We thank the reviewers for their insightful feedback. We have substantially revised the manuscript as a result. Mainly,
we revised and coordinated almost all of the figures and improved upon the writing quality of the text based on the
suggestions provided. We also revised the source classifications and redid any calculations resulting from such
changes, all of which are reflected in the manuscript.

Reviewer 1

This study analysed the airborne observations during ACME-V campaign along the North Slope of Alaska in the
summer of 2015 and found that summertime Alaskan Arctic was not pristine as suggested by previous evidence, but
was with higher aerosol loading and trace gas concentrations than measurements even in Arctic haze. Local oil
extraction activities, central Alaskan wildfires, and to a lesser extent, longrange transport enhanced the aerosol and
trace gas concentrations in Alaskan Arctic during summertime. Quantifying aerosol loading and sources in the Arctic
is challenging. The aircraft observations presented in this study is therefore an important contribution to the field, but
the analysis and writing quality of this manuscript is really poor. | recommend publication in ACP after major revisions
and substantial improvements.

Major comments:

1. The analysis of the data was a little superficial and | suggest the authors dig deeper. For example, in Figs. 3, 7
and 9, the data were color coded by flight numbers, which does not provide any valuable information. They
already classified the flights into several air mass types as shown in Table 2 and Fig. 10. | think analysis based
on different air mass types would provide more information than the current flight numbers used in the
manuscript. In addition, Figs. 2, 3 and 4 discussing the impacts of oil extraction was based on data during the
whole campaign. | suggest select the period during which these sources dominate would be better to illustrate
their contributions.

We agree with the reviewer that the data colored by flight number is not useful and redundant to Table 2 and Figure
9 (was Figure 10). We want to note that the analysis in the manuscript is intended as an overview and presentation of
the unique dataset to show the influence of the sources in the Prudhoe Bay area. More detailed studies are currently
undergoing the planning phase to elucidate aerosol sources in a more specific manner. However, in an effort to
conduct a deeper analysis based on air mass types, we tied in the source classifications more thoughtfully throughout
the discussion and respective figures. For clarity and consistency, we revised most of the figures to show all data and
those data classified by the air mass types. Much of the text for section 3.1 and some of the text in section 3.2 was
updated to reflect the source-specific analysis in the figures. Specifically regarding the figures, we:

e Revised the color scheme in Figure 9 (was Figure 10) for each source; now all source colors are consistent
throughout all of the figures.

e Changed the color scales in Figures 2 and 5 (was Figure 6) to reflect the approximate source colors.

e Removed the panels colored by flight number entirely from Figure 3 and colored the data impacted by
Prudhoe Bay in blue (all other data in grey).

e Combined Figures 3 and 4 into the new Figure 3.

e Changed the color scale in Figures 4 and 7 (were Figures 5 and 8) to match fires source color.

e Revised Figures 6 and 8 (were Figures 7 and 9) show the vertical profiles and/or correlations for all data
and those data impacted by fires and all sources, respectively.

o Kept the spatial averaged maps to show, qualitatively, the spatial variability in the parameters and to
demonstrate the locations impacted by Prudhoe Bay and the fires. However, the color scales now reflect the
assumed sources.

With regard to the last point (restricting the oil extraction analysis to the periods during which those sources
dominate), it is important to note that this signal is continuous and was encountered by almost all flights as they
traversed the Prudhoe Bay area. Therefore, we felt that it was appropriate to highlight the specific signal of these
emissions in contrast to the background signal encountered during much of the rest of the flights at altitudes below
500 m.

2. The manuscript was poorly organized, making it really hard to follow. For example, in Sect. 3.1, figures were
discussed back and forth. Fig. 2 ¢ and d were discussed after Fig. 4. In the same section, the idea that ‘high
concentration of small particles are restricted within 50 km of Deadhorse’ has been discussed several times (P6,



L21-26, P7, L14-16, and P7, L24-25). In Sect. 3.2, discussions of different species were also jumped back and
forth. For instance, aerosols were discussed in P8, L15-19, P8, L25-29 and P9, L21-25. Background
concentrations of CO and enhanced CO were discussed back and forth in P9, L1-14. In Sect. 3.3, the second
paragraph discussing air mass types along the flights does not belong to this section, which is supposed to discuss
the contribution from long range transport. Long range transport deserves more analysis.

We went through and reorganized to ensure the figures are discussed in an orderly manner and prevent redundancy
in ideas presented. We also added a paragraph describing the classifications of sources in more detail, which helps
elucidate the long-range transport analysis. However, we disagree that the second paragraph in section 3.3 does not
belong. The focus of the paper is on the abundant local and regional sources (which may be increasingly important
in a dynamic Arctic environment), while long-range transport is secondary. Our study and previous studies have
indicated that this is not an important source in the summer as compared to the winter/spring. The purpose of this
section is to discuss the contributions from all sources compared to one another. A more detailed analysis of long-
range transport would require extensive air mass trajectory analysis in addition to other remote sensing or modelling
techniques to accurately evaluate long-range sources; this is outside the scope of our manuscript. To reflect the
secondary importance of long-range transport, we removed ‘long-range transport’ from the title.

For the figures, we revised so that they are in order when first presented, however, we do refer back to certain figures
when discussing different parameters. For Prudhoe Bay, we organized the discussion such that we focus on each
measurement parameter (i.e., nucleation mode aerosol and rBC) at a time, which is why we go back and forth between
Figures 2 and 3. For the fires, we discussed rBC and CO back and forth because they are related, correlate strongly,
and thus both used as tracers for the fires. For both sections, we now show and discuss HYSPLIT first to qualitatively
provide spatial evidence of the sources, then discuss how the measurements support the source modeling.

3. Another problem of the paper is the sloppy style of writing and the use of the English language. For instance, the
tense was wrong in numerous places. To name a few, P1, L 22-44, P3, L16, and P3, L30. The references were
not always written in the correct format. *... and colleagues (year)’ should be ‘... et al. (year)’. The acronyms
were not properly used (e.g. ‘rBC’ and ‘black carbon’, ‘CO” and ‘carbon monoxide’ were used back and forth;
AMSL and MSL were not spelled out when they were used for the first time; ARM and AOD were spelled out
twice). A lot of “‘and/or’ were used. Please double check and delete ‘and’ or “or’. I also list a few other problems
in the ‘Minor comments” section, but all these I’ve pointed out are only a few of the language problems in the
manuscript. | suggest a much more careful checking of the manuscript and a substantial improvement of the
language.

We cleaned up the writing style throughout the manuscript and made sure we corrected wrong tense usage, citations,
and acronym consistency and definitions.

4. In section 3.2, please compare the fire activity in summer 2015 with climatology to illustrate how representative
the summer is.

We now state that it is the second largest number of acres burned since records began in 1940 based on the findings
of Partain Jr., J. L.; Alden, S.; Strader, H.; Bhatt, U. S.; Bieniek, P. A.; Brettschneider, B. R.; Walsh, J. E.; Lader, R.
T.; Olsson, P. Q.; Rupp, T. S.; R.L. Thoman, J.; York, A. D.; Ziel, R. H., An Assessment of the Role of Anthropogenic
Climate Change in the Alaska Fire Season of 2015. Bulletin of the American Meteorological Society 2016, 97, (12),
S14-518.

5. Axis labels of Fig. 7b are wrong.

Fixed.

Minor comments:
1. P2, L22: ‘to discover’ is inappropriate here. Revise please.

Changed to ‘to conclude’.

2. P2, L25: ‘during their Aug—Sep 2015 study’ -> ‘during Aug-Sep, 2015’



Done.

3. P2, L29: ‘exists’ -> ‘locates’

Changed to “is located’.

4. P2, L31: revise ‘provides the ability to ...’

We removed this sentence and instead combined with the second sentence in the paragraph to, “This site is located
in the northwest region of oil extraction activities in Prudhoe Bay, making it an ideal location to determine the
potential impacts of emissions from such activities on the relatively pristine Arctic atmosphere.”

5. P2, L33: ‘long-range transported aerosol from lower latitudes’ -> ‘long-range transport from lower latitudes’
Done.

6. P3, L1: “insight’ -> ‘insights’

Done.

7. P3, L2-3: please provide proper references

Done.

8. P4, 1L23: CO2 were also discussed.

Changed to “aerosol, CO, and CO’.

9. P5, L6: particles -> particle

This should be particles.

10. P5, L23: ‘landing the Deadhourse’ -> ‘landing in the Deadhourse’’

Changed to ‘landing at the Deadhorse’.

11. P5, L30-33: please show these locations in related figures.

These are already shown in Figure 4 (was Figure 5) as indicated in the caption. However, we changed the color of
the location markers to make them more evident.

12. P6, L17-18: please clarify which data were used.

Clarified that these are thermal anomaly data.

13. P6, L19: ‘&’-> ‘and’

Done.

14. P6, 31: those vapours does not nucleate, the secondary products are. Please clarify.
Done.

15. P8, L31: Please provide concentration values in standard summertime and springtime.



We removed this part of the sentence because the SP2 measures refractory black carbon, and the values in most
studies from the North Slope are either equivalent black carbon, or modeled black carbon. Thus, they may not be
directly comparable due to possibly slight variations in sampling techniques.

16. P9, L4-5: please clarify whether it is active flaming or smoldering.

We already stated that the MCE value indicated active flaming, but changed ‘versus’ to ‘instead of” for clarity.
17. P10, L9: what are the tracers?

We added ‘CO and rBC’ at the end of this sentence.

18. P19: Figure 2. [mass m-3] is not a unit

This is the unit defined by the HYSPLIT manual. It is an arbitrary unit. We now describe this in more detail in section
2.4 (was section 2.3).

19. P22: Figure 5. Move the colour bar to the bottom of the figure.
Done.
Reviewer 2

This paper presents measurements of aerosols made during the U.S. Department of Energy Atmospheric Radiation
Measurement (ARM) program’s Fifth Airborne Carbon Measurements (ACME-V) campaign along the North Slope
of Alaska during the summer of 2015. The paper focuses on how local oil extraction activities long-range transport
influence aerosols and trace gases in the North Slope of Alaska. The authors should try to go beyond presenting the
measurements and use the data in a clearer way to demonstrate the scientific conclusions that can be made using the
data. This paper is within the scope of ACP and should be published following after the authors address the following
comments:

1. lagree with reviewer #1 that the authors should rethink how to present the data in a less superficial way in addition
to showing the data as a function of the flight number. I don’t object to showing these figures (Figs. 3, 7 and 9)
as long as the data is shown again in a more synthetic way later in the paper, allowing the authors to draw more
clear conclusions from the measurements.

Please see response to major comment 1 from reviewer 1.

2. The choice for the classification parameters and thresholds values in Table 2 should be more clearly justified.
Have these been chosen using the Hysplit analysis?

These are partially based on HYSPLIT analyses, but additionally on thresholds from previous work, and visual
assessment of the proximity to known sources and vertical profiles. We added a new paragraph at the end of section
2.4 (was section 2.3) describing Table 2 classifications and how they were derived. In order to follow details on
characterization of the fire locations, we moved what was section 2.3 to the end of the methods, after we discuss
supporting satellite data.

3. The way that Hysplit has been run should be more clearly described and justified. Even though the authors
reference another paper for the description of the Hysplit runs, there is not enough information to fully understand
how Hysplit was run. | assume this was run in backward mode from the measurement locations, but this is not
clear. The reason for the choice of the five locations in the active fire region is also not clear. | also cannot fully
understand Figure 2d and Figure 6d.

The new paragraph describing the source classifications now provides justification for the HYSPLIT dispersion
analysis. Dispersion simulations are automatically run in forward mode since it simulates emission and transport of
particles from a point source. We added more detail in this section describing what information the HYSPLIT



dispersion model provides, which also clarifies what is shown in Figures 2a and 5a (were 2d and 6d), in addition to
provided more detail on what the model output is. The five locations were chosen based on equal spacing within the
highest density of fires determined from the satellite analyses from the entire study time period. This is now stated in
the aerosol dispersion modelling section (2.4; was section 2.3).

4. The reason for showing the data as column averaged values in Figures 2 and 6 needs to be justified. Don’t we
lose information by showing the data in this way? The main advantage of using aircraft data is that we know
where the aerosol layers are vertically. The information we can learn from the altitude of the aerosol layers should
be a clearer part of this analysis.

The purpose of the maps in Figures 2 and 5 (was Figure 6) is to show, qualitatively, the spatial variability in the
parameters and to demonstrate the locations impacted by Prudhoe Bay and the fires. Also, the column averaged data
in Figure 2 is for altitudes < 500 m AMSL. For Figure 5 (was Figure 6), data are restricted to < 5000 m AMSL to
show the vertical extent of the fire impacts. These parameters are shown as vertical profiles of the 1-second
measurements in the following figures, thus any information that may be lost in Figures 2 and 5 are shown elsewhere.
However, the conclusions discussed for these figures are supported by the vertical analyses.

5. The MODIS detected fire hotspots should be shown on Figure 5 relative to the fire size or fire radiative power,
such that more active fires can be identified vs. less active fires.

Fire size and radiative power information is not available from the thermal anomaly data we used. Additionally, we
used the fires as a qualitative approach to evaluate when and where these sources were present, and used the spatial
density of the data to determine where HYSPLIT dispersion simulations should be initiated. Evaluation of fire
properties is outside the scope of our manuscript.

6. The influence of oil exploration is not clear to me. Is the location of oil exploration activities known? The
discussion of oil exploration influenced air that was sampled should be clarified. The discussion of long range
transport also needs to be developed, as noted by reviewer #1.

This should be evident now given the additional paragraph describing the source classifications. Additionally,
previous work by Gunsch et al. (2017) and Kolesar et al. (2017) clearly demonstrate how oil exploration from Prudhoe
Bay is an influence on the North Slope. The locations of the oil activities (i.e., the active oil wells) is provided in
Figure 1 and now include access date of the data. Please see response to reviewer 1’s comment regarding long-range
transport.

7. The authors should review the manuscript writing to clean up the writing style and typos before resubmission.
Done.
Reviewer 3

This study reports new aerosol observations from the summertime ARM ACME-V field campaign on the North Slope
of Alaska. Their results indicate that oil exploration activities in Prudoe bay may contribute significantly to local
aerosol concentrations. In particular, they observed high concentrations of nucleation mode particles in the area. These
observations are novel and interesting and certainly add to the scientific discourse. However, many of the conclusions
presented | feel are not fully justified by the results discussed. Additionally, the paper is difficult to read in several
sections and requires clarification on several points. Please see below for specific instances.

Major comments:

Page 2 lines 3-4 This entire sentence is very confusing, what do the authors mean by ‘beyond greenhouse gases’ and
which ‘climate feedback’ are they referring to? Please refer to the specific feedback (I assume ice-albedo) and rewrite
the sentence to improve clarity.

We specified that this is the ice-albedo feedback and reworded the sentence to, “In addition to the ice-albedo feedback
described above, the principal atmospheric constituents that perturb the surface energy budget are clouds and
aerosols.”



Page 2 line 5 “indirectly impact radiation through their role in cloud lifecycle” Aerosol can indirectly result in radiative
forcing by increasing cloud lifetime, changing albedo and (in the case of INP) changing cloud phase. Please rewrite
the sentence to address generalities (cloud microphysics) or specific processes.

We rewrote the sentence so that it says ‘roles in the modulation of cloud microphysics’.

Page 3 line 3 “The Arctic atmosphere can be highly stratified” This statement is included without explanation or more
(crucially) reference. Please cite a supporting reference.

We added two key references.

Page 3 lines 3-4 “at the height at which cloud modulation by aerosols occurs’ This statement is very vague. To what
height are you referring? Cloud base in the Arctic can be extremely low.

Good point, Arctic cloud base can indeed be extremely low. We removed ‘at the height at which cloud modulation by
aerosols occurs’ that sentence.

Page 3 lines 4-5 “have focused in evaluating Alaskan Arctic aerosol sources’ Why would focusing on aerosol sources
help our understanding of higher altitude aerosol in the Arctic? | assume the authors mean specifically sources of
higher altitude aerosol?

We changed this sentence to read, “Accordingly, numerous airborne campaigns have focused on evaluating sources
of mid- to upper-tropospheric aerosol and aerosol-cloud interactions.”

Page 3 lines 23-26 This statement seems to be conflating future and present sources of aerosol in the Arctic and while
forest fires are indeed an important source the relative importance of local vs transported aerosol is not well
understood. Thus, while “‘great importance’ may be justified for boreal forest fires (during some periods of the year) |
would prefer more nuance when discussing local fossil fuel and BB combustions (by which I’'m assuming the authors
mean domestic wood burning?).

We are referring to projected increases in forest fires due to a warming climate. Domestic wood burning should not
play a dominant role in the summertime in this region, particularly when compared to the widespread forest fires.
However, to make this sentence clearer, we changed to, ““In the context of warming temperatures, emissions from oil
extraction, added shipping routes due to a reduction in sea ice extent, and wildfires are expected to increase in sub-
Arctic boreal regions (Randerson et al., 2006; Gautier et al., 2009; Harsem et al., 2011; Peters et al., 2011; de Groot
et al., 2013; Roiger et al., 2015). Thus, regional fossil fuel and biomass burning combustion sources will further
contribute to the aerosol population may serve as an increasingly crucial source of aerosol in the future.”

Page 4 line 7 ‘predominantly decoupled” Why is the summertime Arctic decoupled? And is this also true for the sub-
Arctic region that this paper focuses on? If the Arctic is less polluted in the summer (because as your references
suggest it is decoupled from the mid-latitudes) does this not suggest that local sources are unimportant?

Thank you for pointing this out. Previous work does show that sub-boreal regions can still contribute. We referred to
midlatitudes as those in the lower 48, but realize this is not correct. Thus, we simplified the sentence to, “The Arctic
summertime atmosphere is historically less polluted as compared to the rest of the year (Quinn et al., 2002; Leaitch
et al., 2013; Heintzenberg et al., 2015), thus it is critical to assess the impacts of potentially important local sources
of summertime aerosol on Arctic radiation and cloud microphysical processes.”

Page 6 lines 23-24 “‘Hotspots of larger particles.. were not observed near Prudhoe bay (not shown)’ | don’t understand
why you include this sentence were you expecting to see larger particles?

This sentence was removed.

Page 7 lines 2-10 Here you suggest that predominance of larger particles above the BL is the result of growth during
vertical transport and dynamical restriction of nucleation mode particles in the BL. It surely can’t be the result of both?



We changed this sentence to say ‘or’ to demonstrate that it could be from one or the other process.

Page 8 lines 4-9 beginning “in terms of indirect forcing’ Is the argument here that accumulation mode aerosol derived
from nucleation have an impact on cloud properties or that the nucleation mode particles affect cloud directly? If the
latter, please explain why marine aerosol may be more hydroscopic then sulphate. Petter et al., (2007, ACP) suggest
similar kappa values for both.

The purpose of this paragraph is to provide broader implications for the direct and indirect impacts of aerosols from
this source from previous work. It appears the beginning of that sentence caused confusion, so we removed it. We did
not intend to indicate that marine aerosol may be more hygroscopic than sulfate. However, in addition to the sulfate,
oil extraction and marine emissions include a host of different organic species that partition to the particle phase,
which are not very hygroscopic. Thus, it is difficult to say which general emission source would produce the most
hygroscopic aerosol, and is why we broadly state that their hygroscopicities could vary.

Page 8 line 9-11 beginning ‘In general, our results” Given your previous statement that the aerosol appears to have a
trivial direct forcing effect and extremely uncertain indirect effect is your final statement really justified?

This sentence was removed.

Page 8 lines 27-29 Why would you expect to observe an ‘abundance of coarse and accumulation mode particles’ if
the wildfires generate secondary organic aerosol?

Although SOA is generally smaller in nature, they can age as they are transported and grow in size. We clarified this
here.

Page 8 line 31 “Which are higher than standard summertime and even springtime haze concentrations” what is the
‘standard’ concentration and why have you not provided citations here?

See response to analogous comment by reviewer 1. This part of the sentence was removed.

Page 9 lines 11-13 “‘Our observations are parallel to previous summertime observations from regional boreal fires in
that they produce substantial quantities of aerosol...” I’m genuinely unsure what you mean by this sentence although
I am confident that it is not your observations producing aerosol. Please clarify.

We changed to “in that such fires produce substantial quantities of aerosol’ to clarify that we meant they are produced
from fires.

Page 11 lines 10-11 “,but demonstrating the larger impact of nucleated aerosol in the vicinity surrounding Prudoe bay’
Assuming you mean climate impacts | fail to see how this study demonstrates any impact from these aerosol. You
state on page 7 (lines 31-33) that you didn’t observe any direct forcing. I also see no evidence (from these observations)
of the indirect impact. Please clarify whether the observations reported here do or do not suggest a significant indirect
aerosol forcing from emissions in Prudoe bay and provide greater justification for this conclusion.

We intended to suggest that this is a larger source than previously reported. To reflect this, we changed the sentence
to, “Probably the most notable observation was that Prudhoe Bay is a persistent but localized source of black carbon
and especially nucleated aerosol, supporting previous findings at Utqiagvik from Kolesar and colleagues (2017) and
Gunsch and colleagues (2017), but demonstrating the larger influence of particle nucleation on the aerosol population
in the vicinity surrounding Prudhoe Bay.”” Additionally, the impacts of these aerosols are detailed by Maahn et al.
(2017).

Page 11 lines 18-21 “With both fire activity and oil exploration projected to increase in a warming climate, these
sources will likely continue to make significant contributions...” Previously the authors have stated that emissions in
Prudoe bay have a localized impact only, with this in mind can the authors justify so strong a statement on the
importance of future oil exploration to Arctic aerosol?



Even though this source is what we call localized, the HYSPLIT dispersion analyses indicate that dispersion is highest
within a 2 degree region, but lower mass concentrations are transported over the entire study area. Thus, a fraction
of these particles is transported regionally and could thus have implications for regional climatic impacts. We think
this statement is relevant for our results, but have clarified what we mean by ‘localized’ throughout the manuscript.
Minor comments

Page 2 line 3 Missing ‘the’ before climate feedbacks. However, to improve clarity | would suggest replacing ‘climate
feedback’ with ‘ice-albedo feedback’ (please see first major comment)

Added ‘the” and changed to ‘ice-albedo feedback’.

Page 2 line 6 Use of the phrase ‘hinges’ is colloguial I would suggest changing to ‘depends’

Done.

Page 2 line 7 ‘inherently depends’ is a redundancy please delete inherently

Done.

Page 2 line 7 Replace ‘atmospheric processing’ with age

Changed to “‘extent of aging’.

Page 4 line 9 ‘important sources of aerosol’ You mean important local sources of summertime aerosol?

Yes, changed to ‘local sources of summertime aerosol’.

Page 4 line 11 To improve clarity please replace ‘such’ with local

Done.

Page 6 line 31- Page 7 line 32 Please split your citations to differentiate between those referencing flaring emissions
and those referencing nucleation mechanisms.

These are already split up.

Page 7 line 2 Please change ‘removal of particles’ to ‘transfer of particles’ or equivalent. Removal suggests removal
of the particles from the atmosphere.

Changed to ‘transition of particles’.

Page 7 line 13 Please cite Stohl et al., 2013 (https://www.atmos-chemphys.net/13/8833/2013/) in reference to BC
emissions from flaring.

Done.

Page 7 line 27 Please replace ‘loss’ with ‘transition’. The particles aren’t lost there just bigger.
Done.

Page 8 line 7 Are you referring to diameter or radius here in reference to CCN?

Clarified that this is referring to diameter.



Page 8 line 16 ‘evidenced by the elevated AOD originating from central Alaska’ The elevated AOD is the result of
aerosol originating from central Alaska. | would suggest rewording to ‘the elevated AOD originating from central
Alaskan wildfires’ or equivalent.

Changed to ‘the elevated AOD originating from the central Alaskan wildfires’.

Page 8 line 17 ‘extended until the end of Jul” What was extended until the end of July?

Changed sentence to, “ACME-V flights were impacted by the high AOD regions from late-Jun until end of Jul.”
Page 10 linesl1-2 I agree with this statement but both of the papers cited are concerned only with the Alaskan Arctic.
I would also suggest citing Garrett et al., 2010 http://journals.co-action.net/index.php/tellusb/article/view/16525/0,
Browse et al., 2012 https://www.atmos-chem-phys.net/12/6775/2012/ or Eckhardt et al., 2003 https://www.atmos-
chem-phys.net/3/1769/2003/acp-3-1769-2003.html (among others).

Thank you for bringing the suggested references to our attention. We have added all three to this sentence.
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Abstract. The Arctic is warming at an alarming rate, yet the processes that contribute to the enhanced warming are not well
understood. Arctic aerosols have been targeted in studies for decades due to their consequential impacts on the energy budget,
both directly and indirectly through their ability to modulate cloud microphysics. Even with the breadth of knowledge afforded
from these previous studies, aerosols and their effects remain poorly quantified, especially in the rapidly-changing Arctic.
Additionally, many previous studies involved use of ground-based measurements, and due to the frequent stratified nature of
the Arctic atmosphere, brings into question the representativeness of these datasets aloft. Here, we report on airborne
observations from the U.S. Department of Energy Atmospheric Radiation Measurement (ARM) program’s Fifth Airborne
Carbon Measurements (ACME-V) field campaign along the North Slope of Alaska during the summer of 2015. Contrary to
previous evidence that the Alaskan Arctic summertime air is relatively pristine, we show how local oil extraction activities,
2015’s central Alaskan wildfires, and to a lesser extent, long-range transport introduce aerosols and trace gases higher in
concentration than previously reported in Arctic haze measurements to the North Slope. Although these sources were either
episodic or localized, they serve as abundant aerosol sources that have the potential to impact a larger spatial scale after

emission.

1 Introduction

The Arctic is warming rapidly compared to other locations globally, which has implications for anomalous snow and ice melt
(Jeffries et al., 2013). Replacement of highly reflective surfaces by darker, more absorbing surfaces (i.e., tundra and open
ocean water) enhances Arctic warming, especially in the summer (Chapin et al., 2005). Such warming subsequently impacts
the ecological cycle, socioeconomics, and mid-latitude weather patterns (Screen and Simmonds, 2010; Serreze and Barry,
2011). This warming feedback is one in a complex system of interrelated processes resulting in “Arctic amplification”, the
observed enhanced warming seen in the Arctic to date, and in part motivates the need to improve our understanding of
atmospheric processes that modulate energy reaching the Arctic surface (Serreze and Francis, 2006).

1



10

15

20

25

30

In addition to the-ice-albedo-feedback-the ice-albedo feedback described above, the principal atmospheric constituents
that perturb the surface energy budget are clouds and aerosols. Aerosols can directly scatter and absorb solar radiation or
indirectly impact atmospheric radiation through their roles in the modulation of cloud microphysics by serving as cloud
condensation nuclei (CCN) or ice nucleating particles (HNPsINPs). However, the ability of aerosols to serve as CCN or INPs
depends on their composition, size, and number concentration, each of which depends on their source and extent of aging.
Several previous studies have focused on examining the sources of Arctic aerosols, including ground-based and airborne
research campaigns conducted in the Alaskan Arctic extending back to the mid-20" century (e.g., Schnell and Raatz, 1984;
Barrie, 1986; Delene and Ogren, 2002; Quinn et al., 2002; Verlinde et al., 2007; Quinn et al., 2009; Brock et al., 2011;
McFarquhar et al., 2011). To better understand aerosol properties in this environment, two atmospheric research facilities have
been established on the North Slope of Alaska that encompass routine, aerosol measurements—including, but not limited to,
aerosol optical, physical, and chemical properties, and CCN concentrations.

Utqiagvik, Alaska (formally Barrow) features an observatory established by the National Oceanic and Atmospheric
Administration (NOAA) Earth System Research Laboratory’s (ESRL) Global Monitoring Division (GMD) in 1976. Previous
work at this facility involves different combinations of the long-term, ground-based aerosol optical, physical, and/er chemical
property measurements to evaluate the annual cycle of aerosol sources at Utgiagvik (e.g., Polissar et al., 2001; Delene and
Ogren, 2002; Quinn et al., 2002; Quinn et al., 2009). For example, Quinn et al. (2002; 2009) used aerosol number
concentrations, optical properties, and chemistry measurements to conclude that the winter and spring are impacted by aerosol
transported from mid-latitudes, while summer and fall aerosols contain contributions from local biological activity, sea salt,
and residual (i.e., unanalysed) aerosol mass that may represent mineral or organic species. More recently, Kolesar et al. (2017)
used a 6-year time series of particle size distributions to diseever-conclude that particle growth events occurring at Utgiagvik
resulted from gas-phase emissions originating from the oil and-gas—fields of the Prudhoe Bay area, approximately 300
kilometres east of Utgiagvik. Gunsch et al. (2017) found submicron (i.e., < 1 pm in diameter) combustion-derived particles
were transported from the Prudhoe Bay oil field to Utqiagvik 10% of the time during theirAug — Sep 2015-study. In addition
to Utqiagvik, another Northern Alaskan facility was recently established by the U.S. Department of Energy (DOE)
Atmospheric Radiation Measurement (ARM; since 2013) program at Oliktok Point (https:/dis.arm.gov/sites/amf/oli/). This

site exists-is located in the northwest region of oil extraction activities in Prudhoe Bay, making it an ideal location to determine

the potential impacts of emissions from such activities on the relatively pristine Arctic atmosphere. Aerosol optical, physical,

and chemical property measurements were implemented during the summer of 2016. Fhis-site-provides-the-ability-to-determine
entiali i i issi i isti ic-atmesphere—Overall, the North Slope provides

aunique opportunity to investigate aerosols and their impacts from the clean Arctic background, long-range transported-aereset
from lower latitudes, and regional oil extraction activities.

While previous studies have provided significant insights into aerosol properties in Northern Alaska, one crucial
deficiency is that most of them comprise only ground-based observations of aerosol_(e.g., Barrie, 1986; Polissar et al., 2001;
Delene and Ogren, 2002; Quinn et al., 2002; Quinn et al., 2009; Gunsch et al., 2017; Kolesar et al., 2017). The Arctic
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atmosphere can be highly stratified (Persson et al., 2002; Graversen et al., 2008), thus-disconnecting-aerosol-measured-at-the
surface-fromthesealoftthus hindering vertical transport of aerosols from their surface sources. Fe-bridge-this-gap;Accordingly,
numerous airborne campaigns have focused on evaluating sources of mid- to upper--tropospheric aerosol and aerosol-cloud

interactions. For example, during the Mareh 1983 NOAA Arctic Gas and Aerosol Sampling Program (AGASP) flights over

Alaska, the-highestaerosol-concentrations-were-found-from-the-mid—to-upper-tropesphere-aerosol number concentrations were

found to vary substantially over the vertical extent of the flight region (Schnell and Raatz, 1984). Several airborne

campaigns—including Aerosol, Radiation, and Cloud Processes affecting Arctic Climate (ARCPAC), Arctic Research of the
Composition of the -Troposphere from Aircraft and Satellites (ARCTAS-A), and Indirect and Semi-direct Aerosol Campaign
(ISDAC)—took place in the region during Aprit 2008 to characterize tropospheric pollution and its seurees-duringsource
contributions to the Arctic haze season during the International Polar Year —Fhese-flightsaimed-to-improve-ourknowledge

(Brock et al., 2011; McFarquhar
etal., 2011; Bian et al., 2013). These studies presented valuable information on the vertical structure of Arctic aerosol, and the
relative contributions from Arctic background, fossil fuels, and biomass burning sources, but are limited to Aprit or Mareh
only. Airborne measurements available from the Mixed-Phase Arctic Cloud Experiment (M-PACE), which took place from
late September to late Octeber 2008, are—were predominantly focused on clouds and, with respect to aerosols, only
encompassed aerosol size distribution measurements and INP concentrations (Verlinde et al., 2007; Prenni et al., 2009; Jackson
etal., 2012). To our knowledge, only one study reports airborne in situ aerosol measurements over the Alaskan Arctic during
the summer: NASA’s 1988 Arctic Boundary Layer Experiment (ABLE 3A)-duringthe summerof1988) (Gregory et al., 1992).
However, this study was limited to flights between Fairbanks and Utgiagvik; and to aerosol size distributions from 0.12 to 8
um in diameter—no other aerosol measurements were obtained.

In the context of warming temperatures, emissions from oil extraction, added shipping routes due to a reduction in sea ice

extent, and wildfires are expected to increase in sub-Arctic boreal regions (Randerson et al., 2006; Gautier et al., 2009; Harsem

et al., 2011; Peters et al., 2011; de Groot et al., 2013; Roiger et al., 2015). Thus, regional fossil fuel and biomass burning
combustion sources will further contribute to the aerosol population may serve as an increasingly crucial source of aerosol in

the future\With-inereasing-prospe e otl-extraction added-shippingroutes-due-to-a-reduction-in-sea-ice-extentan

(Rand. + al 2008 Cautior ot al 2009 Llarcam at ol 29011
7 v & v & v

5). However, local pollution and other high-latitude Eurasian resource
extraction sources and their resulting impacts on clouds and radiation are poorly quantified (Arnold et al., 2016). Hobbs and
Rango (1998) documented increased cloud droplet number concentrations in air masses originating around Prudhoe Bay
through airborne measurements over the Beaufort Sea. In a companion paper by Maahn and-ceHeagueset al. (2017), local
emissions from Prudhoe Bay are-were shown to impact cloud drop size in comparison with more pristine clouds over

Utqiagvik. Such studies support the idea that emissions from oil extraction activities in this region have air quality and climatic
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implications and are important to assess. Additionally, Stohl et al. (2013) reported that gas flaring emissions are underestimated
in the Arctic, further justifying the need to evaluate emissions from these sources.

In addition to industrial sources, it is recognized that Alaskan boreal fires periodically impact-influence the aerosol
population over the North Slope. Eck et al. (2009) reported high summer time (August) fire counts,; impacting aerosol optical
depths (AODs) over Utqiagvik. Stohl et al. (2006) reported similar findings using ground-based absorption and CO €O-{i-e
(i.e., a tracer for biomass burning) measurements at Utgiagvik. Both studies concluded that individual smoke transport events
resulted in short episodes of higher AOD and absorption values than typical springtime Arctic haze. Regardless of their
episodic behaviour, summertime sub-Arctic boreal fires can produce substantial quantities of aerosol that can reside in the
troposphere for 1 — 2 weeks (Stohl et al., 2013). The Arctic summertime atmosphere is_historically less polluted as compared
to the rest of the year (Quinn et al., 2002; Leaitch et al., 2013; Heintzenberg et al., 2015), thus it is critical to assess the impacts
of potentially important local sources of summertime aerosol on Arctic radiation and cloud microphysical processes. Here, we
present airberne-aerosol and trace gas observations from the-ARM’s -Fifth Airborne Carbon Measurements (ACME-V)
ACME-\/field campaign during-the-summer-of-2015-to evaluate local sources during the summer of 2015 in the Alaskan
Arctic.

2 Methods
2.1 Study location and dates

ACME-V flights were conducted over the North Slope of Alaska between five waypoints, including Oliktok Point (70.51°N,
149.86°W), Utqiagvik (71.29°N, 156.79°W), Atqasuk (70.48°N, 157.42°W), Ivotuk (68.49°N, 155,75°W), and Toolik Lake
(68.63° N, 149.61° W) (Figure 1Figure-1), all north of the Brooks Mountain Range. The campaign involved 38 research flights
from 4 Jun to 9 Sep 2015, generally flying every 2 — 3 days (Table 1Fable-1). The DOE ARM Gulfstream-1 (G-1; part of the
ARM Aerial Facility) aircraft typically flew below 1000 m above ground level (m AGL) between the waypoints, while
spirakingspiralling up to 8,000 m AGL above each waypoint. Data altitudes were converted to meters above mean sea level (m

AMSL) for a more direct comparison between measurement locations. Flight tracks varied in the number and order of

waypoints that were overflown.

2.2 Aircraft aerosol and trace gas payload

The G-1 was equipped with a suite of atmospheric state, cloud, aerosol, and trace gas instruments, (see
https://www.arm.gov/research/campaigns/aaf2014armacmev for a complete list of instrumentation and available data) (Biraud
et al., 2016), though in the current study we only focus on the aerosol, CO, and CO; are-EO.-measurements. Total number
concentrations (CN) of aerosol particles 3 nm — 3 pm and 10 nm — 3 pm in diameter (D) were measured using two
Condensation Particle Counters (CPC, TSI, Inc. models 3025 and 3010, respectively). The CPC 3025 and 3010 have a 50%
counting efficiency of 3-nm and 10-nm particles, respectively. Aerosol size distributions were measured using three different
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instruments, including an Ultra-High Sensitivity Aerosol Sizer (UHSAS, Droplet Measurement Technologies, Inc.), a Passive
Cavity Aerosol Spectrometer (PCASP, Droplet Measurement Technologies, Inc. model SPP-200), and an Optical Particle
Counter (OPC, Climet model C1-3100) in combination with a Multi Chanel ArakyzerAnalyser (Ortec model Easy-MCA-8k),
which measured particle optical diameters in the ranges of 0.06 — 1 um, 0.1 — 3 um, and 0.8 — 15 um, respectively. The PCASP
was operated with an anti-ice heater, thus the particles measured are predominantly dry (Kassianov et al., 2015). -The UHSAS
experienced instrumental complications during most of the campaign, thus is not used for the current study to alleviate any
limitations and skewness from operation dates. Total aerosol light scattering and absorption coefficients (Mm*) were measured
using a 3-wavelength (450 nm, 550 nm, and 700 nm) nephelometer (TSI, Inc. model 3563) and 3-wavelenth (464 nm, 528 nm,
and 648 nm) Particle Soot Absorption Photometer (PSAP, Radiance Research, Inc.), respectively. Refractory black carbon
(rBC) concentrations were measured with the Single Particle Soot Photometer (SP2, Droplet Measurement Technologies, Inc.).
The SP2 —which-measures individual rBC particles through laser-induced incandescence, making it selective for rBC
(Sedlacek, 2016). Quality Assurance/Quality Control (QA/QC) checks of the SP2 data ensure that other potentially refractive
particles such as mineral dust are not counted as rBC particles. Carben-menexide{CO) concentrations were measured with a
CO/N20/H20 instrument (Los Gatos Integrated Cavity Output Spectroscopy, -instrument-model 907-0015-0001) and is used
as a tracer for combustion sources, including both biomass burning and fossil fuel (Andreae and Merlet, 2001; Brock et al.,
2011; Liu et al., 2014). Carben-dioxide{CO,) concentrations were measured by Cavity Ring Down Spectroscopy (Picarro
model G2301) and together with the CO measurements were used to calculate Modified-modified eembustion-combustion
efficieney-efficiency (MCE) (Liu et al., 2014; Biraud and Reichl, 2016). FheMCEMCE is defined as ACO2/(ACO; + ACO)
where ACO; and ACO indicate the increase from background CO, and CO concentrations, respectively (Liu et al., 2014), and
was calculated for data in which fires impacted the measurements-{Liu-et-al—2014). Background CO, and CO concentrations

of 383 and 0.054 ppmv, respectively, were defined from the current measurements. These values were derived from
correlations of rBC mass versus CO, and CO, and finding the minimum value of CO, and CO on the rBC axis.

All data were collected at 1-second intervals and are publicly-available on the ARM data archive
(http://www.archive.arm.gov/armlogin/login.jsp). Unless noted, all data presented are 1-second. Data quality was verified
through quality assurance and data quality checks by DOE ARM. CPC, PCASP, OPC, and rBC data flagged for being in-cloud

were excluded from the current analysis, since the isokinetic inlet used on the G-1 during the study does not discern between
interstitial aerosols and cloud particles, and cloud and aerosol size ranges can potentially overlap. Data periods impacted by
liquid and ice clouds were defined as those having 1 x 107 m™ droplets and 100 m™ ice particles larger than 400 pm, respectively
(Lance et al., 2011). When a cloud was found (defined as at least 10 seconds of data where the cloud threshold is exceeded),
aerosol observations 3 seconds before and 3 seconds after the cloud are-were discarded as well to avoid contamination of the
aerosol probes with cloud particles (Maahn et al., 2017). CO data were used in- and out-of-cloud since there are not potential
artefact issues. To minimize the influence of localized contamination from take-off and landing at the Deadhorse airport (19.5
m AMSL), all data below 20 m AMSL and within 3 km of the airport were removed. All data are presented in Coordinated
Universal Time (UTC).
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2.3 Supporting satellite data

The source of aerosols from the central Alaskan fires was determined using imagery from the Moderate Resolution Imaging
Spectroradiometer (MODIS) on board the Terra satellite. MODIS Aqua looked similar, thus only Terra observations are
discussed herein. Aerosel—optical—depth-—(AOD)} data from MODIS were acquired from the Giovanni data server
(http://giovanni.gsfc.nasa.gov/giovanni/) for daily dark target deep blue combined mean AOD at 550 nm and a 1° spatial
resolution using a domain of 139°W to 169°W and 57°N to 72°N (MODO08_D3_6) (Ackerman et al., 1998). Fire and surface
thermal anomaly data were also acquired from MODIS using brightness temperature measurements in the 4-um and 11-pm
channels (Giglio, 2010). The fire detection strategy is based on absolute detection of a fire (when the fire strength is sufficient
to detect), and on detection relative to its background (to account for variability of the surface temperature and reflection by
sunlight) (Giglio et al., 2003). The algorithms include masking of clouds, bright surfaces, glint, and other potential false alarms
(Giglio et al., 2003). Swaths from overpasses over the state of Alaska were used to determine the daily locations of fires. The
Alaskan fire season was relatively active (i.e., had the highest density of fires) from mid-Jun to mid-Jul 2015. Detected thermal
anomalies or fires for the 4 Jun — 31 Aug period are used (thermal anomaly data are-were not available from 1 — 9 Sep).

2.4 Aerosol dispersion modelling

Aerosol dispersion simulations were executed to demonstrate aerosol transport using version 4 of the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT4) model (Draxler, 1999; Stein et al., 2015) and 1° data from the NOAA/National
Centers for Environmental Prediction (NCEP) Global Data Assimilation System (GDAS) (Kalnay et al., 1996). Simulation

parameterization details are presented by Maahn et al. (2017), but are reiterated briefly here. The HYSPLIT dispersion model

simulates emission and subsequent transport of aerosols in forward mode from a point source, enabling qualitative assessment

of the spatial extent of dispersion from a source of interest. Fhe- HY¥-SPLHdispersionmoedel simulates-emission-and-subsequent

dispersion-from-a-souree-ofinterest-Aerosol mass concentrations were evaluated qualitatively from one central Prudhoe Bay
location and from five locations within the active fire region in central Alaska at 100-m intervals from 0 to 5;,000 m AGL for

72 hours, a 6-hour release of particles at a default emission rate of one arbitrary mass unit for the study time period (1 Jun —

30 Sep 2015). The five locations were chosen based on equal spacing within the highest density of fires determined from the

satellite analyses for the entire study time period. Fhe-five-locations-were-chosen-based-on-equal-spacing-within-the-highe

input parameters include particle density (6 g cm™®), shape factor (1.0), particle diameter (0.2 pm) (Eck et al., 1999; Rissler et
al., 2006; Brock et al., 2011; Sakamoto et al., 2015), dry deposition velocity (1 x 10* m s) (Warneck, 1999), in-cloud

scavenging defined as a ratio of the pollutant in rain (g L™) measured at the ground to that in air (g L™ of air in the cloud layer)
(4 x 10%, and below-cloud scavenging (5 x 10 s™). Radioactive decay and pollutant resuspension were set to the default

values of zero days and 0 m™, respectively. The results of the dispersion simulations provide arbitrary mass concentrations of
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particles within the model grid after 72 hours of release from the five fire source locationsFhe—results—of-the-dispersion

Based on a combination of the HYSPLIT results, thresholds of varieus—parameters from previous work, and visual
assessment of the proximity to krewn-potential sources and vertical profiles, each 1-second data point was characterized as

originating from the Prudhoe Bay oil extraction activities_(called Prudhoe Bay herein for brevity),; wiéfires, or neither.

Remaining data were classified as ;-long-range transport, pristine-eenditions, or background (see Table 2 for classification
parameters and thresholds used). Visual assessments are discussed in more detail #throughout section 3. Briefly, Prudhoe Bay

emissions were characterized by visual assessment of high concentrations of particles with diameters between 3 and 10 nm
within 50 km of the Deadhorse Airport.-Furthermere;- HYSPLIT dispersion results from Deadhorse were used to guatitatively
characterize-determine the spatial extent of Prudhoe Bay emissions. The boundary layer emissions from Prudhoe Bay were
restricted to 500 m AMSL -based-on-Maahn-et-al—(Maahn et al., 2017) and based on changes in vertical profiles of the
concentrations of 3 — 10 nm particles. Fire data were characterized by using thresholds from Maahn et al. (2017). Fhe-highest
density-of fires-burned-in-central-Alaska-as-detected-by-sateHitethus-w\We additionally constrained the data to evatuated-fires
south of 69°N to focus closer to the source region_(i.e., near the highest density of fires detected by MODIS that overlapped
with the flight region). It is important to note that 17 of the 1-second data points fell under both Prudhoe Bay and fires
classifications, but the remaining 496430 data points were characterized under one source. Long-range transport data-werewas

determined by data that were not characterized as Prudhoe Bay or fires, but had concentrations of 0.1 — 3 pm diameter particles
> 400 cm™ above 300 m AMSL based on visual assessment of the vertical profiles. We note that a variety of sources could

contribute to this seuree-classificationeould-be-from-a-variety-of-seurees, but are likely long-range transported due to the
relative concentrations of particles, altitude, and dearth of the other prelifie-dominant regional sources of aerosol.— Pristine

conditions were characterized by remaining-data that were not classified as from Prudhoe Bay, fires, or long-range transport
but had low 0.1 — 3 um diameter particle concentrations. Background conditions where characterized as any data peints
remaining after the aforementioned sources were determined.

3 Results and discussion
3.1 Prudhoe Bay is a persistent local source of small particles in the boundary layer

Figures 2 and 3 show the spatial and vertical variability of select aerosol quantities from ACME-V, respectively. Measurements
from- ACME-\below-500-m-shew-Aa clear source of aerosol originated from Prudhoe Bay {Figure-2a,-b)as suggested by the
HYSPLIT dispersion model (Figure 2a) and in situ CN measurements (Figure 2b and c). - which-was-predeminantly-composed
of particles-with-diameters{D)-between-3-and-10-nm(CPC yii-caleulatedfrom-subtracting-the-CPC-3010-from-CPC-3025
number-concentrations)-The highest number concentrations of 3 — 10 nm particles (up to 10* particles cm; calculated from
subtracting the CPC 3010 from CPC 3025 number concentrations) and 10 nm — 3 pum sized particles were observed within 50
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km of the Deadhorse Airport (i.e., used here as a proxy for Prudhoe Bay;-see-Figure-1)-in-a-layerfrom-100-t6-300-m-AMSEL
and-during-almest-al-flights(Figure-3). Particles within this-the 3 — 10 nm size range are associated with nucleated aerosol
(i.e., spontaneous in situ aerosol formation from precursor gases) (Colbeck and Lazaridid, 2014). These high number
concentrations of small particles are likely formed from gas-to-particle partitioning of reactive gases from flaring and venting
along the North Slope. Flaring and venting of gas, which is prominent near the surface in the Arctic near oil and gas facilities

(Jaffe et al., 1995; Johnson and Coderre, 2011), could contribute the vapours—such as secondary products from secendary

preductsfrom-ozone, SOx and various aromatic hydrocarbons—that induce nucleation of new particles (Wilson and McMurry,
1981; Parungo et al., 1992; Kulmala et al., 2004; Laaksonen et al., 2008; Ismail and Umukoro, 2012; Emam, 2015).
Additionally, a sharp decrease in the concentrations of 3 — 10 nm particles and, to a lesser extent, 10 nm — 3 pum particles was
observed above 500 m AMSL (Figure 3a and b, respectively), Fhe-highestnumber-coneentrations-of-3—10-nm-particles-were
predominanthy-observed-below 500—600-m-indicating: 1) transition of particles via growth into the accumulation mode (0.1

— 2.5 pm) as the plume evolves and disperses vertically (Colbeck and Lazaridid, 2014) or 2) dynamical restriction of these

particles in the atmospheric boundary layer. When examining the ratio of the number of 3 — 10 nm particles the-GPCis {6+
nueleation-mede)-to the number of PEGASP-0.1 — 3 um particles rumberconeentrations-(i.e., accumulation mode) with-aktitude
(Figure 3cFigure-4), the ratio is-was > 1 (i.e., nucleation mode particles were dominant) for 74% of the time and < 1 (i.e.,

accumulation mode particles were dominant) for 26% of the time below 500 m AMSL. More specifically, the ratio was > 1

for 86% of the time when only considering data points classified as Prudhoe Bay. Furthermere+£This ratio decreased overall

with altitude-and-with-decreasing-latitude(rot-shewn), indicating the nucleation mode particles were formed at the lowest

altitudes closest to their source, while accumulation mode particles originated from growth of the nucleation mode aerosol or

a different source (see section 3.3).

Black—carbon—{as—FBC)-also-had—relativelyRelatively high mass concentrations of rBC (up to 464 ng kg™) were also
observed in the Prudhoe Bay area below 500 m AMSL (Figures 2Figure-2d and 3d), which likely originateds from local
combustion sources such as on- and off-road vehicles, facility heating, and to some extent, flaring (Bond et al., 2013; Stohl et
al., 2013). Particles measured immediately near oil combustion sources—including rBC—normally have a size mode around
100 — 130 nm (Parungo et al., 1992; Chang et al., 2004). The smallest average mass equivalent modal size of the rBC frem
ACME-\Y-were 115 nm and 110 nm for all data and those closest to Deadhorse-{belew-500-m-AMSL-nearest-to-and-<50-km
from-Deadherse), respectively, indicating: 1) particles were “fresher” (i.e., less coated or “aged” from heterogeneous reactions)
closest to the Prudhoe Bay source (Maahn et al., 2017) and 2) modal sizes are analogous to what might be expected from oil
combustion sources after slight aging due to farther proximity from sources (i.e., not direct measurement from stacks).
However, larger sizes and higher mass concentrations (particularly above 500 m AMSL) of rBC were observed further south
ef Deadhoerse-(Figure 2d) and were likely influenced by biomass burning emissions as discussed in section 3.2. However-the

localized nature of the smaller-sized CN and rBC to the Prudhoe Bay reflect the
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alphysical removal processes eecurring
ofwith the dominant-sized particles occurring -irfrom this region. Both nucleation and Aitken mode (i.e., 10 — 100 nm) aerosols

have lifetimes on the order of minutes to hours and thus have typical travel distances of 1 — 10s of km (Wilson and Suh, 1997),

corroborating our findings of such aerosols within 50 km of Deadhorse Airport.. -Sueh-distances-corroberate-ourfinding-that

Our results demonstrate that Prudhoe Bay is a strong and persistent source of nucleated aerosol and primary combustion

aerosol, however, the high mass and number concentrations of these aerosols are restricted to the boundary layer and tend to
remain localized to the Prudhoe Bay area. These aerosols may not have strong direct effects on the regional atmospheric
radiation budget due to their inherently small size and low concentrations of larger accumulation mode particles (Friedlander,
2000). This is supported by the fact that no noticeable spatial patterns in absorption and scattering were observed as a function
of distance from Deadhorse Airport (not shown). However, as these particles age threugh-via atmospheric processing from co-
emitted gases such as SOx/NOy and grow larger into the accumulation mode, it is possible they could have an impact after
sufficient atmospheric residence time downwind. We do not have the compositional data necessary to determine the mixing
state or extent of aging of these nucleation mode particles into the accumulation mode. Additionally, modelling studies have
suggested that black-carbonBC aerosols from Prudhoe Bay oil extraction have a positive net radiative forcing, particularly in
the summer due to greater absorption of solar radiation (@demark et al., 2012). With regard to indirect effects, Maahn and

eoHeagueset al. (2017) demonstrated the importance of Prudhoe Bay industrial aerosol in modulation of cloud properties over
the North Slope. Further, Leaitch and-colleagues—et al. (2016) and Burkhart and-ceHeagueset al. (2017) recently published

observations of CCN diameters down to 20 nm in the Canadian Avrctic; contrary to the conventional wisdom that 100 nm is

the threshold relevant for CCN. However, these Canadian Arctic aerosols were likely compositionally different due to their

marine origin, and thus could vary in hygroscopicity as compared to oil extraction emissions.

3.2 Regional fires impact air composition over much of Central and Northern Alaska

Another dominant aerosol source observed during the ACME-V field campaign was the central Alaskan wildfires. Ih@—ﬁpormaned; Space Before: 12 pt

sSummer 2015 season was particularly active, leading to the second largest number of acres burned in Alaska since records
began in 1940 (Partain Jr. et al., 2016). The highest density of fires detected from satellite existed from mid-Jun to mid-Jul
(Figure 4). These fires produced dense plumes of aerosol that propagated over much of the North Slope as evidenced by the
high values of AOD originating from the central Alaska wildfires. Flights were impacted by the high AOD regions from late-
Jun until end of Jul. The G-1 flew directly through the wildfire plumes 25 Jun — 1 Jul near Toolik Lake (Figure 4c), 9 — 15 Jul
over most of the flight track (Figure 4e), and 16 — 22 Jul near Utqiagvik and Oliktok Point (Figure 4f).
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The HYSPLIT dispersion simulations from the five fire source points (Figure 4, first row) indicate larger particle mass
concentrations spread over the flight region, particularly at the southern portion of the domain (Figure 5a). Analogously, in
situ measurements show clear influence of Alaskan boreal fires (Figure 5b — d): the number of particles from 0.1 to 3 um, rBC
mass, and CO were high in concentration, particularly at the southern portion of the flight track close to the Brooks Range.
Wildfires emit large quantities of primary organic aerosol (POA) and can generate secondary organic aerosol (SOA) that can
develop coatings through aging while transported over long distances (Andreae and Merlet, 2001; Collier et al., 2016;
Creamean et al., 2016). Therefore, we would expect to observe an abundance of coarse and accumulation mode aerosol and a
dearth of nucleation mode aerosol, since nucleation of new particles is inhibited by precursor vapours instead condensing onto
pre-existing aerosol (discussed in more detail in below). The largest impacts from the fires were observed from 400 to 7000 m
AMSL (Figure 6a). MCE values during measurements impacted by fires were close to 1 (Figure 6b), indicating active flaming
(i.e., “fresher” fires) instead of smouldering-—particularly-during flights 1317 and-18. Combined, these data suggest fires were
recent, yet emissions from the fires were ejected high into the troposphere. CO and rBC concentrations were strongly correlated
(r* = 0.83) and reached 0.626 ppmv and 1490 ng kg™, respectively (Figure 6¢c). Fhe-MEE-defined-asACOHACO,+ACO)

1N ACO d ACO 3ndicata th £ haal 1 CO.-and CO fra{innc tivalvy aac ealonlatad for
¥ € > HHE g P Y5
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flights13-17-2and-18-CO is a poor tracer for oil extraction since it originates from combustion, thus aside from the operational
vehicles in Prudhoe Bay, we would expect the boreal fires to most strongly influence CO during the campaign (Crutzen et al.,
1979; Andreae and Merlet, 2001). Background CO concentrations have been measured at 0.120 ppmv using summertime
surface measurements at Utgiagvik and up to 0.4 ppmv #r-during ARCPAC airborne measurements of springtime long-range-
transported biomass burning plumes (Liang et al., 2004; Brock et al., 2011). Brock and-coHeagueset al. (2011) reported
springtime rBC mass concentrations of up to 1000 ng m™ using the SP2 instrument also used in the current study. Although
the fires were an abundant source of absorbing rBC, highly scattering aerosol originated from the fires (Figure 6d), which

could be explained by previous work indicating fires produce larger quantities of organic carbon and sulphate (Penner et al.,

—Our observations are parallel to previous
summertime observations from regional boreal fires in that such fires produce substantial quantities of aerosol (Stohl et al.,
2006; Eck et al., 2009), which is likely due to the proximity of the measurements to the source.

Notably, anomalously high rBC mass and CO concentrations were measured during a few flights (F13, F17, and F18).
Almost all measurements from F13 the-(30 Jun flight) were considerably high—including CO (maximum of 0.626 ppmv),
rBC (1490 ng kg'*), aerosol number concentrations (20596 cm™ for CPC 3010, 11021 cm™ for PCASP, and 30 cm™ for OPC),

10
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absorption (61.1 Mm'®), and scattering (978.1 Mm™)—as compared to other flights impacted by the fires (Figure 7). AOD was
relatively high (> 0.1) and a fire was detected by MODIS close to Toolik Lake (see Figure 4c) on 30 Jun, which is likely why
the measurements were highest when spiralling over the waypoint and then decreased as the aircraft flew low to/from adjacent
waypoints. However, the plume on 30 Jun also reached higher altitudes above Oliktok Point (as supported by MODIS),
indicating the biomass burning plume ascended as it propagated northward. The only exception to the considerably high nature
of the aerosol measurerments-concentrations is nucleation mode aerosol, which was only slightly elevated in concentration
(maximum of 2500 cm™ as compared to a maximum of 101940 cm for the same-sized particles from Prudhoe Bay) and was
not elevated over Oliktok Point, demonstrating the short lifetimes of these small-sized particles (via growth into the
accumulation mode) {via-growth-inte-the-aceumulation-mede)-in densely-populated biomass burning plumes.

The large quantity of aerosol observed from the lowest to highest altitudes flown by the aircraft closest to the Brooks
Range indicate the thickness of the biomass burning aerosol layer. These particles can have implications both on the local
energy budget and on cloud formation. We observed how aerosols from the 30 Jun fire event were highly seattering-absorbing
and abserbing-scattering relative to the rest of the region (Figure 7e and f, respectively). Both organic and inorganic
components of aerosols from wildfires can be highly hygroscopic and serve as efficient CCN (Novakov and Corrigan, 1996;
Petters et al., 2009a; Engelhart et al., 2012), while mineral dust, carbonaceous, and biological aerosols from wildfires have
been shown to increase atmospheric INP concentrations (Petters et al., 2009b; McCluskey et al., 2014). Additionally, ejection
of such a large quantity of aerosol and trace gases into the atmosphere can affect air quality on the North Slope and to the
Arctic beyond over the course of a couple of weeks (Stohl et al., 2013).

3.3 Relative contributions from regional and long-range-transported sources of aerosol to North Slope

Weaker poleward advection and strong aerosol removal via wet deposition enable-make the Arctic to-be-subjeet-to-lessless
subject to transport from mid-latitude sources during the summer as compared to the spring Arctic haze season (Polissar et al.,
2001; Eckhardt et al., 2003; Garrett et al., 2010; Browse et al., 2012; Bian et al., 2013). During the summer, aerosol production
from local natural sources—from terrestrial and marine microbial processes and mechanical generation of sea salt—is
dominant at the ground and aloft (Gregory et al., 1992; Quinn et al., 2002; Leaitch et al., 2013; Leaitch et al., 2016; Burkart et
al., 2017). Although the presence of pollutants from mid--latitudes is typically lower during the summer ia-the-Arctic-(Raatz
and Shaw, 1984), we observed occasional episodic increases in accumulation and coarse mode aerosol measured by the PCASP
and OPC at higher altitudes (Figure 8Figure-9), without the presence of Prudhoe Bay or Alaskan fire tracers of CO and rBC
{see-).. -These layers were deficient in CO, rBC, and 3 — 10 nm particles, and were present during flights where biomass
burning was not detected as a dominant source. Thus, we assume these events were not a result of local or regional emissions
that dominated the North Slope aerosol. These diagnosed long-range transport events were only observed during flights 1, 9,
10, and 11, thus supporting the idea that poleward advection is less frequent and wet removal processes are enhanced in the

summer as compared to the Arctic haze season.
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Recent studies have alluded to the possibility that the Arctic summer may not be as pristine as previously thought (Stohl
et al., 2013). Modelled emissions from ARCTAS-A highlight summertime boreal fires and their impact on Arctic pollution,
however, these flights targeted local fire plumes and were limited to the Canadian Arctic. Further, Bian et al. (2013) state that
the ARCTAS-A measurements, “cannot provide a comprehensive and representative picture of Arctic pollution in the
summer”. We evaluated all ACME-V data and classified each flight as impacted by fires, Prudhoe Bay, long--range transport,
or some combination of these (Figure 9a). All flights contained at least a small segment that was classified as background, but
flights where only background conditions were observed/are labelled as such. Due to the aircraft being based in Deadhorse,
emissions from Prudhoe Bay impacted nearly every flight (31 flights; remaining 7 flights were flagged for clouds near Prudhoe
Bay, thus those data were eliminated from the analysis), while regional fires impacted 22 flights, and long-range transport
impacted only 4 flights. For a more statistical representation of the sources, we classified each 1-second data point as influenced
from fires at all flight locations, fires from the lowest latitude flown to 69°N (i.e., a subset of all fires), Prudhoe Bay emissions
strictly near Prudhoe Bay, emissions near Prudhoe Bay in the boundary layer, long-range transport, background, and pristine
conditions (Figure 9b; see Table 2Fable-2 for classification definitions). Background may include aerosol from Prudhoe Bay
or the fires after significant atmospheric residence time, but we cannot distinguish these from local natural aerosol emission
or production that is traditionally observed with the measurements obtained. This plot demonstrates the episodic behaviour of
the fires and the localized behaviour of Prudhoe Bay emissions. However, what we are calling “pristine” conditions had the
lowest occurrence overall (only 5%), which contrasts with previous North Slope summertime aerosol studies. It is important
to note that these data are dependent on the location and height of the aircraft, thus may be biased. However, it provides a
general overview of the sources of aerosols in the context of the flight locations, but may not be representative of the entire

North Slope at all times.

4 Summary

Results from the 2015 airborne ARM ACME-V field campaign demonstrate that the summer in the Alaskan Arctic is not
necessarily characterized by clean conditions. The pristine nature of the atmosphere is dependent on the influence from
episodic wildfires, localized oil extraction activities, and to a lesser extent, long-range-transport. Probably the most notable
observation was that Prudhoe Bay is a persistent but localized source of rBC and especially nucleated aerosol, supporting
previous findings at Utqgiagvik from Kolesar et al. (2017) and Gunsch et al. (2017), but demonstrating the larger influence of
particle nucleation on the aerosol population in the vicinity surrounding Prudhoe Bay. Such elevated aerosol levels have been
shown to alter the microphysics of clouds in this region (Maahn et al., 2017), potentially impacting their radiative forcing on
the surface. Most previous measurements along the North Slope have been conducted at the ground at a single location, thus
thwarting the evaluation of the spatiotemporal heterogeneity of aerosol in the entire Alaskan Arctic. Although our results reveal
that these sources are not significant on a larger scale (i.e., the entire North Slope), they yield valuable information on local

and regional Arctic pollution sources, which produce substantial quantities of aerosols that may be transported downstream
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and beyond. Further, although our observations are limited to the location and dynamical conditions of the North Slope, they
can serve as a proxy for other parts of the Arctic subject to oil exploration or boreal fires. With both fire activity and oil
exploration projected to increase in a warming climate, these sources will likely continue to make significant contributions to
the aerosol population of the Arctic atmosphere. The particles emitted from these sources can impact atmospheric radiative
transfer through modulation of cloud microphysics and direct radiative forcing. To fully understand the impacts of these

particles and their relative frequency of occurrence, additional observational, modelling, and theoretical studies are required.

Author contributions

J. Creamean analysed and interpreted ARM ACME-V aerosol data, MODIS AOD and thermal anomaly data, and ran
HYSPLIT simulations and wrote the manuscript. M. Maahn participated in ACME-V aerosol and HYSPLIT data analyses,
and feund-handled oil well data. G. de Boer and A. McComiskey helped with general interpretation of the ACME-V data. A.
Sedlacek and Y. Feng helped with MCE calculations and interpretation of the SP2 measurements. All co-authors contributed

to the writing of or provided comments for the manuscript.

Acknowledgements

This analysis was supported by funding from the US Department of Energy’s Office of Science under the Atmospheric System
Research (ASR) program (grant DE-SC0013306). We would like to acknowledge those involved with execution of the ARM
ACME-V field campaign, including Sebastien Biraud, Margaret Torn, Duli Chand, Connor Flynn, John Hubbe, Fan Mei,
Mikhail Pekour, Stephen Springston, and Jason Tomlinson. Additionally, we gratefully acknowledge the NOAA Air Resources
Laboratory (ARL) for the provision of the HYSPLIT transport and dispersion model and/or READY website
(http://www.ready.noaa.gov) used in this publication. Lastly, we acknowledge the use of data and imagery from Land,
Atmosphere Near real-time Capability for EOS Land, Atmosphere Near real-time Capability for EOS (LANCE FIRMS)
operated by the NASA/GSFC/Earth Science Data and Information System (ESDIS) with funding provided by NASA/HQ.

References

Ackerman, S. A, Strabala, K. I., Menzel, W. P., Frey, R. A., Moeller, C. C., and Gumley, L. E.: Discriminating clear sky from clouds with
MODIS, J Geophys Res-Atmos, 103, 32141-32157, 1998.

Andreae, M. O., and Merlet, P.: Emission of trace gases and aerosols from biomass burning, Global Biogeochemical Cycles, 15, 955-966,
2001.

Arnold, S., Law, K. S., Brock, C. A., Thomas, J. L., Starkweather, S. M., Salzen, K. v., Stohl, A., Sharma, S., Lund, M. T., Flanner, M. G.,
Petdja, T., Tanimoto, H., Gamble, J., Dibb, J. E., Melamed, M., Johnson, N., Fidel, M., Tynkkynen, V.-P., Baklanov, A., Eckhardt,
S., Monks, S. A., Browse, J., and Bozem, H.: Arctic air pollution: Challenges and opportunities for the next decade, Elem Sci
Anth., 104, 2016.

Barrie, L. A.: Arctic air pollution: An overview of current knowledge, Atmospheric Environment (1967), 20, 643-663, 1986.

13



10

15

20

25

30

35

40

45

50

55

Bian, H., Colarco, P. R., Chin, M., Chen, G., Rodriguez, J. M., Liang, Q., Blake, D., Chu, D. A., da Silva, A., Darmenov, A. S., Diskin, G.,
Fuelberg, H. E., Huey, G., Kondo, Y., Nielsen, J. E., Pan, X., and Wisthaler, A.: Source attributions of pollution to the Western
Arctic during the NASA ARCTAS field campaign, Atmos Chem Phys, 13, 4707-4721, 2013.

Biraud, S., Mei, F., Flynn, C., Hubbe, J., Long, C., Matthews, A., Pekour, M., Sedlacek, A., Springston, S., Tomlinson, J., and Chand, D.:
Campaign datasets for ARM Airborne Carbon Measurements (ARM-ACME-V), 2016, http://dx.doi.org/10.5439/1346549.

Biraud, S., and Reichl, K.: Aerosol Observing System Greenhouse Gas (AOS GHG) Monitor Handbook U.S. Department of Energy, Office
of Science, Office of Biological and Environmental Research, 2016.

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Karcher, B., Koch, D.,
Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H., Zhang, S., Bellouin,
N., Guttikunda, S. K., Hopke, P. K., Jacobson, M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz, J. P., Shindell, D.,
Storelvmo, T., Warren, S. G., and Zender, C. S.: Bounding the role of black carbon in the climate system: A scientific assessment,
J Geophys Res-Atmos, 118, 5380-5552, 2013.

Brock, C. A., Cozic, J., Bahreini, R., Froyd, K. D., Middlebrook, A. M., McComiskey, A., Brioude, J., Cooper, O. R., Stohl, A., Aikin, K.
C., de Gouw, J. A., Fahey, D. W., Ferrare, R. A,, Gao, R. S., Gore, W., Holloway, J. S., Hiibler, G., Jefferson, A., Lack, D. A,,
Lance, S., Moore, R. H., Murphy, D. M., Nenes, A., Novelli, P. C., Nowak, J. B., Ogren, J. A, Peischl, J., Pierce, R. B., Pilewskie,
P., Quinn, P. K., Ryerson, T. B., Schmidt, K. S., Schwarz, J. P., Sodemann, H., Spackman, J. R., Stark, H., Thomson, D. S.,
Thornberry, T., Veres, P., Watts, L. A., Warneke, C., and Wollny, A. G.: Characteristics, sources, and transport of aerosols
measured in spring 2008 during the aerosol, radiation, and cloud processes affecting Arctic Climate (ARCPAC) Project, Atmos.
Chem. Phys., 11, 2423-2453, 2011.

Browse, J., Carslaw, K. S., Arnold, S. R., Pringle, K., and Boucher, O.: The scavenging processes controlling the seasonal cycle in Arctic
sulphate and black carbon aerosol, Atmos. Chem. Phys., 12, 6775-6798, 2012.

Burkart, J., Willis, M. D., Bozem, H., Thomas, J. L., Law, K., Hoor, P., Aliabadi, A. A., Kollner, F., Schneider, J., Herber, A., Abbatt, J. P.
D., and Leaitch, W. R.: Summertime observations of elevated levels of ultrafine particles in the high Arctic marine boundary layer,
Atmos. Chem. Phys., 17, 5515-5535, 2017.

Chang, M. C. O., Chow, J. C., Watson, J. G., Hopke, P. K., Yi, S.-M., and England, G. C.: Measurement of Ultrafine Particle Size
Distributions from Coal-, Oil-, and Gas-Fired Stationary Combustion Sources, Journal of the Air & Waste Management
Association, 54, 1494-1505, 2004.

Chapin, F. S., Sturm, M., Serreze, M. C., McFadden, J. P., Key, J. R., Lloyd, A. H., McGuire, A. D., Rupp, T. S., Lynch, A. H., Schimel, J.
P., Beringer, J., Chapman, W. L., Epstein, H. E., Euskirchen, E. S., Hinzman, L. D., Jia, G., Ping, C.-L., Tape, K. D., Thompson,
C. D. C., Walker, D. A,, and Welker, J. M.: Role of Land-Surface Changes in Arctic Summer Warming, Science, 310, 657-660,
2005.

Colbeck, 1., and Lazaridid, M.: Aerosol Science Technology and Applications, John Wiley & Sons Ltd, 2014.

Collier, S., Zhou, S., Onasch, T. B., Jaffe, D. A., Kleinman, L., Sedlacek, A. J., Briggs, N. L., Hee, J., Fortner, E., Shilling, J. E., Worsnop,
D., Yokelson, R. J., Parworth, C., Ge, X., Xu, J., Butterfield, Z., Chand, D., Dubey, M. K., Pekour, M. S., Springston, S., and
Zhang, Q.: Regional Influence of Aerosol Emissions from Wildfires Driven by Combustion Efficiency: Insights from the BBOP
Campaign, Environmental Science & Technology, 50, 8613-8622, 2016.

Creamean, J. M., Neiman, P. J., Coleman, T., Senff, C. J., Kirgis, G., Alvarez, R. J., and Yamamoto, A.: Colorado air quality impacted by
long-range-transported aerosol: a set of case studies during the 2015 Pacific Northwest fires, Atmos. Chem. Phys., 16, 12329-
12345, 2016.

Crutzen, P. J., Heidt, L. E., Krasnec, J. P., Pollock, W. H., and Seiler, W.: Biomass burning as a source of atmospheric gases CO, H2, N20,
NO, CH3Cl and COS, Nature, 282, 253-256, 1979.

de Groot, W. J., Flannigan, M. D., and Cantin, A. S.: Climate change impacts on future boreal fire regimes, Forest Ecology and Management,
294, 35-44, 2013.

Delene, D. J., and Ogren, J. A.: Variability of Aerosol Optical Properties at Four North American Surface Monitoring Sites, Journal of the
Atmospheric Sciences, 59, 1135-1150, 2002.

Draxler, R. R.: HYSPLIT4 user's guide. NOAA Tech. Memo. ERL ARL-230, NOAA Air Resources Laboratory, Silver Spring, MD, 1999.

Eck, T. F., Holben, B. N., Reid, J. S., Dubovik, O., Smirnov, A., O'Neill, N. T., Slutsker, 1., and Kinne, S.: Wavelength dependence of the
optical depth of biomass burning, urban, and desert dust aerosols, Journal of Geophysical Research: Atmospheres, 104, 31333-
31349, 1999.

Eck, T. F., Holben, B. N., Reid, J. S., Sinyuk, A., Hyer, E. J., O'Neill, N. T., Shaw, G. E., Castle, J. R. V., Chapin, F. S., Dubovik, O.,
Smirnov, A., Vermote, E., Schafer, J. S., Giles, D., Slutsker, I., Sorokine, M., and Newcomb, W. W.: Optical properties of boreal
region biomass burning aerosols in central Alaska and seasonal variation of aerosol optical depth at an Arctic coastal site, J
Geophys Res-Atmos, 114, 2009.

Eckhardt, S., Stohl, A., Beirle, S., Spichtinger, N., James, P., Forster, C., Junker, C., Wagner, T., Platt, U., and Jennings, S. G.: The North
Atlantic Oscillation controls air pollution transport to the Arctic, Atmos. Chem. Phys., 3, 1769-1778, 2003.

Emam, E. A.: Gas flaring in industry: An overview, Petroleum & Coal, 57, 532-555, 2015.

14


http://dx.doi.org/10.5439/1346549

10

15

20

25

30

35

40

45

50

55

Engelhart, G. J., Hennigan, C. J., Miracolo, M. A., Robinson, A. L., and Pandis, S. N.: Cloud condensation nuclei activity of fresh primary
and aged biomass burning aerosol, Atmos Chem Phys, 12, 7285-7293, 2012.

Friedlander, S. K.: From Smoke, Dust, and Haze: Fundamentals of Aerosol Dynamics, Second Edition ed., Oxford University Press, Inc.,
New York, New York, 2000.

Garrett, T. J., Zhao, C., and Novelli, P. C.: Assessing the relative contributions of transport efficiency and scavenging to seasonal variability
in Arctic aerosol, Tellus B, 62, 190-196, 2010.

Gautier, D. L., Bird, K. J., Charpentier, R. R., Grantz, A., Houseknecht, D. W., Klett, T. R., Moore, T. E., Pitman, J. K., Schenk, C. J.,
Schuenemeyer, J. H., Sgrensen, K., Tennyson, M. E., Valin, Z. C., and Wandrey, C. J.: Assessment of Undiscovered Oil and Gas
in the Arctic, Science, 324, 1175-1179, 2009.

Giglio, L., Descloitres, J., Justice, C. O., and Kaufman, Y. J.: An enhanced contextual fire detection algorithm for MODIS, Remote Sens
Environ, 87, 273-282, 2003.

Giglio, L.: MODIS Collection 5 Active Fire Product User’s Guide Version 2.4, Science Systems and Applications, Inc., 2010.

Graversen, R. G., Mauritsen, T., Tjernstrom, M., Kallen, E., and Svensson, G.: Vertical structure of recent Arctic warming, Nature, 451, 53-
56, 2008.

Gregory, G. L., Anderson, B. E., Warren, L. S., Browell, E. V., Bagwell, D. R., and Hudgins, C. H.: Tropospheric Ozone and Aerosol
Observations - the Alaskan Arctic, J Geophys Res-Atmos, 97, 16451-16471, 1992.

Gunsch, M. J., Kirpes, R. M., Kolesar, K. R., Barrett, T. E., China, S., Sheesley, R. J., Laskin, A., Wiedensohler, A., Tuch, T., and Pratt, K.
A.: Contributions of Transported Prudhoe Bay Oilficld Emissions to the Aerosol Population in Utgiagvik, Alaska, Atmos. Chem.
Phys. Discuss., 2017, 1-29, 2017.

Harsem, @., Eide, A., and Heen, K.: Factors influencing future oil and gas prospects in the Arctic, Energy Policy, 39, 8037-8045, 2011.

Heintzenberg, J., Leck, C., and Tunved, P.: Potential source regions and processes of aerosol in the summer Arctic, Atmos. Chem. Phys.,
15, 6487-6502, 2015.

Hobbs, P. V., and Rangno, A. L.: Microstructures of low and middle-level clouds over the Beaufort Sea, Q J Roy Meteor Soc, 124, 2035-
2071, 1998.

Ismail, O. S., and Umukoro, G. E.: Global Impact of Gas Flaring, Energy and Power Engineering, Vol.04No.04, 13, 2012.

Jackson, R. C., McFarquhar, G. M., Korolev, A. V., Earle, M. E., Liu, P. S. K., Lawson, R. P., Brooks, S., Wolde, M., Laskin, A., and Freer,
M.: The dependence of ice microphysics on aerosol concentration in arctic mixed-phase stratus clouds during ISDAC and M-
PACE, Journal of Geophysical Research: Atmospheres, 117, n/a-n/a, 2012.

Jaffe, D. A., Honrath, R. E., Furness, D., Conway, T. J., Dlugokencky, E., and Steele, L. P.: A determination of the CH4, NO x and CO2
emissions from the Prudhoe Bay, Alaska oil development, Journal of Atmospheric Chemistry, 20, 213-227, 1995.

Jeffries, M. O., Overland, J. E., and Perovich, D. K.: The Arctic shifts to a new normal, Phys Today, 66, 35-40, 2013.

Johnson, M. R., and Coderre, A. R.: An Analysis of Flaring and Venting Activity in the Alberta Upstream Oil and Gas Industry, Journal of
the Air & Waste Management Association, 61, 190-200, 2011.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J., Zhu, Y., Leetmaa,
A., Reynolds, R., Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. C., Ropelewski, C., Wang, J., Jenne, R., and
Joseph, D.: The NCEP/NCAR 40-Year Reanalysis Project, Bulletin of the American Meteorological Society, 77, 437-471, 1996.

Kassianov, E., Berg, L. K., Pekour, M., Barnard, J., Chand, D., Flynn, C., Ovchinnikov, M., Sedlacek, A., Schmid, B., Shilling, J., Tomlinson,
J., and Fast, J.: Airborne Aerosol in Situ Measurements during TCAP: A Closure Study of Total Scattering, Atmosphere-Basel, 6,
1069-1101, 2015.

Kolesar, K. R., Cellini, J., Peterson, P. K., Jefferson, A., Tuch, T., Birmili, W., Wiedensohler, A., and Pratt, K. A.: Effect of Prudhoe Bay
emissions on atmospheric aerosol growth events observed in Utqiagvik (Barrow), Alaska, Atmospheric Environment, 152, 146-
155, 2017.

Kulmala, M., Vehkamaki, H., Petaja, T., Dal Maso, M., Lauri, A., Kerminen, V. M., Birmili, W., and McMurry, P. H.: Formation and growth
rates of ultrafine atmospheric particles: a review of observations, J Aerosol Sci, 35, 143-176, 2004.

Laaksonen, A., Kulmala, M., O'Dowd, C. D., Joutsensaari, J., Vaattovaara, P., Mikkonen, S., Lehtinen, K. E. J., Sogacheva, L., Dal Maso,
M., Aalto, P., Petéjé, T., Sogachev, A., Yoon, Y. J., Lihavainen, H., Nilsson, D., Facchini, M. C., Cavalli, F., Fuzzi, S., Hoffmann,
T., Arnold, F., Hanke, M., Sellegri, K., Umann, B., Junkermann, W., Coe, H., Allan, J. D., Alfarra, M. R., Worsnop, D. R.,
Riekkola, M. L., Hyé6tyldinen, T., and Viisanen, Y.: The role of VOC oxidation products in continental new particle formation,
Atmos. Chem. Phys., 8, 2657-2665, 2008.

Lance, S., Shupe, M. D., Feingold, G., Brock, C. A., Cozic, J., Holloway, J. S., Moore, R. H., Nenes, A., Schwarz, J. P., Spackman, J. R.,
Froyd, K. D., Murphy, D. M., Brioude, J., Cooper, O. R., Stohl, A., and Burkhart, J. F.: Cloud condensation nuclei as a modulator
of ice processes in Arctic mixed-phase clouds, Atmos. Chem. Phys., 11, 8003-8015, 2011.

Leaitch, W. R., S. Sharma, Huang, L., Toom-Sauntry, D., Chivulescu, A., Macdonald, A. M., Salzen, K. v., Pierce, J. R., Bertram, A. K.,
Schroder, J. C., Shantz, N. C., Chang, R. Y.-W., and Norman, A.-L.: Dimethyl sulfide control of the clean summertime Arctic
aerosol and cloud, Elementa, 1, 2013.

15



10

15

20

25

30

35

40

45

50

55

Leaitch, W. R., Korolev, A., Aliabadi, A. A., Burkart, J., Willis, M. D., Abbatt, J. P. D., Bozem, H., Hoor, P., Kollner, F., Schneider, J.,
Herber, A., Konrad, C., and Brauner, R.: Effects of 20-100 nm particles on liquid clouds in the clean summertime Arctic, Atmos.
Chem. Phys., 16, 11107-11124, 2016.

Liang, Q., Jaeglé, L., Jaffe, D. A., Weiss-Penzias, P., Heckman, A., and Snow, J. A.: Long-range transport of Asian pollution to the northeast
Pacific: Seasonal variations and transport pathways of carbon monoxide, Journal of Geophysical Research: Atmospheres, 109,
n/a-n/a, 2004.

Liu, S., Aiken, A. C., Arata, C., Dubey, M. K., Stockwell, C. E., Yokelson, R. J., Stone, E. A., Jayarathne, T., Robinson, A. L., DeMott, P.
J., and Kreidenweis, S. M.: Aerosol single scattering albedo dependence on biomass combustion efficiency: Laboratory and field
studies, Geophysical Research Letters, 41, 742-748, 2014.

Maahn, M., De Boer, G., Creamean, J. C., Feingold, G., McFarquhar, G., Wu, W., and Mei, F.: The observed influence of local anthropogenic
pollution on northern Alaskan cloud properties, Atmos. Chem. Phys., submitted, 2017.

McCluskey, C. S., DeMott, P. J., Prenni, A. J., Levin, E. J. T., McMeeking, G. R., Sullivan, A. P., Hill, T. C. J., Nakao, S., Carrico, C. M.,
and Kreidenweis, S. M.: Characteristics of atmospheric ice nucleating particles associated with biomass burning in the US:
Prescribed burns and wildfires, Journal of Geophysical Research: Atmospheres, 119, 10458-10470, 2014.

McFarquhar, G. M., Ghan, S., Verlinde, J., Korolev, A., Strapp, J. W., Schmid, B., Tomlinson, J. M., Wolde, M., Brooks, S. D., Cziczo, D.,
Dubey, M. K., Fan, J., Flynn, C., Gultepe, I., Hubbe, J., Gilles, M. K., Laskin, A., Lawson, P., Leaitch, W. R., Liu, P., Liu, X,
Lubin, D., Mazzoleni, C., Macdonald, A.-M., Moffet, R. C., Morrison, H., Ovchinnikov, M., Shupe, M. D., Turner, D. D., Xie, S.,
Zelenyuk, A., Bae, K., Freer, M., and Glen, A.: Indirect and Semi-direct Aerosol Campaign, Bulletin of the American
Meteorological Society, 92, 183-201, 2011.

Novakov, T., and Corrigan, C. E.: Cloud condensation nucleus activity of the organic component of biomass smoke particles, Geophysical
Research Letters, 23, 2141-2144, 1996.

@demark, K., Dalsgren, S. B., Samset, B. H., Berntsen, T. K., Fuglestvedt, J. S., and Myhre, G.: Short-lived climate forcers from current
shipping and petroleum activities in the Arctic, Atmos. Chem. Phys., 12, 1979-1993, 2012.

Partain Jr., J. L., Alden, S., Strader, H., Bhatt, U. S., Bieniek, P. A., Brettschneider, B. R., Walsh, J. E., Lader, R. T., Olsson, P. Q., Rupp,
T.S., R.L. Thoman, J., York, A. D., and Ziel, R. H.: An Assessment of the Role of Anthropogenic Climate Change in the Alaska
Fire Season of 2015, Bulletin of the American Meteorological Society, 97, S14-S18, 2016.

Parungo, F., Kopcewicz, B., Nagamoto, C., Schnell, R., Sheridan, P., Zhu, C., and Harris, J.: Aerosol-Particles in the Kuwait Oil Fire Plumes
- Their Morphology, Size Distribution, Chemical-Composition, Transport, and Potential Effect on Climate, J Geophys Res-Atmos,
97, 15867-15882, 1992.

Penner, J. E., Dickinson, R. E., and O'Neill, C. A.: Effects of Aerosol from Biomass Burning on the Global Radiation Budget, Science, 256,
1432-1434, 1992.

Persson, P. O. G., Fairall, C. W., Andreas, E. L., Guest, P. S., and Perovich, D. K.: Measurements near the Atmospheric Surface Flux Group
tower at SHEBA: Near-surface conditions and surface energy budget, Journal of Geophysical Research: Oceans, 107, SHE 21-21-
SHE 21-35, 2002.

Peters, G. P., Nilssen, T. B., Lindholt, L., Eide, M. S., Glomsrod, S., Eide, L. I., and Fuglestvedt, J. S.: Future emissions from shipping and
petroleum activities in the Arctic, Atmos Chem Phys, 11, 5305-5320, 2011.

Petters, M. D., Carrico, C. M., Kreidenweis, S. M., Prenni, A. J., DeMott, P. J., Collett, J. L., and Moosmiiller, H.: Cloud condensation
nucleation activity of biomass burning aerosol, Journal of Geophysical Research: Atmospheres, 114, n/a-n/a, 2009a.

Petters, M. D., Parsons, M. T., Prenni, A. J., DeMott, P. J., Kreidenweis, S. M., Carrico, C. M., Sullivan, A. P., McMeeking, G. R., Levin,
E., Wold, C. E., Collett, J. L., and Moosmuller, H.: Ice nuclei emissions from biomass burning, J Geophys Res-Atmos, 114, 2009b.

Polissar, A. V., Hopke, P. K., and Harris, J. M.: Source Regions for Atmospheric Aerosol Measured at Barrow, Alaska, Environmental
Science & Technology, 35, 4214-4226, 2001.

Prenni, A. J., Demott, P. J., Rogers, D. C., Kreidenweis, S. M., Mcfarquhar, G. M., Zhang, G., and Poellot, M. R.: Ice nuclei characteristics
from M-PACE and their relation to ice formation in clouds, Tellus B, 61, 436-448, 2009.

Quinn, P. K., Miller, T. L., Bates, T. S., Ogren, J. A., Andrews, E., and Shaw, G. E.: A 3-year record of simultaneously measured aerosol
chemical and optical properties at Barrow, Alaska, Journal of Geophysical Research: Atmospheres, 107, AAC 8-1-AAC 8-15,
2002.

Quinn, P. K., Bates, T. S., Schulz, K., and Shaw, G. E.: Decadal trends in aerosol chemical composition at Barrow, Alaska: 1976-2008,
Atmos. Chem. Phys., 9, 8883-8888, 2009.

Raatz, W. E., and Shaw, G. E.: Long-Range Tropospheric Transport of Pollution Aerosols into the Alaskan Arctic, Journal of Climate and
Applied Meteorology, 23, 1052-1064, 1984.

Randerson, J. T., Liu, H., Flanner, M. G., Chambers, S. D., Jin, Y., Hess, P. G., Pfister, G., Mack, M. C., Treseder, K. K., Welp, L. R.,
Chapin, F. S., Harden, J. W., Goulden, M. L., Lyons, E., Neff, J. C., Schuur, E. A. G., and Zender, C. S.: The Impact of Boreal
Forest Fire on Climate Warming, Science, 314, 1130-1132, 2006.

Rissler, J., Vestin, A., Swietlicki, E., Fisch, G., Zhou, J., Artaxo, P., and Andreae, M. O.: Size distribution and hygroscopic properties of
aerosol particles from dry-season biomass burning in Amazonia, Atmos. Chem. Phys., 6, 471-491, 2006.

16



10

15

20

25

30

35

Roiger, A., Thomas, J.-L., Schlager, H., Law, K. S., Kim, J., Schafler, A., Weinzierl, B., Dahlkétter, F., Krisch, 1., Marelle, L., Minikin, A.,
Raut, J.-C., Reiter, A., Rose, M., Scheibe, M., Stock, P., Baumann, R., Bouarar, I., Clerbaux, C., George, M., Onishi, T., and
Flemming, J.: Quantifying Emerging Local Anthropogenic Emissions in the Arctic Region: The ACCESS Aircraft Campaign
Experiment, Bulletin of the American Meteorological Society, 96, 441-460, 2015.

Sakamoto, K. M., Allan, J. D., Coe, H., Taylor, J. W., Duck, T. J., and Pierce, J. R.: Aged boreal biomass-burning aerosol size distributions
from BORTAS 2011, Atmos. Chem. Phys., 15, 1633-1646, 2015.

Schnell, R. C., and Raatz, W. E.: Vertical and horizontal characteristics of Arctic haze during AGASP: Alaskan Arctic, Geophysical Research
Letters, 11, 369-372, 1984.

Screen, J. A., and Simmonds, I.: The central role of diminishing sea ice in recent Arctic temperature amplification, Nature, 464, 1334-1337,
2010.

Sedlacek, A. J.: Arctic Black Carbon Loading and Profile Using the Single-Particle Soot Photometer (SP2) Field Campaign Report, U.S.
Department of Energy, Office of Science, Office of Biological and Environmental Research, 2016.

Serreze, M. C., and Francis, J. A.: The arctic amplification debate, Climatic Change, 76, 241-264, 2006.

Serreze, M. C., and Barry, R. G.: Processes and impacts of Arctic amplification: A research synthesis, Global and Planetary Change, 77, 85-
96, 2011.

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M. D., and Ngan, F.: NOAA’s HYSPLIT Atmospheric Transport and
Dispersion Modeling System, Bulletin of the American Meteorological Society, 96, 2059-2077, 2015.

Stohl, A., Andrews, E., Burkhart, J. F., Forster, C., Herber, A., Hoch, S. W., Kowal, D., Lunder, C., Mefford, T., Ogren, J. A., Sharma, S.,
Spichtinger, N., Stebel, K., Stone, R., Strom, J., Torseth, K., Wehrli, C., and Yttri, K. E.: Pan-Arctic enhancements of light
absorbing aerosol concentrations due to North American boreal forest fires during summer 2004, J Geophys Res-Atmos, 111,
2006.

Stohl, A., Klimont, Z., Eckhardt, S., Kupiainen, K., Shevchenko, V. P., Kopeikin, V. M., and Novigatsky, A. N.: Black carbon in the Arctic:
the underestimated role of gas flaring and residential combustion emissions, Atmos. Chem. Phys., 13, 8833-8855, 2013.
Verlinde, J., Harrington, J. Y., Yannuzzi, V. T., Avramov, A., Greenberg, S., Richardson, S. J., Bahrmann, C. P., McFarquhar, G. M., Zhang,

G., Johnson, N., Poellot, M. R., Mather, J. H., Turner, D. D., Eloranta, E. W., Tobin, D. C., Holz, R., Zak, B. D., lvey, M. D.,
Prenni, A. J., DeMott, P. J., Daniel, J. S., Kok, G. L., Sassen, K., Spangenberg, D., Minnis, P., Tooman, T. P., Shupe, M.,
Heymsfield, A. J., and Schofield, R.: The Mixed-Phase Arctic Cloud Experiment, Bulletin of the American Meteorological

Society, 88, 205-221, 2007.

Warneck, P.: Chemistry of the Natural Atmosphere, Academic Press, Cambridge, MA, 1999.

Wiedinmyer, C., Akagi, S. K., Yokelson, R. J., Emmons, L. K., Al-Saadi, J. A., Orlando, J. J., and Soja, A. J.: The Fire INventory from
NCAR (FINN): a high resolution global model to estimate the emissions from open burning, Geosci. Model Dev., 4, 625-641,
2011.

Wilson, J. C., and McMurry, P. H.: Studies of aerosol formation in power plant plumes—II. Secondary aerosol formation in the Navajo
generating station plume, Atmospheric Environment (1967), 15, 2329-2339, 1981.

Wilson, W. E., and Suh, H. H.: Fine Particles and Coarse Particles: Concentration Relationships Relevant to Epidemiologic Studies, Journal
of the Air & Waste Management Association, 47, 1238-1249, 1997.

17



Table 1. Flight identification numbers, start and end times in beth-UTC, flight duration, and waypoints flown over of
each G-1 research flight during ARM-ACME-V. Waypoints O, U, A, I, and T represent Oliktok Point, Utqiagvik,
Atgasuk, Ivotuk, and Toolik Lake, respectively.

Duration

Flght staruto) End (UTC)  (DTOT waypoints
FOI  06/04 223121 06/0501:50:40  03:28:19 o.U
FO2 0607200851  06/0801:1628  05:07:37  O,U,A I, T
FO3  06/0819'56:37  06/0900:52:47  04:56:10 O, U.A I T
FO4  06/1018:39'18  06/1020:30:59  OL551:41 o
FO5  06/1221:5820  06/1300:11:26  02:13:06 )

FO6  06/131857:18  06/132357:32 050014  O,U,A, I, T
FO7  06/1521:57:26  06/1600:35:49  02:38:23 0, U
FO8  06/171859:36  06/1800:11:03 051127  O,U,A, I, T
FO9  06/2019:00:37  06/2100:0412 050335  O,U.A I T
F10 0622231743  06/2301:19:26  02:01:43 )

FI1  06/2319'14'17  06/2400:19:21 050504 O, U,A, I, T
F12  06/2721:0618  06/27 23:12:53  02:06:35 0, U
F13  06/30 18:50:46  06/30 22:30:34  03:30:48 o
F14 0702193403  07/022331:36  0357:33 ouT
F15  07/051857:14  07/0600:10:57  05:1343  O,U,A I, T
F16 0711202714  07/1200:51:07 042353  O,U,A, T
F17 0714190115  07/1421:1825  02:17:10 oT
FI18  07/1619'58:43  07/1700:38:47 044004  O,U,A I, T
F19  07/1819'54:33  07/1900:19:00  04:2427 O U.A LT
F20 0721192437  07/2200:30:44 050607  O,U.A I T
F21  07/2219'29'54  07/2300:14:20  04:4426 O U.A LT
F22  07/2721:3403  07/2800:07:11  02:33:08 0, U
F23  07/30211811  07/3101:0348 034537  O,U AT
Fo4  08/021810:47  08/0221:40:37  03:29:50 U T
F25  08/0610:01:12  08/0623:34:33 043321  O,U A I T
F26  08/0718:37:02  08/07 19:46:35  01:09:33 )

F27 08/08 19:42:22 08/08 21:52:35 02:10:13 o,u
F28 08/14 18:49:22 08/14 22:17:13 03:27:51 o,u
F29 08/16 19:54:12 08/16 23:53:40 03:59:28
F30 08/20 20:47:02 08/21 00:09:46 03:22:44 o,u
F31 08/25 19:18:13 08/25 23:52:06 04:33:53 o, U,
F32 08/27 21:29:46 08/28 01:37:41 04:07:55 o,u
F33 08/28 22:30:14 08/29 00:51:35 02:21:21 o
F34 08/30 21:49:18 08/30 23:39:16 01:49:58 (0]
F35 09/02 19:00:45 09/02 23:27:41 04:26:56 O,A LT
F36 09/04 21:24:39 09/05 00:47:02 03:22:23 I, T
F37 09/07 18:28:10 09/07 21:23:57 02:55:47 O,A
F38 09/09 18:29:19 09/09 22:18:46 03:49:27 O,U A
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Table 2. Classification parameters and thresholds for characterization of 1-second data as being impacted by one (or

more) of the sources shown in Figure 9Figure-10b.
and-long-range transport. respectively.

Source Classification parameter and threshold
Near-Prudhoe 1) CPCuit 2 100 cm &
BayHB 2) Distance from Deadhorse < 50 km
Prudhoe Bay 1) CPCudit 2100 cm? &
boundary layer 2) Distance from Deadhorse < 50 km &
(BL)BLPHB 3) Altitude < 500 m AMSL
] 1) rBC=220ngkg™ &
Allfires 2) CO=0.1ppmv
1) rBC=20ngkg*&
Fires south 2) CO=z=0.1ppmv &
3) Latitude < 69°N
1) No overlapping data with Prudhoe Bay or fires &
{j’zfs%”r%@gg 1)2) PCASP 2 4600 cm** &
transport 2)3) Altitude > 300 m AMSL**
1) No overlapping data with Prudhoe Bay, fires, or LRT &
Pristine 1)2) PCASP < 4600 cm™ &

2)3) Distance from Deadhorse > 50 km

*Maahn et al. (2017)

**Based on threshold value selected from Figure-9Figure 8
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Site
Well
9/9/2015

@0

8/20/2015

7/31/2015

© 165 -162 -144
Longitude

O Profile waypoint @ Known oil extraction site

9/9/2015
8/20/2015
7131/2015

7/11/12015

Latitude

6/21/2015

-162 -159 -156 -153
Longitude

Figure 1. Map of the North Slope of Alaska including flight tracks from the ARM-ACME-V field campaign-{2015)

coloured by date, -sSites where the G-1 aircraft spiralled over {OliktekPoint; UtqiagvikAtqasukIvotakare shown

(profile waypoint), in addition to locations ;-and-Feeliklake)-tocations-of actively deployed oil wells (data obtained
from http://doa.alaska.gov/oge/publicdb.html in Mar 2017), the location Hecation-of Deadhorse Airport, and approximate

areas of the Brooks Mountain Range and Prudhoe Bay.
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Figure 2. Maps of column average values from 20 to 500 m AMSL for a) HYSPLIT aerosol mass concentrations with
from Prudhoe Bay, b) CN W|th Dp =3-10 nm—(GFlde) c) CN W|th Dp = 10 nm - 3 um—(GFlG—S%O) and d) rBC mass
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Figure 3. Vertical profiles ef-of CN for particle-rumber-concentrationsfor-a) EN-with-Dp = 3 — 10 nmH{CPCaisr)-and, b)

{(CPC 3010)
B e ¥). The dashed

line in c) indicates a ratio of 1. Note that the xy scale for d) is zoomed in to show the increase below 200 m AMSL for
rBC (i.e., does not show all rBC data). -Data classified as originating from Prudhoe Bay is coloured blue.

23



<
N



10?

e Bay only

Al data

107

10°

10°

Ratio of CPCdiﬂ, to PCASP number

25




L3
Jun 11 - 17 (FO5 — F08) l l Jun 18 — 24 (F09 - F11)
L 58 58
-165 -160 -155 -150 -145 -140 -165 -160 -155 -150 -145 -140 -165 -160 -155 -150 -145 -140
2

Latitude
2

B2

60

Jul 2 - 8 (F14 - F15)

Jul 9 — 15 (F16 — F17)

Jul 16 - 22 (F18 - F21)

=]

1 1 L
-165 -160 -155 -150 -145 -140 -165 -160 -155 -150 -145 -140 -165 -160 -155 -150 -145 -140
7

58

i) =
T0 '

62

60

Jul 23 - 29 (F22) Jul 30 — Aug 5 (F23 - F24)

' sa L8 i Aug 6 - 12 (F25 - F27)
58
165 -160 -155 -150 -145 -140 -165 -160 -155 -150 -145 -140 -165 -160 -155 -150 -145 -140

Longitude
0.0 0.2 04 0.6 0.8 1.0
AOD

Figure 4. Maps of AOD and fires (i.e., thermal anomalies; orange diamonds) detected by MODIS for 11 Jun — 12 Aug
time period, showing the transition from few fires to the highest density of fires and back. Flight tracks (green lines)
and site locations (white circles) are also shown during each corresponding time period. The black-blue markers in the
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1 1 1

Toolik Lake on 30 Jun (tep-rightpanelpanel c).
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Figure 7. 4D profiles of a) CO, b) rBC mass, ¢) CN with Dp = 0.1 — 3 um, d) CN with Dy = 0.8 — 15 pm, e) absorption
coefficient, ) scattering coefficient, g) CN with Dp =3 —10 nm, and h) CN with Dp = 10 nm — 3 pm from F13 on 30 June
2015. The left, bottom, and right axes are altitude, longitude, and latitude, respectively.-Bata-are-1-secend:
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Figure 9. a) The number of flights that were classified as impacted by aerosols from the central Alaskan fires, Prudhoe
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