10

15

20

25

30

35

40

Authors’ response to reviewers’ final reports

We extend our thanks to the two anonymous reviewers for their appreciation of our work and the careful reviews and help in
improving this paper. We are glad that reviewers liked the paper and consider it worth publishing after addressing their points.
The reviews have resulted in significant changes to the manuscript and we feel that the end result is a much better paper. We
hope we have addressed the points raised. Please find below our responses (in blue) to their comments (in black).

1 Response to reviewer 1’s comments

— As the title indicates, the topic of the above-mentioned paper is to show the capabilities and the readiness of the UK lidar
and sun photometer network. For this purpose, an interesting case related to an ex-hurricane bringing smoke and dust to
the UK is presented.

After having read the first version of the paper, I was a bit disappointed that the extraordinary conditions during this event
haven’t been more emphasized and its influence on atmosphere (weather, radiation) was not discussed. After having read
now the discussion version, I realized that the focus of the paper is to present the network with its capabilities and
therefore atmospheric conditions with respect to Ophelia has taken a back seat. For this reason, I think and suggest that
the paper is much more suited for AMT than for ACP. The Editor should thus think about consider moving the paper to
AMT.

Having considered this comment we agree that the paper would benefit from more meteorology and description of the
atmospheric conditions that lead to this unusual event. We hope that the inclusion of additional analysis showing MODIS
products for AOD and also ECMWF model wind components, together with the discussions will add some insight on the
conditions around the event, and add interest to readers from the meteorological community. We believe that the revised
manuscript is now better suited for publication in ACP.

In general, the paper is well written, and the methodologies are explained in detail. I have some major points of criticism,
listed below, with respect to the lidar-retrieved aerosol optical properties. After addressing these points, the paper could
be considered for publication in one of the above-mentioned journals

— In my opinion, the reported lidar ratios at 355 nm for dust and smoke seem to be too low. If I see previous literature, e.g.,
Fig 9 in Tesche et al., 2011, Fig 12 and 13 in GroB et al, 2015a, or Fig. 9 in [llingworth et al, 2015 (which includes part
of the afore mentioned data), lidar ratios for dust of the western Sahara and smoke should always be higher than 50 sr.
In turn, the particle depolarization should be not higher than 30 (mainly not higher than 27) in the UV. I thus have the
feeling the reported particle depolarization ratios are a little too high

We have now added what is now section 2.4 that discusses lidar ratios for several aerosol types, and briefley discuss the
importance of ageing processes and mixing. Our reported lidar ratos have also been slightly increased by the changes to
the processing resulting from the depolarisation corrections (please see next point). We acknowledge that other studies
have found values of 50sr and greater for the lidar ratio of desert dust at 355nm, specifically those reporting results
from the SAMUM and SALTRACE campaigns. However, in section 2.4 we reference also other studies that have found
values close to the ones we report. For example Mona et al. (2006) presents a review of 3 years of Saharan dust events
at the IMAA lidar station, Potenza, and reports that their measured lidar ratios for pure desert dust at 355nm are well
represented by a Gaussian distribution centred on 37sr. Giannakaki et al. (2010) presents a study of seven years of lidar
measurements of desert dust and reports values ranging from 36sr to 70sr at 355nm. We hope that the discussion in
section 2.4 and references sufficiently put our results within the context of previous measurements for dust transported
to Europe.

— I am therefore wondering if the authors have considered all possible instrumental effects that could affect their data
analysis. E.g., polarization dependent transmission (e.g. Mattis et al. 2009) can lead to over/under estimation of the
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particle backscatter and thus influence the lidar ratio and particle depolarization. Furthermore, also after successful
depolarization calibration with respect to Freudenthaler, 2009 (volume depolarization), cross talk errors can occur and
can influence the particle depolarization. In the recent paper (Freudenthaler, 2016) more detail is given. As first easy
check, one could test if the volume depolarization ratio approaches the theoretical molecular value in particle free regions.
Multiple scattering correction might be also needed in dense dust plumes. For the above mentioned reasons, I would
encourage to re-check the results with respect to the lidar ratio and particle depolarization retrievals and give a statement
on this issue

We thank the reviewer for this comment, which has revealed how we can improve our processing. We examined our data
and found that there is indeed an issue with the depolarisation measurements and calibration. After calibration using the
+45 procedure as in Freudenthaler et al. (2009) there is still an offset between our calculated molecular depolarisation
ratio and the measured volume linear depolarisation ratio (VLDR). We have now followed the methods described in
Freudenthaler (2016) to use the G, H and K correction parameters. We have calculated these correction parameters
using the Python script made available by Volker Freudenthaler together with the various manufacturers’ values for the
polarisation purity of the lasers, and the rotation, diatenuation and retardation of each optical element. Following this
analysis we estimate that in our lidars we have a rotational offset between the plane of the laser polarisation and that of the
polarisation beam splitter cube. We intend to accurately measure this offset, as well as the diatenuation of the receiving
optics in an upcoming study. This requires the development of an experimental apparatus, and hence we cannot measure
these values for this study. Instead we have used data for VLDR recorded in clean and dry polar air masses to estimate
the rotational offset for each lidar system, which we estimate to be variously between 2 and 4 degrees. We have arrived
at these values by adding a theoretical rotation into the post processing for each system until the VLDR in assumed clean
polar air meets the calculated molecular depolarisation ratio. As well as a probable inherent offset within the laser, this
large offset is likely introduced when the lasers were replaced during maintenance without due consideration of how the
laser was positioned with respect to rotation. We note that this downgrades the quality of our measurements until this
offset is accurately measured.

We hope that this point are satisfactorily addressed in the paper with the addition of what is now section 2.2.

Another major point of criticism is that the aerosol classification based on the lidar data (Sec. 4.4) is performed too
subjective without giving evidence. One has the feeling it is solely based on the particle depolarization and not on lidar
ratio. The authors state: “The LR, together with the PDR have been used to attempt a classification of the aerosols based
on a classification scheme such as that provided in GroB et al. (2015b) figure 2”. Please argue how you defined your
typing and why. Statements like “are consistent with a mixture of marine and dust aerosols” without providing facts are
not scientifically convincing. For example, to my knowledge, a measured lidar ratio at 355 nm of 40 sr does not allow to
conclude for pure Saharan dust. Please re-check and also give references for your classification

We have added a new section on the lidar classifications. Essentially we have now used the scheme given in Gro8 et al.
(2015a) with some slight modification to allow a classification of aerosols with a particle depolarisation ratio of less that
10% while haveing a lidar ratio of more than 20sr. Please see what is now section 2.5.

Please discuss more intensively the microphysical retrievals of the sun photometers and their respective uncertainties
and draw conclusions for your calculations. I would like to see uncertainty estimations for the mass concentrations and
the other values given in Table 2.

Additional paragraphs have now added to what is now section 2.6. Uncertainties are discusses and uncertainties have
also been added to table 2.

All abbreviations need to be explained when used the first time, i.e. also AERONET EARLINET, MPLNET etc...

Now corrected.

P2, L9: (now P2 L12) Please use updated citation (2014) for EARLINET

Updated reference is now used.
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P2, L19: (now P2 L30) I suggest to concentrate on one citation for MOCCA as it is not needed for the paper

Agreed, now only one reference is listed for MOCCA. Reference to Millington et al. (2012) and Francis et al. (2012) are
moved next to satellite, and Dacre et al. (2015) is now used to reference the NAME model.

P2, L22 (now P2 L32): exchange “quantity” with mass concentration

Corrected.

P3,L23 (now P4 L14): “Alignment is ensured using the telecover test described in Freudenthaler et al. (2018).” By doing
s0, you should also acknowledge ACTRIS, EARLINET etc...

Corrected.

P3. L27: as detailed DESCRIBED in . . .

and

P3, L27: Reference Buxmann et al. not available in web

We apologise for this oversight, we were under the impression that this abstract was available, thank you for highlighting
this. Reference to it has now been removed.

P4, L7 (now P5 L7): What is shot noise? I suppose you mean the strong daylight background within the Raman channels
The reviewer is correct, we were referring to the low signal to noise ratio for the Raman chanel, and that during daylight
the contamination from the background light is enough to make the signal unuseable. This sentence has been corrected
P5, L1-2 (now p6 L9 - 11): I do not understand this sentence, please rephrase.

This now reads "The separation of the extinction profiles are sensitive to the choice of these depolarisation ratios, and
these default values are representative of values measured during this study in layers we are reasonably sure contained
only one type pf aerosol"

P6,L8 Please delete space within “warm”

This section has been re-written and is now section 3.1

P6,L29: Please do not use the term aerosol cloud. Replace by e.g. aerosol plume.

corrected, as stated above, this section has been re-written and is now section 3.1

P7.L11 (now P12 L4): “..wedge shape profile..” Profile of what. Please write more specific.

changed to "wedge shaped aerosol profile"

P7, L14-15 : Please refer to the plot of the range-corrected signal here and draw fronts there similar to the depolarization
figure. The optically thick aerosol layer is hardly seen in the range-corrected signal, but still visible, but you might
consider to correct for molecular attenuation to have more clear temporal evolution of the layering.

We have now replaced what is now figure 7 with range corrected and molecular attenuation corrected data. We thank the
reviewer for this suggestion as it very much helps bring out the layering. We have not added fronts to this figure as they
are not as well resolved as in the VDR pannel in figure 8 due to the limits of the Klett method in retrieving the attenuated
backscatter. We hope that the fronts marked on figure 8 are sufficient.

P7,L17-18: The thin layer at top of PBL: Could this be dried marine aerosol, like described in e.g. Bohlmann, 2018,
ACP, Fig. 4?7

Agreed - this is now identified a such in section 4.4. We have also made reference to Bohlmann et al. (2018).
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P7,L21: “not shown here”: you included the figure, but do not refer to it. . .
Now referred to in the text.
P7,L21: “The boundary layer was mostly confined to the lower 1km, rising sightly to 2km after the cold front had

passed” : If you would shape up the presentation of the temporal evolution of your elastic channel one could nicely see
this feature...

Figure 7 now updated
P8,1.34 (now P13 L27): Aeronet forces the size distribution to be zero at 15 mum. Probably SkyNET not. Please discuss
this more intensively and also draw conclusions with respect to your research.

This is now discussed in section 2.7.

P8, L10: Please motivate again why you analyze the specific extinction and why it is so important for your paper.

This is also now discussed in section 2.6 and section 2.7

P9,L16 (now P14 L.17): 2 times indicating

corrected

P9,1.23: What does “backscatter weighted mean? I do not understand this.

This is now better explained in section 2.3

P9, L30. I cannot agree on the conclusion of the aerosol type with the given reference. Why not a marine mixture with
smoke?

The aerosol classifications are now discussed in section 2.4, and referenced added to section 4.4.

P9, L14: “we identify this layer as a mixture of biomass burning aerosols and transported desert dust” But the PDR does
not prove confirm this classification, right?

This line was a left over from a previous version and should have been deleted, we apologise for the mistake. As
mentioned above, the aerosol classifications are now better evidenced, with references now provided.

P11, L28: “. . .those reported in the literature for transported Saharan dust” Really? Can you provide reference for that,
also for the smoke?

Mona et al. (2006) Dust LR = Gaussian for pure dust centred on 38sr, Grof} et al. (2015a) Dust PDR =0.264-0.03 ,Janicka
et al. (2017) Biomass Burning LR 60 + 20sr & PDR = 1- 5%. These values are discussed in the new section 2.4

P13, L24: Buxmann et al, is not findable on-line, but is essential to proof the high quality depolarization measurements.

Reference to this has now been removed and the calibration procedure better described in section 2.3

P18, Fig. 1 Caption: Met Office forecast or analysis?

. Now labelled as "Met office synoptic analysis chart"

P20, Fig 4: A simple map indicating the 4 locations would be great here!
Map added to the top of this figure (now figure 7)

P24, Fig 8: X-axis labels are missing

Corrected



— P25, Fig. 9: I see a substantial offset between the aerosol layer and the PDR (PDR maximum below aerosol layer). Can
you explain this? This is also seen in Fig 10.

This is now discussed in section 4.4 - we conclude that this is caused by mixing of the biomass burning layer and only
partially hydrated marine aerosol at the top of the boundary layer.

— Could you also provide averaged lidar profiles (like Fig 8 to 10) for the initial cold sector in Watnall, i.e. on 15 Oct?
Figure 6 added showing a profile from Watnall between 1815 and 1910UTC on the 15"

2 Response to reviewer 3’s comments

— This paper is well-written and presents important new observations on an extremely unusual aerosol event in the UK,
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caused by transport by ex-hurricane Ophelia, which is therefore of interest. A new network of lidar and sun-photometer
observations is presented and the event of October 2017 is used as a case study to demonstrate its abilities. The authors
show the vertical structure of the aerosol and separate the contribution from dust and smoke particles, which they demon-
strate to have different optical properties and originate from different geographical regions. They explain the structure of
the aerosol in relation to the ex-hurricane to a limited extent.

The methodology appears sound and is mostly well-explained, though a few areas need some extra detail. Figure captions
are fairly minimal and require extra information, and one figure omits axis labels. Overall the paper is easy to follow and
clearly written. The paper would benefit from additional exploration of aerosol transport with regard to the structure of
the ex-hurricane, in order to give the paper a wider context and reflect the unusual event. Additionally the authors should
cite and compare to another paper already published on this event (details are given below).

We have added analysis of MODIS products and ECMWF wind field data to better describe the meteorology surrounding
this event, and the transport mechanism, in what is now section 3.1. We have also cited Harrison et al. (2018) and
compared our results for the later part of the plume.

If the authors are able to satisfy these minor points, I consider the paper suitable for publication in ACP.
Specific comments
General

There are a few typos/spelling errors which I will not point out, as they will be corrected at production (if not before),
which the authors should correct.

We have made some corrections and we hope the manuscript now contains fewer mistakes.
Smoke/biomass burning aerosol are referred to interchangeably. This should be confirmed/clarified early on in the paper.
Reference to "smoke" has been removed.

Date and time terminology — please check you are in line with that specified by ACP https://www.atmospheric-chemistry-
andphysics.net/for_authors/manuscript_preparation.html

We have checked and believe we use the necessary terminology - please let us know if this is not the case Information
provided in figure captions is rather sparse and specific suggestions are made below. One figure (8) even omits any axis
labels so it was necessary to infer what is being shown.

Figure captions have been improved and the missing axis labels added/

Abstract

L7 — please note that the online abstract reads ‘hallow’ not ‘shallow’

corrected
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L10 (now L12) — AOD at what wavelength?
Now clarified to AOD at 355nm

L15 (now L17) — “aerosol types’ instead of ‘aerosols’?

corrected

P2 L6 (Now P2 L9) — ‘type’ —

We are refrering here to aerosols in general. This has been made a new paragraph to clarify that we are not taking about
volcanic ash aerosol, and changed to "aerosol species".

P5 11-2 — what is the uncertainty in these 2 depolarization ratios? How does this impact the mass concentration calcua-
tions?

Uncertainties have been added and discussed in what is now section 2.6, and the effect on mass concentrations discussed
in section 2.7

P5 124 (Now P8 L23)- there are a number of different definitions of aspect ratio — please state how you define yours.
Extra sentences added to clarify: "Here the aspect ratio is defined as the ratio of the particle’s polar diameter to its
equatorial diameter. In the case of prolate particles, its polar diameter is greater than the equatorial diameter, and the
aspect ratio is greater than 1".

P6 117 (now re written as section 3.1) — ‘aerosols can be seen’ — NW of Morocco and SW of Portugal?

changed to "can be seen extending from the coast of Mauritania and Western Sahara up over the Canaries Islands to the
sea west of Portugal." and figures images cropped and enlarged to make the plumes more apparent.

P6 120 (now re written as section 3.1) — please avoid referring to the aerosol as an ‘aerosol cloud’ to avoid confusion to
the inexperienced reader via terminology. Please use the term ‘cloud’ only to refer to real clouds, not aerosol.

Any reference to aerosol clouds now removed

P6 126 (Now section 2.1 on P3)— please make this clearer — is the uplift calculated in 6 bins, and subsequently converted to

2 bins for transport? Is there a reference for the 2 bin scheme? What size ranges are covered? Is any dust data assimilation
included?

- Extra sentences added with more detail about the uplift vs transport scheme, and references added.

P7 13 — are lidar measurements not continuous then? Are they only activated when an aerosol event occurs?

Now clarified earlier - in section 2.1 - that lidars only operate during an event and not if it is raining.

P718-9 (now P11 L32)— the only portion of morning in fig 5 is 11am-12pm. Please add a time to this sentence to confirm.

Times clarified

P7110 (now P12 L2)- please add timings again to clarify the difference to the above point.
Times added

P7113-14 — again please add a time, e.g. for one location, to help interpretation by the reader. Section 4.1 — when refer-
ring/introducing Figure 5, it may be helpful to point out to a reader not so familiar with meteorological interpretations
that the frontal/sector structure shown in Fig 5 has the opposite ordering left to right to that shown in the east-west
structure shown and described in Fig 2-3.

Timings added and reader is now reminded that the fronts appear the opposite way round to the way they may expect.
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— P8 13-5 (now P12 L29) — Figure 6 y-axis states aod_500, these lines suggest different sites use different wavelengths.

Please state clearly in figure caption which wavelengths are used, and correct figure axis title if necessary.

This section now clarifies that the data points in what is now figure 9 are for 500nm.

P8 17-20 (now P12 from L25 onwards) — misclassification of thick aerosol, such as dust, by AERONET to cloud, has
been reported in the literature and examples should be cited here.

Citations added here: Smirnov et al. (2000) and Giles et al. (2019).

P9 110-17 — (now P 14 L8-15)This section needs some expansion and clarification. It is not clear which kext values the

authors are suggesting are different due to different measurement technique (SKYNET vs AERONET) or due to different
aerosol type (dust v smoke).

Extra sentences added to this section to clarify.

P9 125-26 — please add a brief explanation of the methodology of Gross et al. (2015) here, such as typical LR and PDR
values for dust and biomass, since the explanations in the following paragraphs rely on this interpretation.

New section 2.5 now discusses the aerosol classifications and methodology. Extra references also added to what is now
section 4.4

P10 16-10 — what is the reason for excluding altitudes greater than 3km in top row of figure 9?

The reason for this is that the Raman signal was unusable above this height due to attenuation / daylight background
contamination- extra sentence now added to section 4.5 and figure 13 caption to clarify this.

P10 126-27 (now P16 L18) — it’s not possible to discern any brownish colour on these clouds.

This is perhaps an issue with the reproduction of image. Either way, this sentence has now been removed.

P10 1 28-35 (now P16 L20 onwards)— Please note that your trajectories still suggest a well-mixed atmosphere in the
vertical in terms of the dust transport when they are over Algeria. Although I believe this is sufficient for this paper in
showing that the aerosol type and origin was likely Saharan dust, it is not sufficient for pinpointing specific sources.

Please also note that defining dust sources using back trajectories over the Sahara is error-prone due to the challenges
meteorological datasets experience over the Sahara (e.g. Trzeciak et al., 2017).

Thank you for highlighting this. Trzeciak et al. (2016) is now cited that this issue noted in what is now section 4.5.

P11 110-12 (now P17 L10 - 12)- please add altitude ranges for the first two dust plumes mentioned. Same for L16.
Altitudes added

P11115-16 (now P17 L16 -19) — since the total AOD exceeds all values on record for the UK it would be useful to repeat
this fact (stated earlier in the paper) again in the conclusion.

Extra wording added to refer to this fact

P11 117 (now P17 L20) — again, see point above about dust sources. The NAME trajectories only show a North African
origin (i.e. dust), not a source specifically in Algeria.

Wording changed to reflect this

Conclusion, specifically p11 117-26 (now P17 L20 onwards)— there seems to be a lack of clarity about how the dust
layers, which seemed to be generally present, relate to the meteorology. It is suggested that the warm conveyor belt
transported the dust, but does this result in the mostly continual dust presence in the lidar results? How does this semi-
continual presence relate to the dynamics of the ex-hurricane? Likewise for the smoke, which part of the system caused
the transport? (Not the warm conveyor?). This paragraph is very interesting and relevant, and could do with some
clarification and expansion.

Extra sentences added to the conclusion to clarify this, and also analysis of ECMWF wind data.
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P11 127-28 — please cite references for the dust values. My understanding is that dust LR is frequently cited as 50Sr.
Same for the following sentence on BBA.

Lidar ratios and depolarisation ratios are now discussed and referenced in sections 2.4 and 4.4. Reference to LR and
PDR removed from the conclusion.

Conclusion — the authors may not be aware of a published study in ERL on the same event over the UK (Harrison et
al., 2018). Harrison et al. (2018) provide vertical profile information on the same event from several locations as the
aerosol/low pressure system passed over the UK, and observations of aerosol charging. The authors should provide an
evaluation in the conclusion, or earlier in the manuscript, of any differences/similarities to the findings of Harrison et al.
(2018), and evaluate how the two publications may complement each other.

Thank you for highlighting this. We should have referred to the study. It is now referred to in the introduction and the
similarities in the structure of the end of the plume noted in section 4.4.

Figures
Figure 1 — caption — also sea level pressure? The figure is fairly small — please make sure this appears as full width. The
AOQOD colour bar is indistinct and such fine resolution of colour differentiation is unnecessary and difficult to relate to the

colours in the figure. I suggest decreasing the contour interval to every 0.2 AOD so that colours can be easily related to
the values in the colour bar.

The size of the figure has been increased. We are unfortunately not easily able to change the colour scale. The script that
created the plot is no longer working due to changes in other code that the corresponding author does not have access to.
We hope that the current figure is sufficient to display the high dust AOD’s forcast by the UM

Figure 2 —i.e. sea level pressure?

Caption now describes this as a "sea-level pressure” chart

Figure 3 — please give times of day. True colour images? Again, please make these images larger for clarity.

Now referred to as true color images. Time of central swath overpass added to caption. The images have been cropped
and enlarged.

Figure 4 is not referred to in the text!

Now updated and referred to in the text (Now figure 7).

Figure 6 — Please add more information to the captions — such as information on triangles, and break in y-axis as stated
in the text.

Caption now gives more information and notes the break in the y axis.

Table 2 caption — please give AOD wavelength and mass concentration units.

Corrected

Figure 8 caption — please add which sector (warm/cold etc) these time periods relate to. Same for Figure 9.

This is now identified in the figure captions

Figure 8 — Axis titles need adding.

Apologies for this omission - now corrected
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Saharan dust and biomass burning aerosols during ex-hurricane
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Abstract. On 15-16 October 2017, ex-hurricane Ophelia passed to the West of the British Isles, bringing dust from the Sahara
and smoke from Portuguese forest fires that was observable to the naked eye and reported in the UK’s national press. We report
here detailed observations of this event using the UK operational lidar and sunphotometer network, established for the early
detection of aviation hazards--, including volcanic ash. We also use ECMWF ERAS wind field data, and MODIS imagery
to examine the aerosol transport. The observations, taken continuously over a period of 30 hours, show a complex picture,
dominated by several different aerosol layers at different times, and clearly correlated with the passage of different air-masses
associated with the intense cyclonic system. A similar evolution was observed at several sites, with a time delay between them
explained by their different location with respect to the storm and associated meteorological features. The event commenced

with a shallow dust layer at 1-2 km in altitude, and culminated in a deep and complex structure that lasted 12 hours at each site
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over the UK, correlated with the storm’s warm sector. For most of the time, the aerosol detected was mineral-dustdominated by
mineral dust mixtures, as highlighted by depolarisation measurements, but an intense smoke-biomass burning aerosol (BBA)
layer was observed towards the end of the event, lasting around 3 hours at each site. The aerosol optical depth tAGBat 355nm
(AODgs5) during the whole event ranged from 0.2 to 2.9, with the larger AOD correlated to the intense smoke-plumeBBA
layer. Such a large AOD is unprecedented in the United Kingdom according to AERONET records for the last 20 years. The
Raman lidars permitted the measurement of the aerosol extinction coefficient at 355 nm, the particle linear depolarisation ratio
(PBRPLDR) and the lidar ratio (LR), and made possible the separation of the dust (depolarising) aerosol from other aerosol
types. A specific extinction has also been computed to provide an estimate of the atmospheric concentration of both aeresels
aerosol types separately, which peaked at 506—+~+00-4204-200 pgm~3 for the dust and 600—+~+06-5584-232 pigm =3 for the
smoke—Backtrajectories-biomass burning aerosols. Back-trajectories computed using the Numerical Atmospheric dispersion
Modelling Environment (NAME) were used to identify the sources and strengthen the conclusions drawn from the observations.
The UK network represents a significant expansion of the observing capability in Northern Europe, with instruments evenly
distributed across Great Britain, from Camborne in Cornwall to Lerwick in the Shetland islands, and this study represents
the first attempt to demonstrate its capability and validate the methods in use. Its ultimate purpose will be the detection and

quantification of volcanic plumes, but the present study clearly demonstrates the advanced capabilities of the network.

Introduction

Aerosol particles are ubiquitous in the Earth’s atmosphere and play a fundamental role in the Earth’s radiation budget as
well as impacting human health and well being (e.g. Boucher et al., 2013; Mallone et al., 2011). In sufficient concentrations,
aerosols can also present significant hazards to aviation (Guffanti et al., 2010), leading to regulatory measured and the closure
of airspace. For example, the 2010 eruption of the Icelandic volcano Eyjafjallajokull caused widespread disruption to air travelt
travel across Europe for several days, and had a significant financial impact (Gertisser, 2010). Fhetarge-spactal-

The large spatial and temporal variabilities in aerosol type-types and concentration makes their measurement and quan-
tification a challenging task. Active laser remote sensing using lidars is well suited to this task as it provides atmospheric
profiles that are highly resolved in both altitude and time. Lidar netwoks<networks, e.g. EARLINET - EAEINET-and- MPENET

, can also provide coverage over a wide geographical area, and can be used to track the evolution of aerosol plumes. By using
lidars equipped with a Raman channel as well as depolarisation discrimination, aerosol type identification can be attempted
as well as the estimation of separate mass profiles for spherical and depolarising aerosols (e.g. Ansmann et al., 1992; Tesche

et al., 2009; Gro8 et al., 2015a).

On 15" and 16" October 2017 un-usually large amounts of Saharan dust were transported to the UK in the warm conveyor-belt
Browning and Roberts, 1994) associated with the passage of ex-hurricane Ophelia across the Atlantic and then northward
along the west coast of Ireland. At the same time, wildfires in Portugal, fanned by the high winds associated with Ophelia

2004:-Guerrero-Raseado-et-al; 2016 Lewiset-al52046))-(European Aerosol Research Lidar Network), LALINET
Latin America Lidar Network) and MPLNET (Micro-pulse Lidar Network) (Pappalardo et al., 2014; Guerrero-Rascado et al., 2016; Lewis
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produced biomass burning aerosols which were also transported over much of the UK. This event not only attracted the attention
of the academic community (Harrison et al., 2018), but also the general public due to the yellow / sepia coloured skies and red
sun it caused, and also because a number of flights were grounded due to pilots and passengers reporting a smell of smoke
(BBC, 2017; Hecimovic, 2017).

The Met Office acts as the London Volcanic Ash Advisory Centre (VAAC) and is responsible for issuing forecasts and
information to the aviation community in the event of a volcanic eruption in the North Eastern Atlantic region. To con-
solidate its ash-aerosol remote sensing capability, the Met Office has recently established a network of ten single wave-
length, ground-based, N Raman lidar-instaltations-lidars distributed across the UK. The installations also have co-located
AERONET sun-photometers (Adam et al., 2017). During a volcanic event data from the new network will be used by VAAC
foreeasters-and-meteorologists to supplement model output (Webster et al., 2012; Dacre et al., 2015) as well as satellite obser-
vations (Millington et al., 2012; Francis et al., 2012) and aircraft measurements from the Met Office Civil Contingencies Air-
craft (MOCCA) Mith i {Marenco et al., 2016)

. The ground based lidar / sun-photometer network will contribute to discriminating non-spherical ash particles from the pre-

dominantly spherical particles associated with industrial pollution. Aviation safety thresholds are set in terms of volcanic ash
mass-coneentratiopquantities, and in this paper we assess the ability of the lidar / sun-photometer network to deliver estimates
of this quantity, as well as to distinguish between aerosol types. In the absence of volcanic eruptions, mineral dust is the most
appropriate "proxy" for volcanic ash in terms of its size distribution and mineralogy, and hence its optical properties at solar
(and terrestrial) wavelengths (Millington et al., 2012; Johnson et al., 2012; Turnbull et al., 2012). The DRIVE project (Devel-
oping Resilience to Icelandic Volcanic Eruptions), lead by the University of Exeter, seeks to make this assessment by making
opportunistic measurements of aerosol optical properties and mass concentrations, particularly during the-mineral dust events
which typically affect the UK around twice a year (Ryall et al., 2002). Where possible these measurements may be compared
to in-situ aircraft observations made using MOCCA (Osborne et al., 2017). Measurements from the network are also relevant

to the general study of aerosol optical properties. In particular, observations of aged mineral dust over northern Europe and the

UK are lacking (GroB et al., 2015a), and are required to consolidate / improve aerosol classification schemes, for example that

proposed for the EarthCARE mission (Gro8 et al., 2015b).

In this paper we use
ECMWF model wind data and MODIS satelite imagery to describe the synoptic situation and transport associated with Ophe-

lia;produced-biomass-burning-acrosols-which-were-also-transported-overmuch-of the UK-—This-event-attracted-the-attentiono

In—this—paper—we-. We also use observations made using the Met Office Raman lidars and UK sun-photometers —with

to characterise the aerosols present in the atmosphere over

the UK during this event. We also present measurements of aerosol lidar ratios and particle linear depolarization ratios. Back
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trajectories from the Met Office Numerical Atmospheric-dispersion Modelling Environment (NAME) are used to identify the
source of the aerosols and estimate transport times. The case study presented here forms part of the ongoing validation and
testing of the new network and its capabilities.

The paper is organised as follows. In section 2 the lidar / sun-photometer network and retrieval methods are briefly described.
In section 3 the synoptic meteorological situation, transport and dust AOD forecast are presented. Section 4 presents and

discusses the observations, while section 5 provides some conclusions.

Methods

Dust forecasts

As part of the DRIVE project, dust AOD forecasts from the Met Office Unified Model (Met UM) and the Copernicus
Atmosphere Monitoring Service (CAMS) model are monitored daily with the purpose of starting the measurements if a
dust event is foreseen. MetUM operational dust forecasts haye been developed from the original dust mobilisation, transport
and deposition scheme developed by Woodward (2001). A full description of the operational mineral dust forecast scheme is
provided by Xian et al. (2018). Using the dust emission scheme based on Marticorena and Bergametti (1995), Woodward (2001)
accounted for variations in soil clay fraction, vegetative fraction and soil moisture to represent the a horizontal saltation
flux in 9 size bins, of which the 6 smallest bins are transported in the atmosphere. In the numerical weather prediction

operational scheme, atmospheric transport has since been adapted to just two bins (0.1-2micron; and 2-10micron radius

order to improve computational efficiency. Dust is assimilated in a 4-D Var framework following Benedetti et al. (2009) usin

aerosol data (Collection 6.0) from the MODIS TERRA and AQUA platforms. This scheme has been extensively validated

against observations of Saharan dust Greed et al. (2008); Johnson and Osborne (2011). Figure 1 shows output from the Met
Office operational dust forecast from midnight UTC on 13th October 2017 for a validity time of 9am on 16th October 2017
T+81hours). The forecast shows a dust plume covering most of the UK with a maximum dust AOD550 of 0.28. The CAMS

forecast (available from ECMWF (https://atmosphere.copernicus.eu/) predicted a similar distribution of dust but with a higher

maximum dust AODxs between 0.4 and 0.5. Reference to figures 2 and 3 show that this dust is contained within Ophelia’s
warm sector, and is bounded by the warm and cold fronts.

Raman lidar

The lidar network consists of nine fixed locations and one mobile facility (see locations shown in figure 1). The lidars, Raymet-
rics LR111-300s, are bespoke systems developed and manufactured to meet the Met Office and VAAC needs by Raymetrics
located-in-Athens;-Greeee-(website: https://www.raymetrics.com) located in Athens, Greece. The instruments emit at 355nm
and have polar and co-polar depolarisation detection channels at 355nm, and an Ny Raman detection channel at 387nm. The
systems use Quantel CFR 200 Q-switch-pulsed Nd: YAG lasers, with nominal pulse energies of 50mJ, and a repetition rate of

20Hz. Before leaving the lidar, the beam passes through a x7 beam expander making the emitted beam eye safe. The receiving



10

15

20

25

30

telescope is a 30 cm diameter Cassegrain type, and full overlap between the emitted laser beam and the telescope field of
view is achieved at around 250m300m. Alignment is ensured using the telecover test deseribed-inFreudenthaleret-al(2618)-

berotatedto-pre-setpo onsand-the-pola atton-channe ofeach-hidarare-calibrated

Freudenthaler-et-al(2009)-and-as-detailed-in Buxmann-et-al{20+7Hdeveloped and used by EARLINET groups (supported b
the Aerosols, Clouds and Trace gases Research Infrastructure (ACTRIS)) and as described in Freudenthaler et al. (2018). The

detectors are Hamamstsu R9880-U110 photo multiplier tubes (PMTs) and data acquisition is made using a Licel TR-20 tran-

sient recorder. Data is acquired in both analogue and photon-counting modes. Each-lidar-can-be-operated-remotely-The network
fires only when activated from the Met Office Exeter headquarters; however, if precipitation is detected the lidar will not operate

(Adam et al., 2017). Data from the lidars are transmitted to the Met Office headquarters and can be accessed and visualized in
near real time in the VAAC. In the future, data from the lidars will be made available on the Centre for Environmental Data

Analysis (CEDA) data repository with a 48 hours delay; however, at the time of writing this facility is yet to be implemented.
Polarisation calibration

Polarisation discrimination is made via a polarisation beam splitter cube (PBS), with additional clean sheet filters placed after

the cube to eliminate cross talk due to inefficiencies in the PBS. During calibration the wavelength and polarisation separation
optics can be rotated to pre-set positions, and the polarization channels of each lidar are calibrated using the + /- 45 degree
procedure from Freudenthaler et al. (2009) & Freudenthaler (2016).

Additionally, we also use the procedure described in Freudenthaler (2016) to correct for the polarisation effects of the various
optical elements in the lidar, We have calculated calibration parameters using the Python script made available by Volker
Freudenthaler together with manufacturers’ values for the polarisation purity of the lasers, and the rotation, diattenuation and
retardation of each optical element, Following this analysis we estimate that in our lidars we have some rotational offset
between the plane of the laser polarisation and that of the PBS. We have therefore added a rotational offset between the planes
of polarisation of the laser and the PBS into our post processing. We have varied this rotational offset until the VLDR measured
in polar clean (assumed ice and aerosol-free) air can be reproduced by calculation Behrendt and Nakamura (2002), and in this
way we were able to estimate that the angle of rotation between the two planes is 2-4 degrees.

Lidar retrievals

Aerosol optical properties are calculated from lidar analogue and photon counting signals using code developed at the Met
Office, and which has been tested against the EARLINET Single Calculus Chain (SCC) (D’ Amico et al., 2016; Mattis et al.,
2016) and found to be in agreement. Ircommon-with-SCCs-errors-Errors are estimated using a-the Monte-Carlo method

During hours of darkness, extinction and backscatter profiles are derived independently using the Raman and elastic chan-

nels (Ansmann et al., 1990, 1992), and hence both the aerosol lidar ratio (LR) and the particle linear depolarisation ratio
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(PBRPLDR) can be measured. During day-light hours the Raman ehannel-cannot-berelied-upons-as-itis-affected-by-shotneise-
Fherefore;during-day-lightheurs-signal is overwhelmed by the daylight background, and the aerosol properties are computed
using the elastic channels only, meaning that a-constrainon-the-ER-has-to-be-used-a-prioriknowledge of the LR is required. A

constraint can be placed on the LR, for example by assuming that the LR measured in the night also applies in daytime, or by
ensuring consistency of the lidar-derived AOD with the sun-photometer measurements.

In this study we have also made use of day-time Raman measurements during a period of high aerosol optical depth. This has
been done in the follwing way. The Raman channel was used to derive the first 2km of the extinction profile in-the-normal-way
as in Ansmann et al. (1990), where no reference range is needed. The backscatter profile could not be retrieved in the normal
way, as in Ansmann et al. (1992) where the ratio of the Raman and elastic signals is used, as no molecular only reference range
could be found in the Raman signal (the far end being masked by the background signal as described above). In order to find a
reference range within the first 2km it was therefore necessary to know the value of the aerosol backscatter coefficient at some
height. Kovalev (1993) provides a method of finding the aerosol extinction profile from elastic only lidar data (without the use
of a reference range) by constraining the solution using the total optical depth. This method can be applied to a small vertical
section of the lidar signal if the optical depth in that section is known and, in the case of a Raman lidar, this can readily be
computed by integrating the Raman derived aerosol extinction profile within the desired section. The Kovalev method requires
the assumption of LR. Any realistic value may be chosen, but each value results in a different vertical distribution for the
aerosol extinction profile. As we already have a "true" aerosol extinction profile from the Raman channel, it is possible to
fix the most appropriate aerosol lidar ratio by finding the value which minimises the differences between the Raman derived
aerosol extinction profile and that resulting from the Kovalev method within the small vertical section under consideration. A
well mixed 400m section, within which the lidar ratio is expected to be constant, was chosen to perform this process. Having
found the most appropriate lidar ratio, a-single-heighta single height, within the 400m section, was chosen to convert the Raman
derived aerosol extinction value to backscatter by dividing by the lidar ratio. This point is then used as the reference range and
first 2km of the backscatter profile was—feund-as in Ansmann et al. (1992). Using this method it has been possible to make
measurements of PPR-PLDR and LR in the lower 2km of the atmosphere during day-light hours.

In each retrieval distinct layers were identified, with reference to the backscatter and particle linear depolarisation profiles.

he-Layer
values for AOD were calculated by integrating the extinction profiles. Where values of PLDR and LR are reported for a layer.
these are the mean within the layer, weighted by the backscatter profile as per equations 1 & 2 (Grof et al., 2011).

r2
PLDRpean = / PLDR(R) B(R)

- dr (1)
S [ B(Rydr

r2

R [ LROR)-A(R)
R

S B(

dr @



10

15

20

25

30

Where S(R) is the aerosol backscatter coefficient at range 2. We have used the lidar extinction and PBR-PLDR data, to

obtain separate mass-coneentration-extinction profiles for fine and coarse mode aerosols (Tesche et al., 2009). When performing
this separation we have assumed eenstantfixed depolarization ratios for coarse mode and fine mode aerosols of 26+2.6% (dust
like), and 5330.3% (pollution / biomass burning / marine like) respectively (Ansmann et al., 2012; Grof et al., 2015a). The
mass-retrievals-separated extinction profiles are sensitive to the choice of these depolarisation ratios, and we-have-chosen-these
based-on-values-these default values are representative of values measured during this study in layers we are reasonably sure

contained only one type of aerosol.

Sun-photometer network/Speeifie-extinetionA erosol classification

Both the LR and PLDR of aerosol particles vary with aerosol type, due mainly to differences in chemical composition, shape

and size distribution (Gasteiger et al., 2011). Because of this variation between aerosol types it is possible to use the LR and

. However, the setting of definitive thresholds for classifications is a challenging task as the LR and PLDR of aerosol particles
are subject to modification as the aerosols age (e.g. Alados-Arboledas et al., 2011; Grof et al., 2015a). The size distributions

and chemical composition can be modified by internal and external mixing and by sedimentation (Cubison et al., 2011; Weinzierl et al., 201

and the shape of particles can also be modified by hygroscopic growth (Granados-Muiloz et al., 2015; Haarig et al., 2017).

The technique is also complicated by the fact that the LRs and PLDRs of different aerosol types can overlap. For example, at
355nm the LR and PLDR for aged biomass burning aerosols from various sources reported in the literature vary from 35sr to
80sr and 1% to 7% respectively (Ansmann et al., 2009; Baars et al., 2012; Haarig et al., 2018; Hu et al.,
- This overlaps with reported LR and PLDR values for anthropogenic pollution acrosols ranging from around 45sr to 65sr and
1% t0 1% (Giannakaki et al., 2010; Illingworth et al., 2015). Within these thresholds then it is not always possible to make an
un-ambiguous classification based on LR and PLDR alone. Other sources of information, such as back trajectories, can be used

Literature values of LR and PDR for marine aerosols range from around 10sr to 25sr and 1% to 12% respectively (Illingworth et al., 2015;

- The PLDR of marine aerosol particles in particular is affected by relative humidity, with the lower values corresponding to the
more spherical, wet particles, and the higher values to the more irregularly shaped dry particles. The LR and PDR of Saharan
dust at 355nm with different degrees of ageing is reported in the literature with values ranging from around 38sr to 60sr, and
22% to 33% respectively (e.g. Mona et al., 2006, 2012; GroB et al., 20152). Mona et al. (2000) present a climatology of LR for
pure dust, and suggests that for very intense dust events over the Mediterranean, or near to the dust source, the LR for dust
is often around 50sr, while in contrast, for less intense events, the value in the centre of Sharan dust layers where there is
little mixing with other aerosols, the LR is well represented by a Gaussian curve centred on 38sr. Grof et al. (2013) describes
the effects on desert dust LR and PLDR of mixing with marine aerosols and biomass burning aerosols. While the effect is
non-linear, the effect is essentially to reduce both the LR and the PLDR in the case of mixing with marine aerosols, and to
increase the LR and reduce the PLDR in the case of mixing with biomass burning aerosols.

PLDR to attempt a classification of the particles present in an aerosol layer (Miiller et al., 2007; Burton et al., 2012; Grof3 et al., 2015b; Haa

2018; Vaughan et al., 2018
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Given this inherent variation in LR and PLDR even within the same aerosol type, we have elected to make our layer
2015b). In addition we identify aerosols with LR

35-45sr and PLDR <7% as continental pollution (background aerosol), and aerosols with LR > 60sr and PLDR<7% as BBA
with intermediate LR values interpreted as a mixture between the two.

identifications using the established scheme shown in figure 3 of Grof} et al.

Sun-photometer networks

Co-located with the lidars are Cimel CE318 multiband sun-photometers. The instruments make direct sun observations of
aerosol optical depth at several wavelengths. Under cloud free conditions the instruments also make eff-sun—almueanter
almucantar scans from which aerosol size distributions are inverted (Holben et al., 1998). In common with the lidars, data
from the sun-photometers are transmitted to the Met Office headquarters and can be accessed and visualized in near real time.
However, in the case of the sun-photometers, data are also processed by AERONET and made available on their website.
In-this-study-we-have-also-To help characterise the aerosol plumes present over the UK during this event we have made use
of level 2.0 inversion (v3) sun-photometer data from ether-AERONETfederated-AERONET., In addition, we have also used
data from AERONET federated UK Cimel sun-photometers - specifically those at Rame Head, Bayfordbury -Edinburgh-and
FZIHOYCE-n-Germanyand Edinburgh. We also make use of data from a Prede-POM sun-photometer. This instrument is part
of the SKYNET sun-photometer network (Takamura et al., 2004), and uses the SKYRAD package-inversion code to provide
aerosol optical depths and aerosol size distributions. The Prede-POM sun-photometer is currently co-located with the Rame

Head AERONET sun-photometer on the roof of the Plymouth Marine Laboratory building in Plymouth (Estellés et al., 2012).

Additionally, we have also collected data from several AERONET sites across mainland Europe . Inversions from Brussels,
El Arenosillo, Bure OPE, Cener, Coruna, Dunkerque, FZJ Joyce, Granada, Hamburg, Karlsruhe, Leipzig, Lille, Lindenberg,
Oxford, Palaisau, Paris sites were sampled between the 13th and 18th of October 2017, to provide a more holistic view of the
aerosol conditions over a wider geographical area,

Specific extinction

As well as volume concentrations for fine and coarse mode aerosols, the AERONET proeessing-algorithm reports individ-
ual optical depths for the fine and coarse modeaeresels. Following the techniques described in Ansmann et al. (2011) and
Ansmann et al. (2012) this information was combined to calculate values for fine and coarse mode specific extinction K.

In this technique the optical depths for both fine and coarse modes are divided by the respective volume concentrations, to
give values of “extinction per unit yolume" for each mode. This is then combined with an a-priori assumed density for the
aerosols in each mode to give values of "extinction per unit mass” which can then be used to convert lidar extinction profiles
to mass concentrations. We have used values for fine and coarse mode aerosol density of 1.5+:0.3gem”? and 2.63:0.6gem >

respectively, as representative of anthropogenic pollution or biomass burning aerosols (fine mode), and illite rich mineral dust

coarse mode) (Schkolnik et al., 2007; Reid et al., 2003; Bukowiecki et al., 2011; Ansmann et al., 2012). Note that this method

assumes that the AERONET coarse mode volume and optical depth is identical to the volume and optical depth of depolarisin
aerosols, and as noted in Ansmann et al. (2012) this may not always be the case.
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As described in Ansmann et al. (2011) another potential source of error in this technique is the fact that the AERONET
algorithm forces the size distributions to zero above 15um. This means that if giant aerosol particles are present in the real size
distribution, they will not be present in the AERONET distribution, and the extinction they cause will be attributed to smaller,
more efficient scatterers. This will in turn lead to underestimations of mass concentrations. It is difficult to put an estimate on
this error, as it obviously depends on the presence and quantity of giant aerosol particles. Ansmann et al. (2011) suggests that

this error could reach 100%..

In contrast to AERONET, SKYRAD allows the larger size bins up to 15um to settle into non-zero values. However, SKYNET

does not provide separate values for fine and coarse mode AODs. Therefore, to obtain a value for fine and coarse mode K,
from the SKYNET data, and to allow a comparison between mass estimates obtained using values for specific extinction
from the two systems, separate fine and coarse mode optical depths were calculated in the following way. Firstly for each
SKYNET size distribution log-normal modes were fitted using the Gaussian mixture model described in Taylor et al. (2014).
A good fit was achieved with three modes. The log-normal fit corresponding to the fine fine mode was then used in scattering
calculations to calculate a fine mode optical depth, which was then subtracted from the total optical depth to arrive at a value

for the coarse modes. In order to be consistent with the calculations used by AERONET, we used T-Matrix calculations for

randomly orientated spheroids, averaged over aspect ratios ranging from 0.4 to 2.49. Finally;-theresulting-values-for-fine-and

..... h tha o Mmoo an A ar—E h-1made are ad A A nemannp—e 0 a

ea%c—ulaf&l%.—
Here the aspect ratio is defined as the ratio of the particle’s polar diameter to its equatorial diameter. In the case of prolate
articles, its polar diameter is greater than the equatorial diameter, and the aspect ratio is greater than 1. As a sanity check,

the same calculations were made for the co-located AERONET fine mode size distributions from Rame Head. Fine mode
AODs calculated using a refractive index of 1.45-0.01¢ were found to match the measured AERONET fine mode AOD almost
exactly. This refractive index is representative of values found in the literature for industrial aerosol dominated by sulphate
from pollution mixed with black carbon (Raut and Chazette, 2007; Levin et al., 2010; Poudel et al., 2017), and this value was
therefore used in the calculations for the SKYNET POM fine mode optical depths. Finally, the resulting values for fine and
coarse mode optical depths, together with the volume concentrations for each mode, were used as in Ansmann et al. (2011) to

calculate Keyy.

Errors in both the lidar extinction and backscatter retrievals, and the calculation of K., contribute to the uncertainties in

the final mass estimates. As stated above, errors in the lidar retrievals have been calculated using a Monte Carlo technique
D’ Amico et al., 2016)

arameters used in the processing, such as assumed lidar ratios and polarisation factors. Again following the methods of

, taking into account both the statistical errors in the raw lidar signals, and errors in the systematic
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Ansmann et al. (2011) the uncertainty on K..; has been estimated by propagating the error in the assumed aerosol densities
and the variation in the sun-photometer derived factors. In total, the error in the mass estimates is on the order of +50%.

MODIS

layer is created from two “Dark Target” (DT) algorithms for retrieving (1) over ocean (dark in visible and longer wavelengths
onto a 1/16th of a degree resolution grid and combined the granules from both AQUA and TERRA to compute daily snapshots
of AOT during the period corresponding to the passage of Ophelia over Europe.

ERAS

To highlight Ophelia’s role in bringing aerosols from off the coast of the Iberic peninsula to northern Europe, we analyse
the synoptic meteorological conditions using the ERAS reanalysis from the European Centre for Medium Range Forecast
(ECMWE). ERAS is a climate reanalysis dataset, covering the period 1950 to present (C3S, 2017). It is produced using 4D-Var
data assimilation in CY41R?2 of ECMWE'’s Integrated Forecast System (IFS). with 137 hybrid sigma/pressure (model) levels
in the vertical, with the top level at 0.01 hPa. Atmospheric data are available on these levels and they are also interpolated to
37 pressures. We use the latter data at 3 hourly resolution to analyse the meridional and zonal winds, in order to identify the
northerly jet associated with Ophelia’s warm conveyor belt responsible of the northward transport of aerosols.

Meteorological situation

Ex-hurricane Ophelia

qe HOWS—a1v i yHoPp O d 1a o e gnton—+n O TCtOD v 1t p1 a O

seen—as—atow—pressure—system—to-the—seuth—west-of Jreland—Originating in a decaying cold front in the Eastern Atlantic,

Ophelia became a hurricane #r-on the 11" October, before strengthening to a major hurricane on the 14" and moving North

East towards Ireland. With winds exceeding 50ms~!, Ophelia is the farthest east storm reaching such intensity on record
(US National Hurricane Center, 2017). The-chart-also-shows-a-warm-front-Late on the 15" October, the storm weakened as

FLARRAARRAARAAARAANAATRAARRSRARAARARAIANIARR

it passed over the colder waters towards Ireland. Ophelia made landfall in Ireland on 16" October as an extremely violent

storm, with winds reaching 35ms~! in County Cork. The storm then tracked North East over the UK before dissipating over
Scandinavia on the 17" of October.

10
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Figure 2 shows a Met Office synoptic chart for midnight on the 16" October 2017, Ex-hurricane Ophelia can been seen as
a low pressure system to the south west of Ireland. The synoptic chart also shows the frontal system associated with Ophelia,
consisting of a leading warm front, here passing over Ireland and the UK, followed by a-the storm’s warm sector, a cold
front and then a following cold sector. Within-the-Comparison of figures 1 and 2 reveals that the Met Office operational dust
forecast has significant quantities of dust in the warm sector, the-w-arm-conveyor-feeding-warm-air-into-the-cyclonie-system
also-drew-air-masses-up-from-the-West-African-coast-to-the-Uksand-on-the-ahead of the trough and even larger AODs behind
the trough. The frontal systems and structure of extra tropical cyclones are often described using the conveyor belt model
(Carlson, 1980; Browning, 1999). This model describes three air-streams moving within the system - two cold conveyor belts
(CCB) located in the leading cold sector and running parallel to the storms warm front, one cyclonic and the other anti-cyclonic,
and a warm conveyor belt (WCB) initially running parallel to the storm’s cold front and moving ahead of it. The WCB originates
in the warm sector and is responsible for most of the cyclone’s meridional energy transport. As it ascends ahead of the cold
front from the boundary layer to upper troposphere, the WCB transports boundary layer air masses into the free troposphere,
and extra tropical cyclones are crucial for clearing air pollution and aerosols from the boundary layer (Eckhardt et al., 2004).

To illustrate the WCB, figure 3 shows wind speed data from the ECMWE ERAS dataset at 700hPa (approximately 3000m in
altitude) at 12z on the 15,16 in-parti air-ma ' ith-aeti i ate- 17" and
18" in panels a to d. The strong jet of the WCB can clearly be seen off the coast of the Iberian peninsular on the 15""Oeteber;

: asH-pa : : aitd: -, reaching speeds
of over 30ms~', and continuing north east towards the UK. By the 16" Oetoberas-an-extremely-violent storm.with-winds
ne-foree)-in-County Cork—The storm-then-tracked NorthEast-the most intense part of the WCB
has moved over the UK, and the two CCB can be seen diverging to the north of Ireland, showing the anatomy of the cyclonic
system. By the 17" Ophelia has dissipated, but there is still a strong jet extending over the North Sea and southern Scandinavia,
and by the 18" this jet can still be seen over Poland and Lithuania.

To further highlight the WCB transport, figure 4 shows vertical cross sections of meridional wind speed data from the surface
t0 500hPa (approximately 5500m in altitude) passing through meridians at 42°N (left) and 52°N (right) (please see the teal and
magenta lines in panel a of figure 3). Panel a shows the situation at 18z on the 15", and panel b shows the situation 18 hours
later at 12z on the 16", At 42°N on the 15'" the WCB jet can be seen extending almost from the surface and up into the free
troposphere. At the same time, the continuation of this jet can be seen passing through the 52°N meridian, but elevated above
4km. This demonstrates the ability of a WCB to not only transport airmasses from equator to pole, but also transport air masses.
from the boundary layer to higher altitudes. On the 16" the WCB can be seen to have moved northward and eastwards over
the UKbefore-dissipating over-Seandinavia, extending from the surface to above Skm.

We conclude from the ERAS wind data that the WCB of Ophelia caused significant transport of air masses from south of
407N to the UK, via the coast of Theria, and the residual jet then transported these air masses on to mainland Europe. It also
seems from these data that the transport would have included the mixing of boundary layer air into the free troposphere.

To better understand the aerosol loading in these air masses, we have examined the true color MODIS imagery for the period
around this event. Figure 5 shows MODIS Aqua true colour images from the North Atlantic region for the 14t", 15", 16"
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and 17" October 2017. The overpass time of the central swath is approximately 12UTC. The MODIS fire thermal anomaly.
product is overlaid as red dots. Ophelia is highlighted inred-with a red star in the first three pannelspanels. On the 14'" a-plume
of-Saharan-dust-an aerosol plume can be seen off-extending from the coast of Mauritania and Western Sahara ;-and-by-the-up
likely-entraining-acrosol plume extends to the north east of Portugal, and by referring to figure 3 we can see that this plume
coincides with the the WCB, and that a proportion of it and-transporting it-northwards- Aerosolsthe acrosol plume has likely
been entrained and transported northwards, By the 16" a brownish plume can be seen in the wasm-seetor ahead-of Ophetia—By
to the UK, again coincident with the WCB, and by the 17" Ophetia-has dissipated-and-a-distinetive-greyish-this plume can be
seen ir-MODPIS-imagery(panel-4;figure-5)r-over Northern France, Belgium, and Northern Germany—We-interpret-this-as-the

A d-A eraonet—data ad A A a o I dta

with the residual jet. The WCB has also passed near or over areas of active forest fires in Portugal where the surface winds
reached more 20ms_" (figure 4). Not only does this suggest that the mineral dust rich air associated with the WCB would
also entrain aerosols produced by the forest fires, it also indicates that the burning could have been fanned and made more
intense by the strong winds - increasing the release of biomass burning aerosol and worsening the societal impact of the fires
(Badcock, 2017).

The aerosol plumes are well illustrated in figure 6, which shows the MODIS (Terra and Aqua) Combined Value-Added
AOD (550nm) product over Europe from the 13*" Oetober-2047-for-a-validity-timeof 9am-on-to the 18"" October. Overlaid
as coloured dots are the available AERONET AODs at 500nm. Given the short-lived nature of the aerosol intrusion related
to Ophelia, the AERONET inversions were collocated in time as best as possible with the timing of MODIS overpasses and
averaged over that period of time. Again, the aerosol plume off the coast of Iberia on the 14" and 15 is coincident with
Ophelia’s WCB as shown in figure 3. The plume continues to follow the WCB on the 16" and then the residual jet on the 17"
and 18", Although frequently not exactly collocated in space and time, generally the AERONET and MODIS AODs show an
From this analysis we conclude that over the 15" and 16" October 2047-(F+8+hours)—TFhe-forecast-shows-a-dust plume
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winds of the WCB associated with Ophelia caused significant transport of air masses containing aerosols from south of 407N
to the UK. We also conclude that after passing close to, and then over areas of active forest fires in northern Portugal, the WCB
likely entrained aerosols released by the fires and also caused strong surface winds, which could have increased the intensity of
the burning. The residual jet after the dissipation of Ophelia has then transported these air masses and aerosols over the North
Sea and across northern Europe on the 17" and 18" October.

Results and discussion
Lidar observations

Lidar measurements began at 11:00 on 15" October 2017 and they were continued until 17:00 the following day. Figure-8

shows—the-Figures 7 and 8 show the aerosol attenuated backscatter product, and volume linear depolarisation ratio (VDR)
respectively, for four lidar stations (locations are shown in figure 1). Please note the log colour scale on both plots. The data has

been range corrected, and also corrected for molecular attenuation. We have made this molecular correction to better highlight
the layering and evolution of the plumes. Other lidars in the network did not record useful data due to rain or very low cloud,

and rain also prevented measurements being made at Camborne for much of the 16", In figure-figures 7 & 8 the four panels
are arranged with the westerly most station (Camborne) at the top and then moving progressively east in the three panels below
showing the passage of the warm front, warm sector and cold front as they tracked from west to east across the UK. It should
be noted that the fronts here appear in the opposite order to that suggested by the west to east movement of Ophelia as they.
are plotted by their arrival time over the lidar site. A layer of depolarising aerosol arrived over Camborne, Rhyl and Loftus
on the merning-of-the-15" October prior to midday between 1km and 2 km. Fhis-plume-was-ahead-of the-warm-front-and

followed some hours later by a much thicker plume extending from 1km to 6km, well identified at the four locations, although

with different timing. This plume arrived at Camborne at around 20:00 on the 15", Rhyl at midnight on the 15", Watnall at
MTN beginning of this plume marks the arrival-of-the-warm-front-passage

of Ophelia’s warm front over the lidar sites, and the wedge shaped profile of the aerosol plume is typical of an advancing

)

warm front being undercut by colder air. Fhe-thickerplame-was-in-the-warm-seetor-associated-with-Ophelia’s-warm-conveyeo

and-persisted-for-around12-hoeurs—Towards the later three hours of this plume, and still in the warm sector, an optically very
thick layer arrived, initially at around 1km, and later ascending to 2km. This layer can be well seen in figure 7 as a layer

with exceptionally large backscatter. This optically thick layer was less than 1km in vertical extent and marked the end of the
warm sector and the arrival of the cold front. Again the profile of the plume has a distinctive wedge shape, this time caused by
advancing colder air undercutting the warm air associated with the warm conveyor. The eeld-sector-istargley-structure of this

later part of the plume is similar to that shown in figures 1 and 4 of Harrison et al. (2018), which show ceilometer profiles from

Chilbolton and Reading observatories for the 16", Following the cold front, the trailing cold sector is largely free of strongly
depolarising aerosols with the exception of a thin layer at the top of the boundary layer, initially at 1km and rising to 2km.
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Similar features can be seen in each panel, but shifted in time, showing the progress of the warm sector and associated dust
plume west to east. At all four sites ;-there was a strong, only slightly depolarising, boundary layer{showing-a-strong-tetal
elastie-signal—notshown-here). The boundary layer was mostly confined to the lower 1km, rising sightly to 2km after the cold
front had passed.

Sun-photometer AODs

The available UK sun-photometer AOD measurements are shown in the upper two pannels of figure 9. Please note the break
in the y-axis. With the exception of the four-data-SKYNET data and the three data points plotted as triangles on the 16"
(see below) the AERONET data is cloud screened level +5-2.0 data processed by version 3 of the AERONET algorithm.
Only four of the ten Met Office sun-photometers (those at Portglenone, Loftus, Watnall and East Malling) were able to make
measurements that survived the AERONET cloud screening. The additional AERONET sun photometers at Bayfordbury, Rame
Head and Edinburgh were also able to collect data, as was the SKYNET Prede POM sun-photometer. As described above, this
latter instrument was co-located with the Rame Head AERONET sun-photometer.

The AOD50o measured on the 15" October by the more southerly instruments - Rame head, PML, Bayfordbury, and East
Malling - show similar values and variation. Inspection of figure 8 suggests that these measurements were made when the
thinner aerosol layer ahead of the warm front was overhead, and before the arrival of the thicker plume. Edinburgh, Portglenone
and Loftus, where the AOD35yg was often below 0.1, are the more northerly instruments, and it is likley that the first aerosol
plume did not reach these locations until after 3pm on the 15" (see lidar data for Loftus in figure 8).

On-the-Very large AOD’s were recorded by three of the UK sun-photometers on the morning of the 16"the-, The PML
sun-photometer recorded an AODs of 1.1, and tater-the-Watnal-and-Loftassun-photometersrecorded-shortly afterwards the
ABRONET sun-photometer level 2.0 data from Watnall contains an AODsgg of 2.8 and an AODgzss of 28-2.9 (10:36am)and

. Similarly the Loftus sun-photometer data contains an AODgyr5 of 2.3 (12:35pm)respeetively. To put this-these very high
AODs into context, the entire UK catalogue of level +-5-2.0 AERONET AODs at 500nm or 675nm running from 1997 to 2017

contains no values greater than around 1.75. The high AOB-AQODs measured on the 16" October are therefore exceptional.

Hewever-the-In addition to the very high level 2.0 data points, the level 1.0, non-cloud screeneddatafrom-these-sites-contain
twe-measurements-of-, data from Watnall and Loftus contain other very high AODsqo each-measurements - 2:9-and-2.5 at
Watnall, and +48-and-2-27-1.5 and 2.3 at Loftus. These data are plotted in figure 9 as triangles. The Angstrom exponents
at these times were 1.6, 0.9, 1.7 and 0.8 respectively. Angstrom exponents of this size indicate that the particles present were
small. This would not be the case if the optical depth had been due to cirrus cloud, which is composed of very large ice particles
that produce almost no wavelength variation in AODs at visible wavelengths. We therefore conclude that these high optical
depth values are due to acrosols and not cloud.

Further evidence that these very high AOD measurements are not due to cloud is provided by AERONET measurements
from more easterly sites on the 17¢" October. The MODIS imagery in figure-5-figures 5 and 6 shows that the aerosol plume

and warm sector moved over mainland Europe on the 17¢" M October, and impacted AERONET sites in Northern
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Europe. AODs values of upto 2.4 are found in the level +:5-2.0 AERONET data for sites in Lille, Brussels and Julich in
Germany, which are comparable to the level 1.0 AOD values at Watnall and Loftus. Corresponding Angstrom exponents of
upto 1.2 are also similar to those in the level 1.0 data at Watnall and Loftus. It is possible that the cloud screening of the UK
AERONET data has been susceptible to the inhomogeneity of an unusually optically thick aerosol layer (AOD5qo upto 2.9),
and has discarded un-contaminated data, or the presence of patchy cloud has caused data rejection. As an example, figure
10 shows the wavelength dependent Level 2.0 AOD derived from the AERONET station at Jeulich in Germany on the 17th
October. The very high AODs exceeding 2 are more clearly evident as the impacts of cloud contamination are less than over
the UK on the 16th October. Fhus-we-are-confident-that-the-Level-Smirnov et al. (2000) and Giles et al. (2019) discuss the
smoke or urban pollution. We conclude that these very high level 1.0 AODs over the UK are accurate, and that the high AODsq
measurements at Watnall and Loftus are in-fact not contaminated by cloud, and are a true measurement of the aerosol optical
depth. As we will shown in section 2, a lidar derived optical depth at Watnall, coincident with the sun-photometer AODj5(q
measurement of 2:92.8, is of a similar magnitude.

Inspection of figure 8 shows that the very high AODs measured at Watnall and Loftus were associated with the end of the

warm sector plume. The AOD at all sites dropped to around 0.2, after the warm sector plume and cold front have passed.
Sun-photometer size distributions and Specific extinction

The lower panel of figure 9 shows the available sun-photometer derived volume size distributions for the 15t" and 16" October
2017. The majority of the size distributions were measured on the 15" and correspond to the initial thinner plume of mineral
dust influenced aerosol in-the-eold-seetor-ahead of the warm front. While the co-located Rame Head and PML SKYNET
instruments show good agreement for AOD, the size distributions are significantly different. Most notably, above 10um the
AERONET size distributions quickly approach zero, while the SKYNET size distributions do not. As discussed in section
size bins to settle at non-zero values. The SKYNET size distribution is also tri-modal while the AERONET size distributions
are bi-modal. These differences have been noted before (e.g. Che et al., 2008; Estellés et al., 2012), and as shewn-below;

smaller for the SKYNET data than the AERONET data. This in turn results in smaller mass concentration estimates when the

One size distribution was measured in the warm sector - at Bayfordbury at 10:12 on the 16" (dark blue curve - diamond
markers in figure 9). The effective radius of the coarse mode of this size distribution is slightly smaller than those of the coarse
modes measured in-the-cold-seetor-ahead of the warm front, and, as is shown below, the specific extinction is correspondingly
larger. This size distribution also shows a more prominent fine mode volume. One size distribution was measured after the cold
front had passed - at Watnall at 14:53 on the 16" (light blue curve / square markers in figure 9). The shape of the coarse mode
is markedly different to those from either the-earliercold-sector-or-the-warm-seetorbefore or after the passage of the warm
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front, with a much broader width. Again, the specific extinction for this mode is different to those in either of the preceding
sectors.

The values for coarse mode specific extinction obtained are listed in table 1. These values are of interest as they are what is

used to transform the separated extinction or backscatter lidar profiles into mass concentrations. Without the sun-photometer
measurements a default value must be used, and this would add significantly to the errors associated with the final estimates. In

the initial plume on the 15¢", the mean value of K., calculated using the AERONET data from all locations was 0.56+6-620.13m?g 1,

and that found using the SKYNET data was 0.41:&9£30N.99m2 g~ 1. The K., value calculated using the one size distribution
from the warm sector is 0.65£0.15m?g ™!
effective scatterers than those in-the-preceding-ecold-seetorbefore the warm front. The value of K., in the later cold sector was

0.48+0.11m2g .

, indicating that the coarse mode aerosols in the warm sector contains smaller, more

The values reported here are within the range reported in the literature for coarse dust aerosols, but also for volcanic ash
from the Eyja eruption indicating indieating-the similarity in size distribution (e.g. Clarke et al., 2004; Osborne et al., 2008;
Johnson et al., 2012; Ansmann et al., 2012; Nemuc et al., 2013).

Aerosol classification and mass concentrations

The lidar retrievals are summarised in table 2 - optical properties and mass concentrations were derived from lidar measure-
ments averaged between the times indicated. The Table is divided into three subsections, corresponding to retrievals made i
the-initial-cold-seetorbefore the warm front passed, the following warm sector, and the firal-following cold sector. The AOD
of each layer was calculated by integrating the corresponding section of the lidar extinction profile. The PBR-PLDR and LR
values (measured using a combination of elastic and Raman signals) reported are the backscatter weighted mean values within

each layer —Wherenfais-tisted-as described in section 2. Where the lidar ratio is reported in bold italics, the retrievals were

made using the elastic signal only -witheut-an-AOD-constraint-and-henee-no-information-on-the lidarratio-was-available

thatprovided-in-Grofi-etal{(2045b)figure2-and hence a lidar ratio has been assumed, or estimated using the sun-photometer
optical depth data. As discussed in section 2 we mainly use the scheme given in Grof et al. (2015b) to classify the aerosol

layers.

Figure 11 shows an example of a lidar retrieval before the warm front arrived, this example is from the Watnall lidar, with data
averaged between 18:15 and 19:10 on the 15" The aerosols in the thin depolarising layer in-the-initial-cold-sector-had a mean

PPR-6f26PLDR of 22+14:34.8%, and a mean LR of 43:346.3+5st8sr. These values suggest alayer-of pure-transported-mineral

occurred over Watnall at around 7pmanéd-was-500, and was 424-++00215,gm 3. Below-this- The mass concentration estimated
at the same time using the K., value from the SKYRAD data, which as discussed above may better represent the number

of giant particles over around 10um, was 568+269ugm 2. This estimate is 33% higher than that found using the K..; value
from the AERONET data. As discussed by Ansmann et al. (2011), the magnitude of the error in K,.,; due to the AERONET

. The peak concentration in this layer:
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algorithm forcing the size distribution to zero at 15um depends on the presence and number of large particles. From this
single example it is difficult to draw conclusions, but in this instance the constraints placed on the size distribution by the

AERONET algorithm has lead to a significant under estimation in the mass concentration. Below this strongly depolarisin
layer, the boundary layer had mean PBR-of5:75PLDR of 3+2:80.6%, and a mean lidar ratio of 35:3454-5-4sr-16sr suggest-

ing either biomass burning aerosol (Haarig et al., 2018) or continental pollution (Giannakaki et al., 2010) or a combination of
both(e-g-Grof-et-al-2045a).

The deep and strongly depolarizing layer immediately after the warm front had a mean PBR-6f26PLDR of 22+2%, and a
mean LR of 3948+4sr-3sr (see panel 1 in figure 22-12 - this example from the Watnall lidar 2:00am to 3:15am on the 16").
These values again indicate a layer ef-pure-impacted by transported mineral dust, possibly mixed with some marine aerosol.
The peak mass concentration was 200201 +5083ugm 3. Around three to four hours later the aerosol plume in the warm sector
presents a more complicated structure. Row 2 of figure 22-12 shows the lidar profiles from Watnall averaged between 5:43am
te-and 5:56am on the 16!". The lidar data reveals three distinct layers. The low-meanPDR-of 9mean PLDR of 11431.2%
and LR of 2841+5sr-9sr in the layers below 5km are consistent with a mixture of marine and dust aerosols —Fhe-Jayers
(GroB et al., 2013, 2015b). The layer above Skm have a similar PBPRPLDR, but a higher LR 54of 69+13sr-and-we-identify-this

fayer-as-15sr and the scheme suggests that this layer is a mixture of dust and biomass burning aerosols (Grof8 et al., 2015b).
The total AOD, calculated by integrating the extinction profile from ground to 7km, was 0.88.

Row 1 of figure 22-13 shows the lidar profiles near the end of the warm sector plume and coincident with the very high
AODs5(g of 2.9 measured by the Watnall sun-photometer. The retrievals here have been made using both the Raman and elastic
channels in the manner described in section 2:22. The lidar ratio, estimated by using the combination of the Raman extinction

profile and the Kovalev method between 500m and 900m was 22 sr. The high backscatter signal, combined with the lower

sky background levels caused by the high optical depth, have made this day-time use of the Raman data possible. Please note

however that the plot extends to only 3km as the Raman signal was unusable thereafter due to signal extinction. An optically
thick layer between 1km and 2km had a PBPR-6f-5PLDR of 3+10.3% and a LR of 5856+5st9sr. These values are eonsistent

a-mixtare-ef-within the range of values reported in the literature for either anthropogenic pollution (Giannakaki et al., 2010)
or biomass burning aerosols Janicka et al., 2017). An elastic only retrieval at the same time (figure

223-14) using the retrieved LR in the lower 2.5km, and a fixed LR of 50sr above this, revealed further aerosol layers upto Skm,
and a total AODs55 of 3-38-This-2.8. This is of a similar magnitude to the AODj5q of 2.9 measured at the same time —

A et rdpaesed—theepteath—amdcoometstes b thindesehbdnehoverataronmd m-by the Watnall
sun-photometer. The boundary layer aerosols at this time had a mean PPR-ef20LR of 19-:5% consistent with-a-dusty mixture;
nd-the-depolarising layer-above-this-at-around-2-5kmhad-a-meanPPR-of-2812sr, and a mean PDR of 2+5%;-consistent-with
ansported-d dust: PDR valu sherlayerreached 33%at Watnal-(Row—2-figure-22).

Notably, immediately below the optically thick layer was a distinct layer with with a similar mean lidar ratio, but with a
slightly raised PLDR, although not different enough to change the classification. A similar layer can be seen in the lower panel
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of figure 13 (lidar retrieval from Watnall for data averaged between 14:30 and 15:00 on the 16™) with a similar PLDR at the
same height, suggesting that this distinct layer continues into the cold sector. This layer can also be seen in figure 8 after the
cold font as a geometrically thin slightly depolarising layer at the top of the boundary layer, initially at around 1.25km.

In the lower panel of figure 13 the continuation of this thin depolarizing layer, still at around I.25km, has a similar mean
PLDR of 6£2.1%, but now with a significantly lower LR of 19.5, arrived at using the sun-photometer optical depth as a
constraint. These values are both consistent with a marine aerosol (Haarig et al., 2017). The extinction and backscatter profiles
show no distinction between this slightly depolarising layer and the boundary layer below, which has a mean PLDR of 2:£0.3%.
This is again consistent with a marine aerosol, and we interpret this layer with a slightly raised PLDR as the marine aerosols
becoming less hydrated, and so more depolarising, at the top of the boundary layer. This is supported by the findings of
Harrison et al. (2018) who show a profile of dew point temperature from Reading at 1412 UTC showing a sharp decrease in
humidity after around 1km. Where the optically thick layer has interacted with the top of the boundary layer, we conclude there
has been some mixing, which has raised the lidar ratio at the top of the boundary layer (as seen in the upper panel of figure 13),
while leaving the PLDR unchanged.

Above these layers, was a more depolarising layer at around 2.5km with a mean PLDR of 16£3.7. The low LR of 19.5sr
may be misleading as this is an elastic only retrieval, and the scattering is likley to have been dominated by the marine aerosol

in the boundary layer. The scheme in Grof3 et al. (2015a) identifies this layer as a dusty mixture. Again, this is supported b

Harrison et al. (2018) who show that a similar layer at Reading contained charged dust particles.

Back trajectories and aerosol sources

Having classified the observed aerosol layers using the lidar and sun-photometer data, we now use back trajectory analysis
was-used-to-validate-to assist with the identifications. Figure 15 shows NAME back-trajectories for air masses arriving over
Watnall at 3am on the 16" October (left hand panel) and 12pm on the 16" October (right hand panel). In the upper panels
the trajectories are overlaid on an-RGB-tie-from-MODIS-AQUA-true color images from MODIS for the 16" October, with
active-forestfires(MODIS-terra-the MODIS brightness temperature anomalies }-shown as red spetsdots. The symbols on each

line in the upper panels shew-correspond to the positions at midnight on each day (see upper axis on lower panel). The lower
panel shows the altitude of each trajectory. Trajectories that arrive at Watnall above 1km are plotted in magenta, and those

bellow 1km are plotted in cyan. N

The back trajectories arriving over Watnall at 3am suggest that the source region for the dust plume in the warm sector was
western—Adgeria—Thisis-the Sahara. As noted in Trzeciak et al. (2016), model representation of the meteorological process
over the Sahara is challenging, and so back-trajectory analysis alone not able to pinpoint the exact source of the dust. However,
the identification of the source region as being the Sahara is supported by the SEVIRI dust RGB product (not shown) which
shows the dust being lifted in this region on the 12! October. Having been lifted on the 12¢" October, the dust was transported
to the African coast by the morning of the 14" (see MODIS images in figure 5), before being caught in the warm conveyor

associated with Ophelia on the 15", and being quickly transported from 35 north to the UK in under 24 hours. The altitudes
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shown in the lower panel indicate that vertical mixing from the boundary layer may have taken place. This analysis supports
the identification of the aerosols in the initial parts of the plume a desert dust mixed with some marine aerosol. The trajectories
indicate that the air masses arriving over the UK on the 15" did not pass over the Iberian peninsutarpeninsula where a high

density of active forest fires were located. In contrast, the lower layers were transported over continental Europe, but again did
not bring air masses from areas with lots of forest fires.

Fhe-In the right hand panel in figure 15 -the air masses arriving over Watnall at 12pm on the 16" pass over Portugal and an
area with many active forest fires. A-Having arrived from the African coast, a number of the trajectories arrive over this area
on the morning of the 14*", and remain over Portugal for two days before being caught in Ophelia’s warm conveyor and being

transported to the UK in under 12 hours. These air masses coincide with the optically very thick layer identified in the previous

sectionas-, This supports an identification of the optically thick layer as being dominated by biomass burning aerosols, and
suggests that there may have been some dust in this layer, and those above it.

Summary and Conclusions

This study has presented measurements from a recently operational Raman lidar and sun-photometer network made during an
exceptional event on the 15 and 16" October 2017. These measurements, supplemented by measurements from AERONET
and SKYNET sun-photometers, have been used to classify the aerosols present and estimate their concentrations. MODIS
imagery- ECMWF model wind field data, MODIS products and NAME back trajectories have then been used to identify the

likely aerosol sources and transport mechanism.
Three sectors were identified. On the 15" October an-initi

Saharan-dust-mineral dust impacted aerosol is identified ahead of the warm front as relatively warm dust laden air is forced

to ascend over the air associated with the cold sector, between around Ikm and 2.5km. This was followed late on the 15" /

early 16" by athe passage of the warm front and warm sector which contained an initial vertically thick plume of Saharan
dustdusty aerosols from around 1km to 5km, followed by mixtures of dust and marine aerosols between 1km and 4km, and
dust and biomass burning aerosols at around 6km. Following this, towards the end of the warm sector an optically very thick
layer of biomass burning aerosols was observed between 1km and 2km, with an AOD355 of 1.3 for this layer alone. The
total-total-column AOD measured by both lidar and sun-photometers at this time was in excess of 2.5. In comparison with
the 1997 to 2017 UK back-catalogue of AERONET sun-photometer AODs, which contained no values above 1.75, these are
exceptionally high values. After the warm sector had passed s-the boundary layer contained marine aerosols, and a trailing layer
of highty depelarising Saharan-dust was-ebserved-dusty mixed acrosol was observed at around 2.5km.
An-analysisof- NAME back trajectories and MODIS imagery indieates-indicate that the source of the dust was westerit
Aldgeria-the Sahara on the 12! October—Fhis-dust-was-then-, and that the optically thick layer (AOD3s5 of 1.3) originated in

an area of active forest fires in Portugal on the 15", ECMWF ERAS wind field data suggest that dust plumes off the African
coast were entrained by Opheha s wafmeeﬂveyefWCB on the 15" October and transported from-the-Afriean-eoastto the UK

in under 24 hours. A
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wind field data also suggest that as the WCB moved east over the course of the 15" it continued to draw dusty air from lower
latitudes to the UK, but also biomass burning aerosols from active forest fires inPertugal-and-that-the-on the Iberian peninsula.

The biomass burning aerosols were transported from the-Jberian—peninsuta-their source in Portugal to the UK in under 12
hours, again by the WCB associated with Ophelia. It is interesting to note that under the majority of meteorological conditions,

subsequent to emission, aerosol plumes become less concentrated as time progresses owing to divergent flow. However, the
convergent flow in-warm-eonveyors—of the warm conveyor associated with cyclonic systems can act to concentrate aerosol
plumes. "River of Smoke" events are quite commonly observed during the African biomass burning season and are associated
with tropical-extra-tropical transport asseetated-with-during the passage of cyclonic systems (Swap et al., 2000). However, this

is the first time that a "River of Smoke" event has been documented over Europe.

+—After passing over the UK, the aerosol
lumes were transported over northern Europe by a residual jet, remaining after Ophelia had dissipated, and AODxgs in excess

of 2 were observed over Germany, Poland and Lithuania by both AERONET sun-photometers and MODIS over the course of
the 17'" and i i i i

This-In addition to detailing this exceptional event, this study represents the first published assessment of the new lidar /

sun-photometer network, and is part of an ongoing program of testing and validation. The results presented here show that it
is capable of aerosol classification, and the retrieval of estimates of aerosol mass concentrations. To our knowledge this is the

first operational Raman lidar / sun-photometer network owned and operated by a national meteorological service.
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Figure 1. Forecast of dust AOD at 550nm from the Met Office operational Global Model from-midnight13th-October 2047 -vakidity-with

sea Jevel pressure. Validity time is 9am +6h-16"" October 2017¢, +81 hours y~from a model run initialised at midnight on the 13" October
2017. Met Office VA lidar / sun photometer locations are tabeled-labelled in white. LE = Lerwick, ST = Stornoway, GL = Glasgow, PO =
Portglenone, LO = Loftus, RH = Rhyll, WA = Watnall, EM = East Malling and CA = Camborne. Other UK sun-photometer sites referred
to in text are labelled in blue, ED = Edinburgh, BA = Bayfordbury and PL = Plymouth. Lidar sites shown in figure 22-11 are at Camborne,
Rhyl, Watnall (mobile system also located at this site) and Loftus.
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Figure 3. MODIS-AQUA-eompeosite-tiles-for-Stream functions coloured by ERAS wind speed intensity at pressure level 700 hPa at 12:00
UTC on the +4*215th (a), +5**16th (b), +6“~17th (c) and +7**-18th (d) of October 2017. Ex-hurrieane-Ophetia-is-hightighted-Teal and

magenta lines on a) represent the position of the cross sections of winds speed/meridional wind shown in redfigure 4.
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Figure 4. Vertical cross sections of the meridional wind from ERAS taken at latitude 42°N (left) and 52°N (right) for the 15" of October at

18:00 UTC (a) and for the 16" of October at 12:00 UTC (b). Red represents transport to the north while blue transport to the south.
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Figure 6. Daily snapshots of AODs at 550nm from the MODIS instrument combining granules from the AQUA and TERRA platforms.
Circles represents the AOTs at 500nm from the AERONET ground sites collocated in time to match AQUA and TERRA overpass times.
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Figure 9. UK AERONET and SKYNET AODs and volume size distributions MM
in the y-axis in the upper panels showing AOD. AODs are at 500nm. AERONET data is level 2.0 (v3), except for the AOD values plotted

with triangles - these data are level 1.0 (v3) and are not cloud screened (please see text for explanation)

38




FZ] JOYCE AERONET site - Level 2.0 AOD data 17% October 2017

2.0
AOD_1640nm

AOD_1020nm
1.5 AOD_870nm
AOD_675nm
AOD_500nm
AOD 440nm
AOD_380nm

AOD_340nm
0.5 w

09:00 10:00 11:00 12:00 13:00 14:00 15:00
Time [UTC]

ttd

AOD

1.0

ttd

Figure 10. Wavelength variation of AODs measured at the AERONET site in Jiilich in Germany on the 17*" October 2017. Data is level 2.0

(v3). The large wavelength variation seen here indicates that small sub-micron particles have dominated the scattering
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Figure 14. Warm sector. Optical properties calculated from lidar signals using the Fernald / Klett method. Data from Watnall 16" October

11:15 to 11:44. The lidar ratio in the lower 2.5km was set to the height resolved values retrieved using the Raman inversion method (shown

in the upper panel of figure 13), above 2.5km the value was set to 50sr.
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14*QOct 15"0ct 16"0ct
Date Date

Figure 15. NAME back trajectories overlaid on MODIS AQUA composite image from 16" October 2017. Red dots on MODIS image show
active forest fires. Approximate times of overpasses are 1200 UTC for the left hand swath, and 13:45 UTC for the right. In the left (right)
hand pannel, back trajectories are for air masses arriving over Watnall at 03:00 UTC (12:00 UTC) on 16th October 2017 at the altitudes
shown in the lower panel. Trajectories shown in cyan arrive at Watnall at altitudes under 1km, and trajectories shown in magenta arrive over
1km. The symbols shown on the trajectories themselves and on the top axis of the lower plots indicate the trajectory positions at midnight on

each day (with the exception of the purple crosses on the right hand plots, which mark the position at 12:00 UTC on the 12" October).
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Table 1. Values of K¢+ calculated using sun-photometer data

Location

Time & date

Ke:ct [m2g7 1]

PMLpom

14:53 15/10/17

0.410.09°

Rame Head

15:04 15/10/17
15:17 15/10/17
15:45 15/10/17

0.5840.13
0584013
055412

Bayfordbury

14:01 15/10/17
15:21 15/10/17
10:12 16/10/17

0.5340.12
0.56:0.12
0.65£0.15

East Malling

15:04 15/10/17
15:45 15/10/17

0.57:40.137.
0.5540.12

‘Watnall

14:53 16/10/17

0.480.11

“Using T-Matrix calculations.
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