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Abstract Primary biological aerosol (PBA) is a component of coarse mode aerosol which may affect
climate and health. The possible climate impacts arise from interactions between PBA and water vapor,
especially since some PBA nucleate ice at warm temperatures. The health impacts span from seasonal
allergies to transmission of pathogens. Despite their potential importance, the emissions, transport, and
atmospheric distribution of PBA are poorly understood, especially at high latitudes where cloud effects

could be pronounced. Here we report summertime measurements of fluorescent aerosol (a proxy for PBA)
over the Bering and Chukchi Seas using a Wide-Band Integrated Bioaerosol Sensor aboard a Twin Otter,
alongside a lidar which detected water column productivity. Most observations occurred at 300 m over the
ocean with periodic excursions to 60 and 900 m. Loadings were always low in the marine boundary layer,
despite the presence of subsurface plankton layers and in contrast to other recent reports, likely indicating low
oceanic emissions during our study. Large variability was observed in PBA aloft, with higher concentrations
approaching those observed over the Continental US. Back trajectory analysis showed that high loadings were
associated with recent transit through the continental boundary layer and we estimate PBA emissions from the
Arctic tundra of up to 300 m~2 s~! at the warmest observed temperatures. On days with strong transport from
land (~50% of our flights), PBA accounts for 12% of supermicron number and 64% of supermicron volume,
indicating potentially significant effects on the albedo, glaciation and lifetime of Arctic clouds.

Plain Language Summary Cloud cover affects Earth's temperature because clouds reflect sunlight
back to space. Biological particles can cause warm clouds to freeze sooner than most other materials. This
makes the clouds go away faster and reflect less sunlight. In the warming Arctic, ice, and snow (which also
reflect sunlight) are melting, exposing water. Water absorbs sunlight, which makes cloud cover even more
important. At the same time, Arctic ecosystems are changing, and might emit more biological particles in
response. We measured biological particles over the Arctic Ocean. We found more than we were expecting and
we think most of them came from land. This could change how Arctic clouds behave in important ways. As the
Arctic continues to warm there might be even more of these particles in the future.

1. Introduction

Primary biological aerosol (PBA), also often termed bioaerosol, consists primarily of airborne viruses, bacteria,
spores, and pollen and their component parts. PBA is an area of growing interest to the atmospheric community
as it has been shown to be a considerable fraction of aerosol mass in certain environments (Huffman et al., 2013;
Perring et al., 2015; Poschl et al., 2010) which may have important implications for cloud formation, cloud
glaciation and precipitation (DeMott & Prenni, 2010; Froehlich-Nowoisky et al., 2016). The cloud impacts of
PBA arise, in part, from the fact that some PBA are capable of nucleating ice at remarkably warm temperatures,
within a few degrees of 0°C. Biological particles have been observed in precipitation from around the globe
(Christner et al., 2008) and in ice-cloud residuals (Creamean et al., 2013; Pratt et al., 2009) and it is thought that
most warm temperature (>—15°C) ice nuclei (IN) are biological in origin (Murray et al., 2012). In addition, PBA
may also affect cloud behavior by acting as giant CCN (Moehler et al., 2007). The precise relationship between
PBA concentrations and the lifetime, albedo, and precipitation characteristics of clouds remains uncertain and
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increased knowledge of the sources, seasonality and characteristics of PBA emissions in different environments
is necessary.

The Arctic is warming more quickly in response to climate change than lower-latitude locations, a phenomenon
known as Arctic amplification (reviewed in Serreze & Barry, 2011). Some of the primary mechanisms posited
to cause this amplification include a surface albedo feedback resulting from reduced snow and ice cover (e.g.,
Dai, 2021), an albedo feedback resulting from changes in cloud cover (Wang & Key, 2005) and increasing pole-
ward heat transport in response to changing circulation patterns (Gong et al., 2017; Hwang et al., 2011) though
there is debate about the exact operation of each mechanism and their relative importance. There are also many
other potential contributors to Arctic amplification and it is a very active area of research. See, for example, a
recent review by You et al. (2021) and references therein. In terms of the topic of the present work, PBA may
contribute to Arctic amplification via their cloud interactions, especially because declining sea ice is expected
to make the region increasingly sensitive to the behavior of clouds, which can reflect incoming sunlight back
to space before it is absorbed by the dark ocean surface (H. Morrison et al., 2012; Prenni et al., 2007; Verlinde
et al., 2007). Finally, it is likely that sources of PBA to the Arctic may change in response to climate-driven
ecological shifts. Thus, the Arctic is a very interesting and important location in which to characterize PBA.

Remarkably high warm-temperature IN concentrations have recently been observed in a number of locations
in the Arctic, potentially indicating the presence of unknown PBA emissions in the region. Wex et al. (2019)
report concentrations from a land-based observatory and hypothesize that their warm temperature IN arise from
forested ecosystems in Scandinavia. They note, however, that their observations do not necessarily indicate that
these biological particles are efficiently transported over the open ocean nor that they are exported to the mixed
layer where the effects on clouds would be most pronounced. Porter et al. (2022) report very high IN concen-
trations at the North Pole, which they attribute to a wind-driven marine biological source transported from the
Russian coastline. Others (Bigg & Leck, 2001; Creamean et al., 2019; Hartmann et al., 2020) have attributed
warm-temperature IN observed over the Arctic Ocean to an oceanic biological source emitted either from the
open ocean or broken leads. Hartmann et al. (2021) find a lack of clear terrestrial influence and thus infer a
predominant oceanic source for IN in the Arctic, yet also report that the known oceanic source is far too small
to explain the observed atmospheric IN. Thus, it appears likely that the region is affected both by local oceanic
emissions and long-range transport of biological material from coastal or terrestrial regions and it is interesting to
consider the variable seasonality of these sources and how they might change in response to a warming environ-
ment. Most of these measurements have been collected at the surface which makes it difficult to infer concentra-
tions available at the level of cloud formation. Porter et al. (2022) report measurements from balloon soundings,
which show distinctly different IN concentrations in the surface mixed layer over the ocean as compared to the
cloud mixed layer above, further bolstering the need for more widespread observations of IN or related quantities
above the surface layer over the Arctic Ocean.

Here we report measurements of fluorescent aerosol, which we use as a proxy for PBA, from a NOAA Twin Otter
which flew out of Utquiagvik in the summer of 2017. Although PBA measurements are one step removed from
direct observations of IN concentrations, they can be used to estimate IN via previously observed relationships
(Tobo et al., 2013) and they may lend themselves more to source attribution than do direct observations of IN.
Additionally, because the instrument used records single-particle fluorescence in real-time, it is relatively easy
to sample a large geographic area and to probe multiple altitudes, as the required integration times are relatively
short. Here we measured within the marine boundary and at two higher altitudes so we are able to comment on
local oceanic emission as well as more regional sources.

2. Materials and Methods

Measurements were made during the summer of 2017 aboard a NOAA Twin Otter aircraft. The aircraft was
equipped with a Wide-Band Integrated Bioaerosol Sensor (WIBS-4A) (Droplet Measurement Technologies,
Longmont, CO) to detect single particle aerosol optical size and fluorescence, a lidar to detect sub-surface plankton
concentrations and an aircraft-integrated meteorological measurement system (Matthews & Goldberger, 2020),
mounted on the outside of the aircraft, which provided meteorological data. Descriptions of the WIBS and the
lidar, details regarding the inlet and sampling strategy for in situ aerosol and data sets used to generate HYSPLIT
back trajectories are given below.
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2.1. The Wideband Integrated Bioaerosol Sensor

The WIBS-4A is a commercially-available (Droplet Measurement Technologies, Boulder, CO) single-particle
fluorescence sensor that has been described in detail previously (Gabey et al., 2010; Healy et al., 2012; Kaye
et al., 2005; Perring et al., 2015). Briefly, ambient air is drawn into the detection cell and directed through a
635 nm laser. Aerosol particles present in the airstream produce side-scattered light, which is imaged onto a
photomultiplier tube and used to determine the optical size of individual particles. This signal also triggers the
sequential firing of two Xenon lamps filtered to emit at 280 and 370 nm. Autofluorescence arising from the
excitation pulses is imaged onto two PMTs filtered to detect light in wavebands from 310 to 400 nm (often termed
the FL1 detector) and 420-650 nm (often termed the FL2 detector). Each particle therefore results in three possi-
ble fluorescence signals: fluorescence detected between 310 and 400 nm following 280 nm excitation (denoted
here as Channel A), fluorescence detected between 420 and 650 nm following 280 nm excitation (denoted here
as Channel B) and fluorescence detected between 420 and 650 nm following 370 nm excitation (denoted here
as Channel C). The 370 nm flash saturates the FL1 detector so there is no signal associated with 310-400 nm
emission following 370 nm excitation.

The excitation wavelengths and detection bands correspond to the excitation and emission of various
bio-fluorophores such as tryptophan, NADH, and flavins, although there are also non-biological fluorescent
compounds with overlapping excitation/emission spectra. Potential non-biological interferences have been
explored in several laboratory studies (Pohlker et al., 2012; Savage et al., 2017) and include certain kinds of
dust and humic material as well as both diesel and flame-generated black carbon aerosol. The present work
uses the analysis framework introduced by Perring et al. (2015) whereby fluorescent particles are identified by
the combination of fluorescence signals which they exhibit. A particle with signal only in channel A (280 nm
excitation, 310-400 nm emission) and not in either of the other channels, for example, is denoted as type A. A
particle exhibiting signal in channels A and B (280 nm excitation, 310-400 nm emission) and not in C is referred
to as type AB, while a particle which exhibits signal in all three channels is termed type ABC. Papers examining
laboratory-generated PBAP using this framework (Hernandez et al., 2016; Savage et al., 2017) find that bacteria
typically manifest as type A at sizes near 1 pm, spores typically manifest as a combination of types A, AB, and
ABC at sizes between 2 and 5 pm and pollen manifests as a combination of types B, BC, and ABC at a wide
range of sizes dependent on the extent to which the pollen grain has fractionated into smaller particles. Savage
et al. (2017) also investigated the WIBS response to potentially fluorescent non-biological materials like soot
(primarily types A or B), dust (types A, B, and AB), humic material (types B and BC) and brown carbon (differ-
ent types for different samples). As discussed below, non-biological materials are often more weakly fluorescent
than biological materials and thus their impact can be partially mitigated through data processing choices.

In addition to any particle-induced fluorescence, there is some background signal in each channel resulting from
flash lamp light that leaks through the filters to the detectors as well as any stray fluorescence within the detection
cell (from either gas-phase species or compounds adhered to the walls of the detection cell). This background
signal is monitored by periodically running the WIBS in “Forced Trigger” mode whereby the flash lamps oper-
ate in the absence of a triggering particle. For the present mission, several minutes of forced trigger data were
collected prior to each flight and we take the average value plus nine standard deviations (90) as the threshold
above which a particle is considered “fluorescent” in each channel. Although a number of earlier papers used
a lower threshold of 3¢ (Crawford et al., 2017; Toprak & Schnaiter, 2013), we follow the recommendations put
forth by Savage et al. (2017) intended to minimize possible non-biological interferences, which often exhibit less
intense fluorescence. For example, Savage et al. (2017) find that both dust and humic materials are effectively
rejected when a higher fluorescence threshold is used. Certain kinds of black carbon are fluorescent enough to be
categorized as fluorescent even with the higher threshold, however size distributions for those particles tend to
peak at smaller diameters than is observed for most ambient PBA. We note that this higher threshold complicates
comparisons to previously reported fluorescent concentrations and we therefore include Figures S3 and S4 in
Supporting Information S1 showing concentrations calculated based on the lower threshold, for transparency and
to facilitate comparison. With this data processing strategy, we believe it is unlikely that a substantial portion of
our observed fluorescent particles were anthropogenic in nature as evidenced by their size, spectral signature and
the remoteness of the location.

The optical sizing of the WIBS was calibrated before and after the mission using commercial monodisperse
polystyrene latex (PSL) spheres and fitting to Mie theory calculations as described in Perring et al. (2015). As
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reported in Robinson et al. (2017) there is a flow rate dependence to the
sizing calibration, presumably arising from inadequate temporal resolution
in the scattering signal detection. For the present mission the sample flow
was 0.5 LPM and the sheath flow was 1.5 LPM; this is a lower-than-typical
sheath to sample ratio, chosen to minimize the flow velocity through the jet
(determined by the sum of sheath and sample flow rates) while maximizing
the volume of air sampled to improve statistics in a low-particle environment.
The gain on the scattering detector was increased relative to the typical WIBS
configuration such that the instrument used here detected particles from
roughly 0.5-10 pm. To investigate the detection efficiency at small sizes,
the WIBS and a Portable Optical Particle Sensor (POPS, Handix Scientific,
Boulder CO) sampled simultaneously from a well-mixed container into
which PSL spheres of various submicron sizes were introduced. The particle
concentrations reported by the two instruments matched to within 5% for
sizes down to ~0.4 pm. We take this as evidence that the WIBS is a reliable
particle counter in the size range presented here and use it as a counter of

both fluorescent and total aerosol in our analysis. We note that there is a sepa-
rate, unanswered question as to whether the amount of fluorescent material
in a typical, ambient, small particle would be detectable to the WIBS thus we
may be underestimating concentrations of small, weakly fluorescent PBA.

The fluorescence response in channels A and B was calibrated according to

methods outlined in Robinson et al. (2017) using polydisperse quinine prior
to the mission and using size-selected particles of quinine and mixed tryptophan in ammonium sulfate after the
mission. The pre- and post-mission quinine calibrations agreed well and the mass-equivalent response was 1.3
counts/fg quinine in FL1 and 0.54 counts/fg quinine in FL2. This corresponds to minimum detectable quinine
masses of approximately 80 and 340 fg in FL1 and FL2 respectively, depending on the background in each chan-
nel for a particular flight.

2.2. Lidar

Lidar results from this study have been published in Churnside et al. (2020) and the detection methodology is
discussed in more detail in Churnside and Marchbanks (2015) and Churnside et al. (2021). Briefly, the instrument
transmits 12 ns pulses of linearly polarized 532 nm light at 30 Hz and detects copolarized and cross polarized
backscatter from the ocean with a sample rate of 1 GHz and a depth resolution of ~1 m. For this work, we used
the lidar attenuation coefficient, a, from the cross-polarized return when the flight altitude was 300 m. This was
calculated from the slope of the logarithm of the signal versus depth over the depth range where the log signal
was linear. This parameter very nearly approximates the diffuse attenuation coefficient, which is proportional to
the chlorophyll concentration in the upper mixed layer. Because of this relationship, we used « as a proxie for
productivity in the upper ocean.

Due to the large difference in reflectivity between ice and open water, the lidar was able to determine the fraction
of the surface that was covered by ice by counting the fraction of lidar shots exceeding a particular threshold in
each kilometer of flight track. The surface is commonly considered to be open water when the fraction is <15%,
broken ice when the fraction is 15%-80% and pack ice when the fraction is >80% (Dumont, 2022). Since the
return from ice generally saturated the detector, the result was insensitive to the threshold chosen. No information
about the ocean was obtained from the lidar shots that hit ice, but the narrow beam easily penetrated between ice
to provide estimates of a even in ice fractions >90%.

2.3. Mission Description and Sampling Strategy

This campaign was based out of Utquiagvik, AK during the month of July in 2017. Flight tracks (Figure 1) were
chosen to sample from a variety of surface ice coverage conditions and also to cover as wide a geographic area as
possible given aircraft range limitations. See Churnside et al. (2020) for a description of ice extent over the course
of the project. Most flights targeted clear air to facilitate lidar retrievals. The majority of flight time was spent at
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T T : 300 m above the surface, the optimal height for lidar retrievals, with occa-
sional stacked profiles (1 or 2 per flight) performed to probe in situ aerosol
at higher and lower altitudes (900 and 60 m respectively). Profile locations
were determined in-flight based on lidar observations and selected to span
a variety of surface ocean productivity levels. When a particular location
was chosen for a profile, the pilots descended from 300 m while turning and
. flew back along the most recent trajectory at 60 m for 5 min. After the lower
leg, the plane ascended to 900 m and turned to overfly the original track for
another 5 min before descending back to 300 m to continue the rest of the
flight. Although we did not assess the local boundary layer height directly,
previous work from a similar region and season (Brooks et al., 2017) indi-
cates that 60 m should be well within the marine boundary layer, 300 m may
be within it or slightly above it and 900 m should be well above the marine
boundary layer. We discuss how our measurements and calculations constrain

the marine boundary layer height in futher detail in the results section below.

Temperature (° C) The inlet used for sampling of in situ aerosol was designed to optimize aspi-

ration and transmission of large aerosol under the flight conditions of the

Figure 2. Observed >1 pm fluorescent aerosol concentrations versus ambient  Twin Otter at a specified airspeed of 100 mph (44.7 m/s). The total calculated

temperature. Small gray symbols represent 1-min average concentrations
observed at 300 m while red squares with error bars represent binned means
and standard deviations calculated for 2-degree temperature windows.

efficiency was better than 80% for sizes from our lower limit of detection of
0.5-5.4 pm with a 50% cutoff size of ~8.8 pm and falling to 35% at 10 pm.
The inlet consisted of a forward-facing dual diffuser inlet as described by
Schwarz et al. (2006) which was mounted on the forward starboard window
at a 10° downward angle, determined experimentally to be parallel with the airflow around the fuselage at that
location. The primary diffuser consisted of a smaller forward opening followed by an expansion and a larger
rear opening such that the flow velocity at the tip of the diffuser was isokinetic with external airflow and the
flow velocity within the diffuser was reduced by a factor of ~50. The secondary diffuser sampled from within
the primary diffuser and resulted in an additional reduction in flow velocity. For the present configuration, flow
through the secondary diffuser was actively controlled at 0.68 L/min and the internal diameter of the secondary
diffuser was chosen such that it was operating isokinetically with the flow within the primary diffuser. Stainless
steel tubing was used to connect the inlet to the WIBS and losses during transport were minimized by minimizing
horizontal transport distance and bends and by striving to reduce turbulence as much as possible at all joints.

3. Results
3.1. General Characteristics of Fluorescent Particle Populations

Observed concentrations of fluorescent aerosol were highly variable (Figure 1). On about half of the flights,
observed concentrations at 300 m were 1 X 10* m~3 or more while, on other flights, loadings were an order of
magnitude lower. The high-concentration regime had fluorescent particle loadings similar to those observed
over the continental US at a similar altitude (Perring et al., 2015) where regional concentrations varied from 2
to 8 X 10* m~3. Note that the previous study used a 3¢ threshold for determining fluorescence so those loadings
would be reduced if processed to match the present analysis. These high- and low-concentration regimes typi-
cally persisted for large fractions of flights and there was no discernible spatial pattern to where higher and lower
loadings were observed. Taken together, we interpret this to mean that the observed concentrations were driven
by regional phenomena rather than individual emission sources strongly impacting a particular area. In contrast to
the lack of spatial patterns, there was a strong correspondence between observed fluorescent aerosol loadings and
air temperature (Figure 2) whereby higher temperatures corresponded to higher loadings. This led to the hypoth-
esis that airmasses with high loadings had been advected from the boundary layer of terrestrial ecosystems where
surface temperatures were high, and those with low loadings either originated from marine environments where
surface temperatures were closer to 0°C or had been transported at high altitudes (above the planetary boundary
layer) for some time. This hypothesis is investigated in more detail in Section 3.3 using back trajectory analysis.

Figure 3 shows two example profiles, the left from 18 July when loadings at 300 m were relatively low and
the right from 28 July when loadings at 300 m were relatively high. The lower legs of both profiles are simi-
lar and exemplary of nearly every 60 m leg flown: they have high total aerosol loadings and low fluorescent
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Figure 3. Example vertical profiles of fluorescent (colored, stacked bars, bottom axes) and total (black squares and lines,
top axes) aerosol concentrations from 18 July 2017 (left) and 28 July 2017 (right). Back trajectories indicate no terrestrial
influence for the left profile but strong terrestrial influence for the right profile at the two higher altitudes.

aerosol loadings and the majority of the observed fluorescent aerosol is type B. It was also nearly always the
case that the air temperature at 60 m was close to 0°C even when it was much warmer aloft. In fact, out of 12
profiles performed, only one had elevated fluorescent concentrations (>5 X 10* m~3) at 60 m and that profile
also occurred quite close to shore and had an elevated air temperature, likely indicating a terrestrial influence
(see 31 July profile in Figure S2 in Supporting Information S1). We take the stark increase in total particle loads
and uniformly low temperatures at the lowest sampling altitudes to indicate that we were usually sampling within
the marine boundary layer where one would expect to find abundant wind-generated sea spray aerosol and air
temperatures that mirror that of the water/ice surface. In addition, on days when the temperature at 300 m was
substantially above that at 60 m, it is reasonable to assume that the top of the boundary layer must lie somewhere
between 60 and 300 m placing the lowest altitude within the marine boundary layer and the two higher altitudes
above it. On days when the temperature at 300 m was close to that observed at 60 m, it is possible that 300 m was
within the marine boundary layer. The fluorescent loadings at 60 m reported here are lower than another recent
report from within the MBL at lower latitudes (Kawana et al., 2021) and inconsistent with high observed concen-
trations of warm temp IN within the MBL at a different location in the Arctic during the same summer (Creamean
et al., 2018). This likely indicates that there is not a strong source of fluorescent aerosol from the ocean surface
at the time of our sampling, a hypothesis which is explored in more detail in Section 3.2.

The two profiles in Figure 3 differ markedly in the observations at the two upper altitudes. On 18 July, fluorescent
loadings and observed types at 300 and 900 m are similar to those observed at 60 m while on 28 July the loadings
at 300 and 900 m are much higher and the fluorescent types observed are predominantly type A and AB. Note
also the similarity in terms of fluorescent concentration and type distribution between the 300 and 900 m legs.
This was consistent across the data set; of five profiles that had elevated concentrations at both levels the concen-
trations observed at 900 m were, on average, 7% less than those observed at 300 m. A sixth profile had elevated
concentrations only at 900 m while the remaining profiles exhibited concentrations similar to those observed in
the MBL. Thus, we believe that the elevated fluorescent aerosol layer, when present, usually extended vertically
from the top of the MBL to at least 900 m in addition to having a broad spatial extent.

Figure 4 shows number distributions for total aerosol and fluorescent aerosol observed at 300 m (both from WIBS
data) when temperatures aloft were >10°C (left) and below 5°C (right) including data from the whole campaign.
On days with warmer temperatures at 300 m, the number distributions of types A, AB, and ABC appear similar
to those observed in laboratory studies of fungal spores (Hernandez et al., 2016). There is also a minor population
of type B particles, peaking around 2 pm, that is not similar to laboratory observations of known bioaerosol, but
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Figure 4. Number distributions of fluorescent particles (solid lines) and total aerosol (dashed lines) observed at 300 m
altitude for temperatures above 10°C (left) and below 5°C (right).

which is similar to previous observations of fluorescent aerosol in the marine boundary layer at lower latitudes
reported by Kawana et al. (2021). On days with cooler temperatures at 300 m, the type B particles are dominant
and appear at slightly smaller sizes. We do not have enough information to theorize as to the identity of these
particles but it is possible that they are characteristic of some marine source, as posited by Kawana et al. (2021)
through observed correlations with bacteria and biogenic gel organic particles. We note that, on warmer days,
type B particles account for a minor fraction of the total fluorescent aerosol number; they are included in our anal-
ysis for completeness. On warm days, fluorescent aerosol accounted for ~12% of supermicron aerosol number
and 64% of supermicron aerosol volume while, on cooler days, fluorescent aerosol accounted for only 0.2% of
supermicron aerosol number and 7% of volume.

3.2. Assessing Oceanic Emissions of Fluorescent Aerosol

Numerous papers have reported observations that imply the surface ocean, either the sea surface microlayer or
particular marine organisms, can be a source of biological aerosol (Burrows et al., 2013; DeMott et al., 2016;
Knopf et al., 2011; McCluskey et al., 2018; Moallemi et al., 2021; Santander et al., 2021). Findings are mixed as
to the size range of particle produced, their fluorescent signature and their ice nucleation activity.

Here we use our observations of fluorescent aerosol within the MBL, in conjunction with the lidar data regard-
ing subsurface layers of biological activity to evaluate potential emissions of biological aerosol from the Arctic
Ocean. The left panel of Figure 5 shows the relationship between total fluorescent aerosol concentration meas-
ured by the WIBS and lidar attenuation colored by the ice fraction of the flight segment in question. Each data
point represents an average of a single leg at 60 m altitude, typically about 5 min of flight time. There is no
systematic relationship observed between the fluorescent aerosol concentration and a. We also examined the
relationship between a and the fluorescent fraction (right panel of Figure 5), since absolute concentrations would
likely be a function of both PBA concentrations in the surface layer and wind speed; we find a similar lack of
correspondence in that case as well. Thus we observe no relationship between biological activity in the surface
ocean and enhancements of fluorescent aerosol in the adjacent marine boundary layer.

To give context for this observation we can compare to a couple of recent studies. First, Kawana et al. (2021)
measured fluorescent aerosol during a cruise in the Pacific Ocean that spanned a range of lower latitudes between
35°N and 20°S. They observed fluorescent aerosol loadings of 10—40 per liter during the oceanically-influenced
portion of their cruise, concentrations that are an order of magnitude higher than those reported here for the
Arctic MBL. We note that, even considering the brevity of our excursions to the lowest altitude, the concen-
trations reported in Kawana et al. (2021) would be easily detectable to our instrument and we can say with
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Figure 5. The fluorescent aerosol concentration (left) and percent (right) observed at 60 m altitude versus lidar attenuation,
colored by ice fraction. Vertical error bars represent standard deviations for 1 s WIBS measurements and horizontal error bars
represent standard deviations for the corresponding lidar measurements.

confidence that our observations are significantly different, likely due to the latitudinal difference between the
two studies. Second, Creamean et al. (2019) report elevated IN activity measured in coarse-mode aerosol samples
in association with the presence of subsurface phytoplankton layers. These observations were made in the Arctic,
at a slightly different location and later in the summer as compared to the measurements we discuss here. The
most active samples had IN concentrations of >107* L~! at —10°C and ~3 X 1073 L~" at —15°C. If we use an IN
parameterization published by Tobo et al. (2013) to estimate IN concentrations in the MBL for the present study
based on observed fluorescent aerosol concentrations, we find that the IN concentrations one would expect are a
factor of ~5 lower than those observed by Creamean et al. (2019). We note that this parameterization was devel-
oped for a mid-latitude forest ecosystem that may not be applicable to the Arctic environment, however we still
find it striking that we saw such low concentrations of fluorescent aerosol in the marine boundary layer. Thus,
while it seems likely that oceanic emissions of PBA in the Arctic occur episodically and/or in particular locations,
we can say with reasonable confidence that we did not observe that behavior in the area of our sampling. Perhaps
our sampling corresponded to cooler sea surface temperatures than seen in other studies or, although we primar-
ily targeted areas of clear air, it is possible that cloud scavenging had occurred prior to our sampling within the
marine boundary layer. Another potential explanation is that some studies report IN enhancements from decaying
phytoplankton blooms as opposed to active blooms (McCluskey et al., 2018; Zeppenfeld et al., 2019), in which
case, we might not have been targeting appropriate areas within the MBL for sampling.

3.3. Assessing Terrestrial Emissions of Fluorescent Aerosol

Here we use the NOAA HYSPLIT model (Draxler, 1999; Draxler & Hess, 1997, 1998; Stein et al., 2015) to inves-
tigate the source of elevated fluorescent aerosol concentrations above the Arctic Ocean. 10-day back trajectories
were calculated using meteorology from the 1° GDAS meteorological data set with modeled vertical velocity.
Estimates of boundary layer height and precipitation were also extracted along the trajectory and daytime marine
boundary layer heights are generally estimated to be less than 500 m, in agreement with the literature (Brooks
et al., 2017). First, to evaluate our hypothesis of a dominant terrestrial source, we chose two flight days that
showed strong contrast in observed fluorescent concentrations and ran back trajectories from the aircraft location
every 5 min for each of the two flights. On 27 July we observed relatively cool temperatures and low concentra-
tions of fluorescent aerosol above the MBL, while on July 28th we observed warmer temperatures and enhanced
concentrations of fluorescent aerosol. The back trajectories show broad similarities between the general airmass
origins for both days, with both primarily receiving transport from the south and west of the study location
(Figure 6, top panels), however, there was a strong difference between the 2 days in the locations of boundary
layer interceptions (Figure 6, bottom panels) defined as instances when the back trajectory altitude was less than
the calculated boundary layer height. On the day with elevated fluorescent concentrations aloft (28 July, left
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Figure 6. Back trajectory results from flights on 28 July (left column) and 27 July (right column). The top row shows 10-day
trajectories regardless of altitude, the bottom row shows the locations of calculated boundary layer interceptions within the
two most recent days.

column) there are numerous recent boundary layer interceptions over land while, on the other day (27 July, right
column), there is minimal interaction with the boundary layer and the few interceptions that do occur happen over
the ocean, thus lending credence to our hypothesis of a terrestrial source for the observed fluorescent particles.

Next, we ran a more statistically meaningful set of back trajectories for the whole project in which we initiated a
trajectory whenever there were at least 10 min of level flight within 15 min of the top of the hour. This ensured
that there was a good temporal match between the GDAS meteorology and the observations used and that we
had no duplicate trajectories (as would happen if one were to initiate multiple trajectories within the same 1°
spatial bin for the same GDAS time step). For each trajectory, we recorded the number of hours in the most recent
2 days for which the modeled air parcel altitude was below the estimated boundary layer height and calculated
the average boundary layer height for that set of time points. We can then calculate an emissions rate as follows:

E = [FAP,, * HpL/E(Hrs)s.

where [FAP],,, is the observed average fluorescent aerosol particle concentration at the point of sampling, Hgy.
is the average boundary layer height calculated when the air parcel was in the boundary layer and X(Hrs)y, is the
number of hours spent in the boundary layer. Figure 7 shows the resulting emissions estimate plotted as a function
of temperature at the point of sampling considering boundary layer interceptions within the most recent 48 hr.
Also shown are averages for 4-degree temperature bins calculated considering interceptions within the most
recent 48, 72, 96, and 240 hr. For this calculation we include only types A, AB, and ABC in FAP _ as those are
the particles that appear similar to known biological aerosol, though we note that including all fluorescent parti-
cles would only increase the estimated emissions by ~12%. The resulting emissions estimates are comparable
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emissions.

Red circles show emission rates based on analysis of individual trajectories.
Black squares and bars show average inferred emission rates and standard Similarly, black carbon is known to produce fluorescent signals in the WIBS

deviations calculated for 4° temperature bins.

(Perring et al., 2015; Savage et al., 2017). The particular type presentation
(A or B) depends on the black carbon source, however the corresponding
size distribution typically peaks at smaller sizes (<1 pm) as compared to
those observed here. Creamean et al. (2018) report a dominant influence of regional biomass burning aerosol in
our sampling region during summer of 2015, however we checked MODIS hot spot data for July 2017 and did
not find fires in regions identified in our back trajectory analysis. Although there are local sources of anthropo-
genic black carbon, particularly the Prudhoe Bay oilfield (Creamean et al., 2018; Gunsch et al., 2017; Maahn
et al., 2017), only a minority of our back trajectories pass through that region. In the absence of specific local
sources or particular transport events, other researchers report that natural aerosols dominate the Arctic in the
summertime and that anthropogenic aerosol becomes more important in the winter (e.g., Moschos et al., 2022;
Quinn et al., 2009). Finally, as with the potential for a mineral dust interference, we would not expect local or
transported black carbon concentrations to show the positive correlation with temperature that we observe.

In summary, we have attempted to minimize non-biological fluorescent interferences as much as possible in both
our sampling and data processing methods. We find no evidence that the sampled air is substantially impacted by
emissions of such particles and we believe that these results are valuable and interesting, even if we accept that a
fraction of our observed signal may arise from unknown interferences.

4. Conclusions

Here we report airborne measurements of fluorescent aerosol, which we use as a proxy for PBA, collected over
the Arctic Ocean during the summer of 2017. Observed loadings varied greatly from day-to-day and the highest
loadings approached those observed previously over the continental US. Measurements were made most often at
300 m above the ocean surface with occasional excursions to 60 and 900 m to investigate vertical distributions.
Fluorescent aerosol loadings were always very low at the lowest altitude and showed no systematic relationship to
lidar measurements of sub-surface biological productivity, which we take to mean that there were no appreciable
oceanic emissions of fluorescent aerosol at the time and location of our sampling. Fluorescent aerosol loadings at
the two higher altitudes showed a strong positive correlation with air temperature and calculated back trajectories
indicate a terrestrial source for the particles. We then further used the back trajectories to estimate emission rates
of fluorescent aerosol from the Arctic tundra, finding rates comparable to those recently estimated for fungal
spores in the summertime continental US. We believe that this is an unappreciated source of biological aerosol
to the Arctic free troposphere which may be rapidly growing as the Arctic warms due to climate change. These
findings could have strong implications for regional clouds and, in turn, the Arctic radiation budget, especially in
the summer and early fall.
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Erratum

The originally published version of this article contained some errors in the affiliations. The affiliations for
the first author should have been switched. One of the affiliations for the third author, G. Dewey Wilbanks,
should have been “Department of Chemistry, Colgate University, Hamilton, NY, USA” rather than “Depart-
ment of Chemistry, Johns Hopkins University, Baltimore, MD, USA.” The last author’s affiliation should have
been “Earth Systems Research Laboratory, National Oceanic and Atmospheric Administration, Boulder, CO,
USA” rather than “Now at Department of Earth and Environmental Engineering, Columbia University, New
York, NY, USA.” The affiliations have been corrected, and this may be considered the authoritative version
of record.
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