins,

:::
C.,

::::::
Martin,

::
R.,

::::::::
Mikoviny,

:::
T.,

::::::
Moore,

::
R.,

::::::
Shook,

:::
M.,

::::::::
Thornhill,

::
K.

:::
L.,

::::::::
Winstead,

::
E.

:::
L.,

::::::::
Wisthaler,

:::
A.,

:::
and

::::::::
Anderson,

:::
B.

:::
E.:

:::::::
Airborne

::::::::::
observations

::
of

::::::::
bioaerosol

::::
over

:::
the

24

http://dx.doi.org/10.5194/bg-8-1181-2011
http://www.biogeosciences.net/8/1181/2011/
http://dx.doi.org/10.1088/1748-9326/8/4/045006
http://stacks.iop.org/1748-9326/8/i=4/a=045006?key=crossref.99502a123c814db0db9389d12cfae30a
http://stacks.iop.org/1748-9326/8/i=4/a=045006?key=crossref.99502a123c814db0db9389d12cfae30a
http://stacks.iop.org/1748-9326/8/i=4/a=045006?key=crossref.99502a123c814db0db9389d12cfae30a
http://dx.doi.org/10.1002/asl.310
http://doi.wiley.com/10.1002/asl.310
http://doi.wiley.com/10.1002/asl.310
http://doi.wiley.com/10.1002/asl.310
http://dx.doi.org/10.1175/BAMS-D-14-00110.1
http://journals.ametsoc.org/doi/10.1175/BAMS-D-14-00110.1
http://dx.doi.org/10.1126/science.aad5300
http://www.sciencemag.org/cgi/doi/10.1126/science.aad5300
http://dx.doi.org/10.5194/acp-13-225-2013
http://www.atmos-chem-phys.net/13/225/2013/
http://dx.doi.org/10.5194/acp-16-9727-2016
http://www.atmos-chem-phys.net/16/9727/2016/
http://dx.doi.org/10.1038/nature14986
http://www.nature.com/doifinder/10.1038/nature14986
http://dx.doi.org/10.3189/172756411795932029
http://openurl.ingenta.com/content/xref?genre=article{&}issn=0260-3055{&}volume=51{&}issue=56{&}spage=15
http://openurl.ingenta.com/content/xref?genre=article{&}issn=0260-3055{&}volume=51{&}issue=56{&}spage=15
http://openurl.ingenta.com/content/xref?genre=article{&}issn=0260-3055{&}volume=51{&}issue=56{&}spage=15
http://dx.doi.org/10.1038/srep00525
http://www.nature.com/articles/srep00525
http://dx.doi.org/10.1016/j.femsec.2004.06.012
https://academic.oup.com/femsec/article-lookup/doi/10.1016/j.femsec.2004.06.012


:::::::
Southeast

:::::
United

:::::
States

::::
using

:
a
::::::::
Wideband

::::::::
Integrated

::::::::
Bioaerosol

:::::
Sensor

:
,
:::::
Journal

::
of

:::::::::
Geophysical

::::::::
Research:

::::::::::
Atmospheres,

::::
121,

:::::::::
8506–8524,

doi:10.1002/2015JD024669
:
,
::::
2016.

:
630

25

http://dx.doi.org/10.1002/2015JD024669

