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Abstract Biological aerosols represent a diverse subset of particulate matter that is emitted directly to the
atmosphere in the form of (but not limited to) bacteria, fungal spores, pollens, viruses, and plant debris. These
particles can have local air quality implications, but potentially play a larger climate role by acting as efficient
ice nucleating particles (INPs) and cloud condensation nuclei. We have deployed a Wideband Integrated
Bioaerosol Sensor on the NASA DC-8 aircraft to (1) quantify boundary layer (BL) variability of fluorescent
biological aerosol particle (FBAP) concentrations in the Southeast United States (SEUS), (2) link this variability
explicitly to land cover heterogeneity in the region, and (3) examine the vertical profile of bioaerosols in
the context of convective vertical redistribution. Flight-averaged FBAP concentrations ranged between 0.1
and 0.43 scm�3 (cm�3 at standard temperature and pressure) with relatively homogeneous concentrations
throughout the region; croplands showed the highest concentrations in the BL (0.37 scm�3), and lowest
concentrations were associated with evergreen forests (0.24 scm�3). Observed FBAP concentrations are in
generally good agreement with model parameterized emission rates for bacteria, and discrepancies are likely
the result of fungal spore contributions. Shallow convection in the region is shown to be a relatively efficient
lofting mechanism as the vertical transport efficiency of FBAP is at least equal to black carbon aerosol,
suggesting that ground-level FBAP survives transport into the free troposphere to be available for INP activation.
Comparison of the fraction of coarse-mode particles that were biological (fFBAP) suggested that the SEUS
(fFBAP = 8.5%) was amuch stronger source of bioaerosols than long-range transport during a Saharan Air Layer
(SAL) dust event (fFBAP = 0.17%) or summertime marine emissions in the Gulf of Mexico (fFBAP = 0.73%).

1. Introduction

The aerosol indirect effect remains one of the most uncertain aspects of Earth’s climate system. In particular,
heterogeneous freezing (i.e., the role of aerosols as ice nucleating particles (INPs)) mechanisms are poorly
understood both mechanistically [Ervens et al., 2011] and because of sparse ambient measurements, even in
the wake of ongoing scientific focus and instrument development [DeMott et al., 2011]. Parameterizations of
INPs based on ambient temperature and coarse-mode (with diameter greater than 0.5μm) aerosol number
concentrations have moved the field forward [DeMott et al., 2010] but lack a predictive means of incorporating
more complex microphysical and chemical constraints. Improved representation of INPs using ambient obser-
vations will contribute to more accurate assessment of aerosol indirect climate effects.

Laboratory studies have historically been drawn toward a subset of biologically derived coarse-mode aerosols
as efficient INPs under very controlled conditions [Hoose and Mohler, 2012], with the implication that they
exhibit freezing onset at temperatures warmer than for mineral dust [Després et al., 2012, and references
therein]. Globally, bioaerosols tend to be overlooked as relevant INPs (compared to mineral dust) because
of assumed low concentrations [Jaenicke, 2005], an inference that is based on a severe lack of in situ observa-
tions. Bacterial cells and fungal spores are thought to dominate the biological number concentration, but
global modeling suggests that these particles only have a minor effect on ice formation and precipitation
rates [Sesartic et al., 2012]. Still, these bioaerosols may be important at warmer cloud temperatures and at
regional scales [Hoose et al., 2010; Spracklen and Heald, 2014]. Current model emissions constraints typically
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rely on ground-basedmanual counting techniques and bacterial cultures [Burrows et al., 2009a, 2009b], methods
that are intrinsically uncertain and have suboptimal time response. Thus, more comprehensive in situ obser-
vations are needed to validate bioaerosol global budgets [Heald and Spracklen, 2009] and to accurately assess
climatological effects.

Airborne single-particle mass spectroscopic techniques have been applied recently not only to provide a direct
link between long-range transport of biological aerosols and induced precipitation in the western U.S. [Pratt
et al., 2009; Creamean et al., 2013] but also to discount the role of biological aerosols in cirrus formation near
the midlatitude tropopause [Cziczo et al., 2013]. Tobo et al. [2013] showed a direct relationship between biolo-
gical aerosols and INPs from ground-based measurements with the unique continuous flow diffusion chamber
technique, resulting in an amendment to the DeMott et al. [2010] parameterization incorporating a chemically
specific fraction that autofluorescences (i.e., the fluorescent biological aerosol particle (FBAP) concentration).
Fluorescence techniques to quantify bioaerosols in the ambient atmosphere are now being more widely used
[e.g., Gabey et al., 2010; Pan et al., 2011; Huffman et al., 2010].

Fluorescence detection of bioaerosols is often advantageous because of specificity for complex organic
compounds like proteins and enzymes, with an insensitivity to mineral dust. Single-wavelength fluorescence
detection is utilized by the UV Aerodynamic Particle Sizer (TSI, Inc.) and at two wavelengths for the Wideband
Integrated Bioaerosol Sensor (WIBS-4A, Droplet Measurement Technologies, Boulder, CO); both instruments
are commercially available. Coupled with a size detection scheme, each of these techniques provides a
powerful tool used to characterize coarse-mode aerosol and quantify the mixing state of particles that
contain biological material. Interferants to fluorescence detection exist, and nonbiological materials have been
shown to induce fluorescence but with intensities that are generally too weak (e.g., for mineral dusts, dry humic,
or fulvic acids) or the fluoropores are found on particles smaller than the WIBS detection region (e.g., polycyclic
aromatic hydrocarbons associated with soot) [Pöhlker et al., 2012].

Results presented here utilize a WIBS-4A instrument for airborne FBAP observations. Vertical profiling
provides simultaneous insight into ground-level emissions, venting of boundary layer (BL) constituents
into a transition/cloud layer, and transport into the free troposphere (FT) by storm-related strong con-
vection. Dust and bioaerosols have been inferred to travel long distances, e.g., Prospero et al. [2005],
and Hallar et al. [2011], and the vertical profile of bioaerosols over the Southeast United States (SEUS)
helps elucidate different transport mechanisms. The SEUS region contains a mixture of natural and agri-
cultural land use types, contains areas of strong biogenic emissions, and is noted for frequent convec-
tive storms. Transport of coarse-mode aerosols out of the BL is particularly important for constraining
the upper tropospheric concentration of INP-efficient biological aerosols and for assessing aerosol
indirect effects.

The WIBS-4A instrument has been modified for operation aboard the NASA DC-8 aircraft and deployed
during the NASA SEAC4RS (Studies of Emissions and Atmospheric Composition, Clouds, and Climate
Coupling by Regional Surveys) campaign. Data collected during flights in August–September 2013 are used
to assess the horizontal and vertical variability of bioaerosol concentrations, mixing state, and size distribu-
tion in the SEUS region. Specifically, we relate differences in fluorescence characteristics of biological aerosol
with the distribution of land cover, highlighting the WIBS-4A capability to effectively segregate forest and
agricultural emissions. Additionally, SEUS vertical profiles evaluate FBAP transport out of the continental
BL. Observations in the SEUS are contrasted with measurements over the clean Gulf of Mexico, in the western
U.S., and of a Saharan Air Layer (SAL) dust outbreak to highlight the importance of bioaerosol emissions from
this complex region.

2. Methods
2.1. SEAC4RS Flights

Twenty-one science flights were completed during SEAC4RS (Figure 1) based at Ellington Field in Houston, TX.
Twelve of these flights were dedicated to sampling the SEUS region (Figure 1, inset). The SEUS region was
defined here by a latitude greater than 30.2°N and less than 38.6°N and a longitude greater than 265.5°E
and less than 279.8°E. Forty-four percent (27,130 10 s data points) of the SEAC4RS data set is inside the
SEUS domain, the remainder is excluded from this analysis except profiling data used for comparison.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024669

ZIEMBA ET AL. AIRBORNE OBSERVATIONS OF BIOAEROSOL 8507



Locations with vertical profiles, defined as a monotonic descent or ascent (either spiraling or inline) covering
at least 8 km altitude and lasting no more than 25min (i.e., a minimum ascent/descent rate of 300mmin�1),
are also shown in Figure 1 for western and marine regions. Six SEUS profiles are also noted in the inset. Much
of the SEUS sampling was done at low altitude (less than 1 km), with fairly even spatial coverage sampling a
range of different land use types in the region.

2.2. WIBS-4A Airborne Operation

The WIBS-4A (referred to henceforth as “WIBS”) was operated on board the NASA DC-8 aircraft in conjunction
with the LARGE (Langley Aerosol Research Group Experiment, http://science.larc.nasa.gov/large) aerosol payload,
consisting of a suite of instruments tomeasure aerosolmicrophysical, chemical, and optical properties. Ambient
air was introduced isokinetically into the aircraft through a shrouded solid diffuser inlet [Clarke et al., 2004] with

Figure 1. SEAC4RS flight tracks (red) and profile locations (squares). The targeted SEUS region is shown in the inset (bottom),
with black lines representing low-altitude flight tracks. NLCD2011 land cover types are colored as follows in the inset:
Developed land (red), evergreen forest (dark green), deciduous forest (light green), shrubs and grasslands (tan), pastures
(yellow), cultivated crops (brown), and wetlands and open water (blue). Ground sites used for meteorological context in
Figure 5 are shown as circles in the inset: Poplar Bluff, MO and Tuscaloosa, AL.
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a 50% transmission cutoff of 5.0μm aerodynamic diameter [McNaughton et al., 2007]. Thus, the WIBS here mea-
sures particles between 0.6 and 5.0μmdiameter. WIBS flowwas immediately split at a custom-designed sampling
manifold (Brechtel Manufacturing, Inc., Hayward, CA) and delivered to the instrument through approximately
1.5m of nominally 8mm inner-diameter conductive silicone tubing (residence time of 1.7 s). Tubing between
the inlet and instrument contained four 90° bends that resulted in cumulative theoretical transmission efficien-
cies of 0.998, 0.900, and 0.741 for 1μm, 3μm, and 5μm diameter particles, respectively. Losses due to gravita-
tional settling are more difficult to assess but are estimated to be on the order of 10% for 3μm particles. While
particle losses become more significant at 5μm diameter due to the combination of limited inlet transmission
and transport tubing losses, the peak in FBAP size at 2–3μm diameter is relatively efficiently sampled. Still, due
to calculation uncertainties we have chosen not to correct the data for these losses.

The factory-delivered flow control system for theWIBSwasmodified to allow sampling from an airborne platform,
especially to compensate for fast changes in ambient pressure and to allow recording of flow rates for postpro-
cessing and data quality control; a schematic is shown in Figure 2. A common vacuum source is provided by the
LARGE suite and is controlled to a constant total WIBS flow rate of 2.6 Lmin�1. This flow is split into a sheath
flow and sample flow. A proportional valve (MKS, model 0248A-12044, 50 Lmin�1 range) was installed in the
sheath line (replacing a passive orifice) which allowed for active control (Edwards, model 1501B process controller)
of the sample flow entering the system to a constant 1.0 Lmin�1 measured by a custom-designed laminar flow
element (LFE, with an Ashcroft model RXLdp differential pressure transducer). The LFE was calibrated prior to
deployment and operates effectively over a range of 0.2–1.4 Lmin�1. This improved sample delivery system
ensures that a constant sample air velocity is maintained in the WIBS sampling region to preserve timing of
the size/fluorescence detection technique over the full altitude range of the DC-8 aircraft.

The detection scheme of theWIBS has been detailed elsewhere [Kaye et al., 2000, 2005; Gabey et al., 2010] and is
only briefly described here. Particles are initially sized using the 90° side-scattering signal from a 635nm
continuous-wave diode laser. The scattering intensity is directly related to particle diameter and was calibrated
prior to deployment using a range of National Institute of Standards and Technology traceable polystyrene
latex spheres (PSLs with 0.8, 0.9, 1.0, 1.3, 2.0, and 3.0μm diameter, Thermo Scientific Inc.). Thus, all WIBS sizing
is optically referenced to a PSL material refractive index of 1.59. WIBS size distributions agreed well with a

Figure 2. Schematic of updated flow control system for the WIBS.
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similarly calibrated laser aerosol spectrometer (LAS, TSI, Inc.) as shown in Figure 3. The comparison deviates at
diameters greater than 4μm, likely attributed to the difficulty of transporting coarse-mode aerosol to each
independent instrument.

Each single-particle event observed by theWIBS exceeding 0.6μmdiameter is followed by successive 280 nm
and 370 nm xenon flashtube pulses. Particles smaller than 0.6μmdiameter do not produce a scattering inten-
sity large enough to be detected and thus do not trigger a fluorescencemeasurement. Fluorescence intensity
from the 280 nm excitation wavelength is based on detection of the amino acid tryptophan, while the 370 nm
excitation wavelength is based on detection of the coenzyme nicotinamide adenine dinucleotide [Gabey
et al., 2010]. Two broadband detectors at 310–400 and 420–650 nm measure fluorescence from each of
the successive excitation wavelength pulses, where the following detection definitions are employed based
on Perring et al. [2015]: Type A= 280 nm excitation on the 310–400 nm detector only, Type B= 280 nm excita-
tion on the 420–650 nm detector only, and Type C= 370 nm excitation on the 420–650 nm detector only.
Signal from 370 nm excitation is saturated on the 310–400 nm detector by direct scattering and is not
recorded. Particles that exhibit coincident fluorescence in more than one channel are labeled accordingly
(i.e., Type AB particles fluorescence from 280 nm excitation on both the 310–400 nm and 420–650 nm detec-
tors). Particles which fluoresce in all three channels simultaneously are labeled as Type ABC and quantified as
FBAP, and thus all references to number concentrations or fractions of fluorescing particles (NFBAP) refer to
particles that fluoresce in all three WIBS channels. Nonfluorescing particles are defined as particles that did
not fluoresce in any of the three WIBS channels.

Size distributions comparing FBAP and nonfluorescing particles are shown in Figure 4 for upper (a), middle
(b), and lower troposphere (c) sampling. Distributions are averages of single-particle events for 10 constant-
dlogD bins from 0.6 to 6.0μmoptical diameter. Through the full altitude range, FBAP size distributions are easily
distinguishable from nonfluorescing particles due to a peak in dN/dlogD from 1 to 3μm diameter. FBAP parti-
cles were observed at low altitude with a geometric mode at 2.1μm. A reduction in geometric mode to 1.5μm
was observed for middle and upper tropospheric sampling (Figure 4). Since the theoretical inlet sampling
efficiency decreases from a 50% cutoff of 5.0μm at the surface to 3.2μm at 12 km [McNaughton et al., 2007],
this difference is at least partially attributed to sampling artifact. Still, it is obvious that the FBAP size distribution
differs from nonfluorescing particles as nonfluorescing size distributions hadmonotonically decreasing concen-
trations with size, peaking at submicron diameters outside of the WIBS detection region (i.e., LAS distributions

Figure 3. Particle size distributions for all low-altitude, nonbiomass burning aerosol measured by the LAS (green) andWIBS
(black). The campaign-averaged FBAP (blue) size distribution is also shown. Error bars represent the average value ±1
geometric standard deviation at each size step.
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indicate a peak at less than 200nmdiameter in Figure 3). All low-altitude fluorescing particles, especially Type A,
Type B, and Type BC showed qualitatively similar size distributions to FBAP peaking at supermicron diameter.
The fraction of coarse-mode aerosols identified as FBAP increases with size, from 5% at 1.0μm to 50% at 6.0μm
diameter (Figure 3).

At low altitude, a lognormal fit describes the FBAP distribution well

0:0034þ 0:032 · EXP � ln
X

2085= Þ
0:90

�� �2 "
(1)

where X is the particle diameter in nm. Based on extrapolation of this fit, only 13.8% of the FBAP number con-
centration lies outside of the WIBS detection window (the upper limit is actually governed here by the aircraft
inlet, not theWIBS technique), but due to size distribution variability data were not corrected for this potential
bias. Also, note that small changes in the WIBS lower detection limit would not significantly alter calculated
FBAP number concentrations, i.e., a quantification scheme using a 1.0μm threshold instead of the 0.6μm
threshold used here, as in Perring et al. [2015], results in a decrease in concentration by 6%.
2.2.1. WIBS “Forced-Triggering” (FT) Mode
To ensure instrument noise does not manifest as falsely identified fluorescent particles, intensity thresholds
are determined once prior to each flight. The xenon lamp detection scheme is operated for particle-free air to

Figure 4. FBAP (right axes) and nonfluorescing (left axes) aerosol size distributions for the full campaign in the SEUS region
for (a) upper troposphere, (b) middle troposphere, and (c) lower troposphere sampling, including a lognormal FBAP fit in
the lower troposphere. Note that y axis scaling is optimized to illustrate each distribution shape.
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assess this background variability in classifying fluorescent particles. With no air flow, the system is periodically
triggered and the three-channel fluorescence from 500 excitation flash events is recorded. Fluorescence inten-
sity thresholds are determined as the average intensity plus 2.5 standard deviations [Gabey et al., 2010].

While the intensity of FT signals on each detector is used to remove system noise and prevent false-positive
counting, the percent of FT data points exceeding that threshold is used to quantify the detection limit for
fluorescing-fraction (f) values. For reference, average threshold values (in arbitrary units) used for this study
were 93.8, 69.1, and 9.8 for Type A, Type B, and Type C detectors, respectively. Single-channel detection with
the WIBS is rather uncertain; 6.1, 1.1, and 1.5% of FT events for each type, respectively, exceeded the threshold
and were falsely counted as real fluorescent particles. Conversely, only 0.06% of all FT events exceeded thresh-
olds for all three detectors simultaneously. This is the motivation for using the three-channel (i.e., Type ABC)
definition to conservatively quantify bioaerosol throughout this study, as noted above.
2.2.2. WIBS-4A Ambient Data Analysis
The following filtering criteria were used to eliminate potentially erroneous ambient data on a particle-by-
particle basis.

1. Particles with diameter less than 0.6μm are removed.
2. Particles exhibiting fluorescence intensity lower than the flight-by-flight threshold value are counted as

nonfluorescing.
3. Particles are removed if sample flow rate deviated more than 5% from 1.0 Lmin�1.

Number concentrations of fluorescent biological aerosol particles (NFBAP) were calculated by (1) summing the
number of single-particle events that exhibited fluorescence in all three channels (i.e., Type ABC) simulta-
neously for a 10 s period, (2) dividing by the measured LFE sample flow rate, and (3) correcting the air volume
to standard temperature (0°C) and pressure (1013mb). NFBAP is reported in units of standard cm�3 (scm�3).
The three-channel definition is more conservative than the two-channel approach by Gabey et al. [2010] and
was chosen because of the potential for false-counting noted above. Particles fluorescing in single channels
and combinations of two channels were likely biological and are considered only in the fingerprinting analysis
in section 3.3.2 but are not quantified as NFBAP or fFBAP.

The fraction of fluorescent particles (fFBAP, expressed as a percent) is determined at 10 s resolution as the ratio
of the sum fluorescing particles in all three channels to the sum of all particles counted by the WIBS (the
remainder of which is primarily composed of mineral dust). Fluorescing fraction (fFBAP) for other time scales
is always determined by summing single-particle events and never calculated as an average of 10 s values.
Note again that particles fluorescing in only one or two channels are not included as fluorescing particles
in the calculation of fFBAP. Lastly, 10 s averaged data satisfying any one of the following two criteria were
flagged and not considered for this analysis as follows.

1. Cloud particles can produce shattering artifacts that affect in situ aerosol measurements. All data coincident
with cloud penetrations have been removed based on nonzero signal from wing-mounted microphysical
probes [Lawson, 2011]. In the SEUS, 14% of data were removed due to cloud contamination, 85% of which
were above 1 km altitude.

2. Highly concentrated biomass burning sampling yielded significant FBAP concentrations. While it is possible
that turbulence and convection associated with wildfires could loft dust and biological aerosols, polycyclic
aromatic hydrocarbon condensation onto dust particles represents a potential fluorescence interference
[Pöhlker et al., 2012] resulting in nonbiological artifact. Thus, instances of biomass burning (1.1% of SEUS
sampling) were removed from the 10 s data set using a threshold of 250 parts per trillion by volume
acetonitrile.

2.3. Auxiliary Measurements and Land Cover Data

A large suite of particle and gas-phase observations were made aboard the DC-8 for SEAC4RS, and a subset of
those measurements is considered here. Isoprene, monoterpene, acetonitrile, and toluene mixing ratios
were measured by a proton-transfer reaction mass spectrometer [Müller et al., 2014]. Carbon monoxide
(CO) observations were made by differential absorption spectrometry [Sachse et al., 1987]. Black carbon
(BC) mass concentrations were measured by a single-particle soot spectrometer [Schwarz et al., 2006]. Total
aerosol particle number concentration measurements in Figure 3 are from a laser aerosol spectrometer
(LAS, Szymanski [2002]) that has been modified for flight operation.
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Land cover data for the SEUS were taken from the National Land Cover Database 2011 (NLCD2011) obtained
from the Multiresolution Land Characteristics Consortium and derived from Landsat imagery [Jin et al., 2013].
Spatial resolution for land cover data is 30m, and each pixel is classified based on Anderson et al. [1976]. Brief
descriptions of relevant types are as follows.

1. Forest: trees taller than 5m having similar seasonal growth patterns that are segregated as “deciduous,”
“evergreen,” and “mixed.”

2. Shrubs and grasslands: vegetation less than 5m height.
3. Agricultural lands: include two types, pastures (for livestock grazing) and cultivated crops (e.g., corn, soybeans,

vegetables, orchards, and vineyards)
4. Woody wetlands: areas where soils are periodically saturated with water.

Each 10 s SEUS data point below 1 km altitude with coinciding flight-level wind speed less than 5m s�1 was
labeled with the corresponding land cover type using the spatial analyst extension of ArcGIS (Environmental
Systems Research Institute, Desktop version 10.2.2). The 1 km threshold was chosen based on the aggregated
boundary layer height observed in the region [Wagner et al., 2015]. The distribution of land use types was not
significantly altered by small changes in these threshold choices. Since the land cover resolution is much finer
than for 10 s aircraft sampling, the characteristic land cover for each aircraft data point was selected by (1)
considering nine equally spaced pixels inside a 1.3× 1.3 km box (based on an average airspeed of 133ms�1)
centered at the DC-8 location for each 10 s data point and (2) choosing the predominant type of these nine
pixels to represent the aircraft data point. Data for deciduous forest, evergreen forest, pastures, and cultivated
crop regions were sampled most frequently in the SEUS (Table 1). Developed spaces, barren land, and herbac-
eous wetlands were identified in the NLCD2011 database but were not sampled by the aircraft with sufficient
statistics to report here. Types used in this study are analogous to those used to estimate ecosystem-dependent
emissions for global modeling, e.g., Spracklen and Heald [2014] and Burrows et al. [2009a, 2009b].

3. Results and Discussion

Ground-level variability in FBAP number, fraction, and fluorescence characteristics has been attributed to a
combination of differences in the sampling time of day (e.g., Crawford et al., [2014]), meteorological variables
(e.g., precipitation from Huffman et al. [2013]), and land cover-driven emissions [Burrows et al., 2009a, 2009b].
Variability in the vertical profile of bioaerosol properties will then depend on loftingmechanisms (i.e., convection)
superimposed on these ground-level differences. These mechanisms are discussed in the following sections.

3.1. Temporal Variability: Links to Meteorological Conditions

A time series of flight-averaged NFBAP is shown in Figure 5 for low-altitude sampling (less than 1 km pressure
altitude, circles), along with box plot NFBAP statistics for each flight. Average low-altitude NFBAP ranged from
0.10 (12 August) to 0.43 scm�3 (11 September), with 90th percentile values up to 0.77 scm�3. FBAP represents
a small fraction of the total aerosol population, as SEUS accumulation mode concentrations are generally
4 orders of magnitude greater (Figure 3).

Table 1. Comparison of Land Cover Types Observed During SEAC4RS

Land Cover Type
SEUS Coverage
(% of Land Area)

Model Flux
(m�2 s�1)

Modela

NFBAP (scm�1)
Observed Median
NFBAP (scm�1)

Forest 44 187 0.014–0.04 0.31 (deciduous)
0.24 (evergreen)

Crop land 13 1,578 0.11–0.34 0.37
Pasture 15 1400b NA 0.30
Grassland 3 1811 0.13–0.39 0.29
Shrub 6 619 0.04–0.13 0.23
Wetlands 8 1200b NA 0.26
Developed 7 NA NA NA
Open water,
barren, etc

3 NA NA NA

aAssuming a boundary layer height of 1.2 km with a residence time of 1–3 days.
bNot included in Burrows et al. [2009a, 2009b] parameterization; calculated based on observed NFBAP and assumptions

used in a. NA=Not Applicable.
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Coincident ground-level wind speed and precipitation rate data are included in Figure 5 to provide a
meteorological context to these observations. Data from Poplar Bluff, MO (Figure 5b) and Tuscaloosa, AL
(Figure 5c) were chosen to represent the region, since these areas were frequently sampled during
SEAC4RS (shown on the map in Figure 1). Rain events were more frequent in the SEUS in the first 16 days
of August, and rain-free conditions were observed from 1 September through 20 September. This dry
period had wind speeds less than 5m s�1 (6 September to 11 September) and yielded the highest NFBAP,
contrary to a dominant wind-driven mechanical generation mechanism for coarse-mode aerosol [Jones
and Harrison, 2004].

Statistically, ground-level NFBAP was largest at the minimum and maximum wind speeds measured during
SEAC4RS, withminimum concentrations observed at 4–5m s�1 (Figure 6a). The highest NFBAP (90th percentile
values) was 0.87 scm�3 for 9–10ms�1 wind speeds and 0.76 scm�3 for 0–1ms�1 wind speeds. This reinforces
two controlling mechanisms for NFBAP: stagnant conditions that continually feed and concentrate ground-level
FBAP in the absence of wet deposition (e.g., 6 September to 11 September) and faster winds associated with
rain events that stimulate higher mechanical emission rates (e.g., 14 August).

Evidence linking rain events to high bioaerosol concentrations has been shown, e.g., at the forested Manitou
Experimental Forest Observatory site near Colorado Springs, CO [Huffman et al., 2013]. Crawford et al. [2014]
suggest that fungal spores may dominate the precipitation-driven FBAP production, and that bacteria are
more prevalent in dry periods. Mechanisms to explain the link between bioaerosols and rainfall are likely
specific to vegetative and bioaerosol type, including wet ejection of fungal spores [Huffman et al., 2013].
For this study, only the 14 August case could potentially be attributed to precipitation initiation. The stagnant
6 September to 11 September period noted earlier occurred during a particularly dry period in the SEUS,
meaning that high NFBAP observations during this time period were certainly not the result of precipitation-
induced emissions. Thus, it is unlikely that precipitation events were driving day-to-day NFBAP variability
in the region, although we note that our measurements refer to a limited particle size range and were
collected above ground level. Statistically, no RH or surface temperature dependence was observed during
the SEAC4RS mission (Figure 6c), in contrast to other studies linking emissions to increased RH [Jones and
Harrison, 2004].

Figure 5. (a) Time series for flight-averaged NFBAP statistics and meteorological parameters for (b) Poplar Bluff, MO and
(c) Tuscaloosa, AL during SEAC4RS. For Figure 5a, circles are average values, horizontal lines are median values, the line
extents are interdecile ranges (90th and 10th percentiles), and the box extents are the interquartile ranges (75th and 25th
percentiles). All FBAP statistics reference low-altitude (less than 1 kmpressure altitude) sampling. Dark bars (Figures 5b and 5c)
are 1 h precipitation, and lines are wind speed.
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3.2. Spatial Variability: Dependence
on Land Cover

To better explain low-altitude bioaerosol
variability, land use in the SEUS region
was considered as a factor controlling
NFBAP, fFBAP, and observed fluorescence
spectral characteristics. An ideal exam-
ple of this link to land cover is shown in
Figure 7 for a 6min flight segment on
23 August when the aircraft sampled
at 0.3–0.6 km altitude passing over an
evergreen forest transition to crop land
just west of the Mississippi River and
Greenville, MS. Croplands in this region
are noted for their significant production
of soybeans, rice, and cotton. Winds
were out of the northeast at 4.6m s�1

at flight level, nearly parallel with the
division between the two land use types
and presumably limited mixing between
the two sources. Note that types are
accurately identified for individual air-
borne data points. It is clear that mono-
terpene mixing ratios are elevated and
more variable over the forest while these
emissions are suppressed over crop-
lands. NFBAP is relatively unchanged over
this transition, but the FBAP speciation
seems to change between land-covers,
as indicated by higher Type A/Type B
ratio values over the evergreen forest
than over the cropland. Differences in
the fluorescence spectra like this have

been documented previously [Pöhlker et al., 2012] and indicate intrinsic differences in the fluoropore specia-
tion associated with diverse land cover emissions.

Using the NLCD2011 for the SEUS region, gas and aerosol properties were aggregated for pertinent land cover
categories and are presented in Figure 8. Each land cover category is shown as a vertical column labeled from
left to right: deciduous forest, evergreen forest, shrubs, grasslands, agricultural pastures, agricultural crop-
lands, and woody wetlands. Statistics for gas phase tracers isoprene and monoterpenes are included as a
validation of the method (Figure 8, top). As expected [Guenther et al., 1994], the largest isoprene mixing ratio
(5.9 ppbv 90th percentile value) was associated with deciduous forests and the largest monoterpene value
was observed over evergreen forests (0.42 ppbv 90th percentile value). Observedmixing ratios scaled predicta-
bly with published emission factors, especially for deciduous forests, evergreen forests, shrubs, and croplands
[Guenther et al., 1995]. For example, isoprene emission rates of 372, 103, and 24 TgCyr�1 qualitatively agree
with observations of 1.77, 1.20, and 0.32 ppbv. Agricultural lands are noted to have suppressed emissions of
both isoprene and monoterpenes as expected. The largest CO mixing ratios in the region (not shown in
Figure 8) were observed in developed areas and croplands (200 and 204ppbv 90th percentile value, respectively),
compared to 174ppbv in evergreen forest regions. Thus, since gas phase tracer mixing ratios differ between
each land use type as predicted by literature emission rates, we assume that observed FBAP concentrations
and properties can also be linked to land-type emission strength variability.

Bioaerosol characteristics illustrated by the box plot analysis in Figure 8 are contrasted below for each land
cover type. Variability between land use types was small suggesting that emissions in the SEUS were generally
homogeneous, i.e., the NFBAP values for each land use type overlap in Figure 8. Still, the small differences

Figure 6. Binned NFBAP statistics for ground-level (less than 1 km altitude)
SEUS data as a function of flight-level (a) wind speed, (b) surface tem-
perature, and (c) relative humidity. Box and whisker method is the same
as Figure 5a. Red squares represent average values.
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between mean NFBAP values for many of the land use types are statistically different, e.g., deciduous
(0.34 scm�3) and evergreen (0.25 scm�3) forests are statistically significant at 95% confidence. Croplands, the
only anthropogenically influenced land type assessed here, showed the highest mean NFBAP (0.43 scm�3).
This mean value was statistically different from each other land use type except grasslands at 95%
confidence. Still, we emphasize that the mean NFBAP values for many of the other land use types are not statis-
tically different due to either limitations in the method or similarities in real emissions.

The following sections describe differences in FBAP concentrations between land use types. Note that these
comparisons are limited tomeasurements by UV-APS andWIBS instruments for consistency. Many other studies
report concentrations in terms of culturable cells, but comparing these measurements with fluourescence-
derived data is not necessarily valid. For comparisons, ground-level concentrations are approximately equiva-
lent to NFBAP reported here in units of scm�3.
3.2.1. Forests
Forested lands cover 44% of the SEUS sampling region. FBAP concentrations over deciduous forests were
greater than evergreen forests (Figure 8, bottom). Median NFBAP from deciduous and evergreen forests
was 0.31 and 0.24 scm�3, respectively, and 90th/10th percentile values of 0.61/0.12 and 0.47/0.06 scm�3.
Deciduous forests were also a slightly larger source of bioaerosol than evergreens on a relative basis as
fFBAP values were 9.4 and 8.3%, respectively.

Figure 7. Example of sampling during a low-level leg in southeastern Arkansas. The transition from evergreen forest
(green) to crop lands (brown) is illustrated on the NLCD2011 model (top) where land use ID= 42 denotes evergreen forest
and land use ID = 82 denotes crop lands. Monoterpene mixing ratio, NFBAP, Type A/Type B, and pressure altitude are plotted.
The urban center of Greenville, MS, is shown just east of the Mississippi River (colored red on the NLCD2011 map).
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Forests are a well-established source of bioaerosols. They contain significant leafy surface area to support
bacterial communities and provide a smaller contribution from soils [Burrows et al., 2009a, 2009b]. Exact emis-
sion mechanisms can be conflicting, with literature highlighting both understory and canopy sources. Gabey
et al. [2010] reported much higher concentrations (1–2.5 cm�3) from the forest understory of a Malaysian
rainforest, with concentrations above the canopy (0.05–0.1 cm�3) consistent with our airborne observations.
Evergreen forest FBAP observations from Crawford et al. [2014] ranged from 0.05 to 0.3 cm�3 but had sources
at the canopy level that exceeded concentrations at the ground.
3.2.2. Small Natural Vegetation
Natural vegetation, segregated as shrubs and grasslands, covers only a minor fraction (9%) of the SEUS region
but has been identified as a source of airborne bacteria previously [Lighthart and Shaffer, 1995]. NFBAP

concentrations were generally lower from these sources than from deciduous forests. NFBAP was higher for
grasses than shrubs (median values of 0.29 and 0.23 scm�3, respectively) but with similar interdecile ranges.
fFBAP for shrubs was highest for all SEUS sampling (10.0%), suggesting a lack of other coarse-mode aerosol
sources here.
3.2.3. Agricultural Lands
Agricultural lands represent 28% of the SEUS land area. The largest FBAP concentrations in the region were
observed over croplands, with a median value of 0.37 scm�3 and 90th/10th percentile values of 0.69/
0.13 scm�3. Croplands differed from forest and vegetative lands as their relative contribution of FBAP was
low (6.7%), suggesting that mineral dust emissions lacking fluorescence are also significant from these areas.
Higher CO mixing ratios indicate that these coarse-mode particles are likely attributed to tilling or harvesting
machinery. Bioaerosols can result from a multitude of agricultural processes beyond mechanical agitation
during harvest, including animal confinement and composting, e.g., Adhikari et al. [2004], O’Connor et al.
[2013], and Lee and Liao [2014].
3.2.4. Wetlands
Wetlands are another minor component of the SEUS region with approximately 8% of the land cover. Woody
wetlands are specifically assessed here, as herbaceous wetlands were only sparsely sampled. While the
absolute NFBAP values have a similar median and range as other sources (0.26 scm�1 and 0.61/0.06 scm�1,
respectively), fFBAP values were as low as croplands (6.7%), suggesting that the freshwater wetlands may also
be a source of nonfluorescing inorganic particles [Slade et al., 2010].

Figure 8. Campaign statistics for gas phase tracers (top, isoprene andmonoterpenes) and (bottom) NFBAB/fFBAP are shown
for the SEUS land types. Box and whisker values are shown for interquartile and interdecile values as in Figure 5a.
Square symbols represent the calculated fFBAP value for each land cover type with error bars representing the calculated
uncertainty. Data are segregated by forests, natural vegetation, agricultural regions, and wetlands.
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3.3. Comparison of Land Cover Types
3.3.1. Model Flux Parameterization
Modeling studies have often employed an ecosystem-dependent concentration parameterization by Burrows
et al. [2009a, 2009b] to represent bacterial fluxes from similar continental land cover types as compared here
[e.g., Spracklen and Heald [2014]]. Global simulations indicate that bacteria and fungal spores have similar
surface concentrations (both approximately 2.5× 104m�3 [Spracklen and Heald, 2014]), and our observed par-
ticle size in the 1–3μm diameter range is consistent with the size of both bacteria and fungal spores [Després
et al., 2012; Healy et al., 2012]. Thus, comparison with this parameterization serves to both put our FBAP obser-
vations in a modeling context and indicate regions potentially more affected by either bioaerosol type.

The Burrows et al. [2009a, 2009b] bacteria scheme suggests large concentration gradients should be observed
between land types since emission fluxes vary considerably (Table 1): 1578m�2 s�1 for crops, 187m�2 s�1 for
forests, 1811m�2 s�1 for grasslands, and 619m�2 s�1 for shrubs. Bacterial concentrations can be computed
from these emission rates by assuming a BL height of 1.2 km [Wagner et al., 2015] and a lifetime of 1–3days.
Thus, the published emission flux for crops (1578m�2 s�1) results in a BL concentration of 0.11–0.34 cm�3,
which is in good agreement with the observed median of 0.37 scm�3 and favors the longer (3day) lifetime.
Likewise, grasslands observations agree well with this model parameterization; flux-calculated concentrations
of 0.13–0.39 cm�3 compared to 0.29 scm�3 are observed.

The smaller bacterial fluxes used to represent forest ecosystems (187m�2 s�1) yield concentrations of 0.014–
0.04 cm�3 that underparameterize measured concentrations (0.31 scm�3, for deciduous forests) by nearly an
order of magnitude. Shrubs are similarly underrepresented but to a lesser extent (0.04–0.13 cm�3 from flux cal-
culations compared to 0.23 scm�3 observed). Analogously, emissions fluxes of 1400m�2 s�1 and 1200m�2 s�1

are needed to support observed NFBAP for pastures and wetlands, respectively; these types are not currently
noted in the Burrows et al. [2009a, 2009b] scheme. The back-of-the-envelope calculations summarized here
and in Table 1 are encouraging and generally agree well with our observations. The deviations noted for forest
and shrub ecosystems likely suggest a significant contribution of fungal spores in these regions.
3.3.2. Spectral Fingerprinting
Since WIBS can potentially segregate FBAP types using a two-wavelength excitation and multidetector emis-
sion scheme (e.g., example in Figure 7), the utility of a spectral fingerprinting technique was explored similar
to that used for source apportionment by other chemical techniques [Decesari et al., 2007]. While Figure 7 exem-
plifies an ideal land type transition with an obvious shift in fluorescence signature, most transitions were less
distinct. Thus, Figure 9 presents a summary of the aggregated WIBS fluorescence typing as a function of each
of the land use types. Spectral results are shown as channel ratios, therefore making the results independent of
concentration and applicable to other WIBS observations. Ratios are calculated from the number of particles
fluorescing in each respective channel. For the example time series presented in Figure 7, a clear change in
the Type A/Type B ratio is observed when transitioning from evergreen forest sampling to crop lands. These
land cover types represent extremes in observed WIBS spectral variability in Figure 9.

Each of the different land use types fall on a spectral continuumbased on the emissionwavelength dependence
using Type A/Type B and excitationwavelength dependence using Type C/Type B (Figure 9a) or Type BC/Type B
(Figure 9b). Emissions from the evergreen forest and grasslands lie at one end of continuum, with large relative
contributions from 310 to 400nmband fluorescence and from 280nm excitation (Type A). Crops and deciduous
forests lie at the opposite end of the continuum, with a relatively larger contribution from 420 to 650nm band
fluorescence and 280nm excitation (Type B). Each of the other land cover sources, including developed lands,
has a spectral dependence between these extremes. Using the modified channel metric for excitation wave-
length dependence (Figure 8b, Type BC) leads to further separation of land use types; pastures and shrubs
may be segregated in Figure 9b but not in Figure 9a (using only the Type C channel). Statistics are generally
not robust enough to completely separate different land types, and more work is necessary to understand
the biological speciation underpinning these relationships. Still, based on intrinsic fluorescence properties, this
analysis suggests that different species contribute to the FBAP populations emitted from these diverse sources.

3.4. Vertical Profiles and Transport Efficiency

Average vertical profiles of NFBAP and fFBAP for the SEUS are shown in Figure 10. NFBAP is highest at low alti-
tude and generally decreases with height since the major source of biological particles in the SEUS is the local
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planetary BL. Average surface level (less
than 0.5 km) NFBAP was 0.34± 0.25 scm

�3,
which decreases to 0.07± 0.12 scm�3 at
3 km and 0.018±0.058 scm�3 at 6 km
altitude. Moderate convective lofting in
the region [Siebesma, 1998] is the likely
source of midaltitude FBAP, which by
assuming there is no significant entrain-
ment from aloft transports approximately
one third of the bioaerosol concentration
out of the BL. Despite low concentrations
in the FT, NFBAP exhibited vertical structure
with a secondary maxima at 8–8.5 km
(0.012± 0.046 scm�3) and at 10–10.5 km
altitude (0.020± 0.098 scm�3).

In the SEUS at this time, Wagner et al.
[2015] quantified an average BL height
of 1.2 km with a transition layer between
1.5 and 3.0 km. This vertical structure is
consistent with SEUS simulations pre-
sented in Kim et al. [2012] that define
typical fair weather cloud bottoms and
tops at 1.2 and 2.7 km, respectively.
WIBS measurements suggest that 49%
of the column FBAP number concentra-
tion was observed in this BL, but a signifi-
cant fraction (28%) is lofted into the
transition (cloud) layer and above (9.5%).
Presumably, this lofted FBAP is able to
be transported horizontally outside of
the SEUS more efficiently and potentially
acts as INP in the upper troposphere
upon further synoptic scale uplift.

To quantify vertical FBAP transport by BL
venting and through fair weather shal-
low convectionmore rigorously, a vertical
transport efficiency (VTE) term was com-
puted as the ratio of ground-level FBAP
concentration to concentrations at alti-
tude, explicitly correcting for dilution

using measured CO mixing ratio (similar to the method used in Wagner et al. [2015]). The dilution ratio
(DR) and VTE are calculated at each 0.5 km altitude step (i) in equations (2) and (3):

Dilution Ratio DRð Þi ¼
ΔXi

ΔCO
¼ Xi � Xbackground

CO i � CObackground
(2)

Vertical Transport Efficiency VTEð Þi ¼
DRi

DRalt < 0:5 km
; (3)

where X represents any measurement, X and CO are average values, Xbackground and CObackground are back-
ground values based on the 5th percentile value at 6–12 km altitude for each parameter, respectively.
Transport efficiency is then the ratio of the DR at each altitude step with the DR at the lowest altitude. By
definition, the VTE for the lowest altitude is unity. This method assumes all FBAP are emitted at the surface
and that horizontal transport into and out of the region as a whole is negligible. Thus, we limit this analysis

Figure 9. Segregation of land cover types using WIBS fluorescence signals
for all low-altitude SEUS sampling. (a) The Type A/Type B ratio indicates
an emission wavelength dependence (y axes), (b) while Type C/Type B
(x axis) and Type BC/Type B (x axis) represent an excitation wavelength
dependence. Single-particle events for each labeled land cover type are
summed for each fluorescence signal, and the resulting ratios are calculated
from these sums.
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to altitudes below 4.5 km where aerosol measurements are more likely linked to local emissions and local con-
vective transport. Above this height, air masses are expected to be decoupled from the surface and are a result
of long-range transport. VTE values are calculated for FBAP, BC aerosol, and isoprene in Figure 10 (right).

FBAP has a VTE of unity through the lowest 1.5 km, consistent with the Wagner et al. [2015] height of 1.2 km
and for the well-mixed SEUS BL. FBAP VTE values decrease with height above the BL to an average value of
0.36 at 4.5 km. Since VTE generally decreases with height, the anomalously large VTE values for both FBAP
and black carbon (BC) just below the nominal freezing level at 4.0 km (FBAP VTE = 0.78) may be due to effi-
cient detrainment at the neutral buoyancy level near cloud top height, which extended to approximately
3.0 km in the region [Wagner et al., 2015]. VTE values of between 0.93 and 0.51 at 1.75 and 3.25 km altitude
highlight the relatively efficient transport of FBAP out of the planetary BL in the SEUS.

For comparison, isoprene’s short lifetime (less than 3h) manifests as a VTE that quickly decreases above the
surface to 0.08 above 2.5 km altitude, transport that is more than 5 times less efficient than FBAP. This serves
as both a proof of concept for the VTE calculation and gives context to the time scale of FBAP lofting. The
VTE for BC aerosol mass concentration also remarkably decreases faster than FBAP with increasing altitude
throughout the column. Just above the BL at 1.75 km, VTE for FBAP (0.93) is 19% greater than VTE for BC
(0.78). Since both FBAP and BC are primarily emitted at the surface and have been implicated as good ice nuclei
INP, these results show that the shallow convective lofting of FBAP is at least equal to, if not more efficient than
for BC. This observation of highly efficient vertical transport should help to highlight the potential importance of
bioaerosol as a regionally relevant INP, and that these particles survive vertical transport despite their larger size.

Mineral dust aerosol is also a well-studied INP, but the VTE of these nonfluorescing particles was not signifi-
cantly different from FBAP. Likewise, fFBAP was constant throughout the atmospheric column with no distinct
vertical trend. Values of fFBAP ranged from 8.0 to 10.7% below 4.5 km altitude, suggesting that lofting pro-
cesses (i.e., convective uplift, IN activation) are not biased toward (or against) the biological content of the
population. Deviations of fFBAP as low as 3.7% aloft are likely the result of long-range transport of air masses
with larger mineral dust significance. A comparison of modeled and observed global cirrus supersaturations
indicates that 1–10% of coarse aerosol act as INP [Wang et al., 2014], a result that qualitatively (or coinciden-
tally) suggests that bioaerosols play a significant role in cirrus formation based on the observed 3.7–10.7%
fFBAP range reported here.

Figure 10. Average full-campaign vertical profiles from the SEUS region for (left) NFBAP, (middle) fFBAP, and (right) vertical
transport efficiency. Error bars represent the average NFBAP ±1 standard deviation. Transport efficiency is defined in
equations (2) and (3) in the text.
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3.5. Context of SEUS Sampling: Comparison to Other North American Sources

Finally, although statistics are poor for sampling other regions in North America during SEAC4RS, it is useful
to put SEUS profiles in context with measurements in the western U.S. and over the marine environment (i.e.,
the Gulf of Mexico). Profile locations are mapped in Figure 1. Figure 11 shows six individual profiles represen-
tative of the SEUS region (a–f), along with three in the western U.S. (g–i) and two over the Gulf of Mexico
(j and k). Individual SEUS profiles are consistent with the average profile shown in Figure 10; highest concen-
trations are at low altitude and smaller concentrations were observed in the entrainment layer and FT.
Midaltitude concentrations are always elevated above the free tropospheric background to some extent,
with profiles over the Ozarks (6 September, Figure 11b) and Arkansas (11 September, Figure 11e) character-
ized by especially distinct lofted bioaerosol concentrations. Fairly good regional agreement was observed for
three profiles obtained on a single day (11 September), illustrating some degree of spatial homogeneity in
the region on a single day. Comparing these SEUS profiles to western U.S. and marine regions, it is clear that
not only are BL emissions dominant in the SEUS, but this manifests as much higher lofted concentrations
(2–5 km altitude) compared to near-zero concentrations at this altitude in other regions.

SEUS fFBAP measurements are compared to other FBAP sources using a frequency histogram in Figure 12.
Values of fFBAP in the SEUS covered a range of more than 3 orders of magnitude from roughly 0.06 to 50%,
with the majority of measurements falling in the 1–40% range with an average of 8.5%. Marine sampling
yielded very low fFBAP values near the surface (0.73%) indicating that, relatively, an order of magnitude fewer
particles containing biological material are emitted from the Gulf of Mexico in the late summer.

An unexpected aspect of the SEAC4RS mission was a strong incursion of transported Saharan Air Layer (SAL)
mineral dust on 8 August that served as a comparative null case for FBAP detection. NAAPS (Navy Aerosol
Analysis and Prediction System) [Christensen, 1997] modeling forecasts and Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) [Draxler and Rolph, 1997] back trajectory analysis confirmed the African
source region. Very high dust concentrations (250 scm�3 measured by the WIBS and greater than 100Mm�1

extinction coefficient) were observed up to approximately 3 km altitude just off the Louisiana coast during
the event. These low particle number concentrations and vertical extent were remarkably similar to observa-
tions made during the NAMMA (NASA African MonsoonMultidisciplinary Analysis) campaign that explicitly tar-
geted SAL dust during trans-Atlantic transport [Chen et al., 2011], suggesting that very little mixing with
continental air had occurred. Only a small fraction (0.17%) of the SAL dust particles contained a biological com-
ponent, an fFBAP value that was the lowest observed during SEAC4RS. Other studies have found similarly low
fractional contribution for long-range transported dust (e.g., 0.2% for Asian dust [Hallar et al., 2011]), suggesting
that on a relative basis (1) mineral dusts are predominantly nonbiological compared to SEUS emissions, and (2)

Figure 11. Vertical profiles for individual spiral or ascent/descent maneuvers in (a–f) SEUS, (g–i) western U.S., and (j and k) marine regions.
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mineral dusts were at most a minor interference to FBAP WIBS detection (i.e., mineral dust sample did not sig-
nificantly fluoresce) in the SEUS.

4. Conclusions

AWIBS-4A was modified for airborne operation and deployed aboard the NASA DC-8 aircraft during SEAC4RS.
Low-altitude FBAP number concentrations (NFBAP) for the SEUS region were observed in the 0.1–0.43 scm�3

range, highest during dry periods with either low or high wind speed.

A land use model was used to explain spatial variability of low-altitude bioaerosol properties throughout the
SEUS, with the highest NFBAP observed over agricultural croplands (0.37 scm�3) and lowest concentrations
associated with evergreen forests (0.24 scm�3). Fluorescence and size distribution characteristics showed a
distinct difference between evergreen and deciduous forests and between croplands and grasslands, and
the spectral fingerprinting analysis presented here may be applied to future measurements providing a
method to source-apportion FBAP after long-range transport. A comparison of measured concentrations to
model emission fluxes showed excellent agreement for NFBAP from grasslands and crops, while shrubs and
forests were significantly underparameterized (by a factor of 2 and 10, respectively). Increasing the modeled
emission fluxes of forests, especially, may have significant ramifications on global INP concentrations and
potentially reemphasize the climate relevance of bioaerosols on a global scale.

Vertical profile measurements throughout the SEUS were used to assess the vertical transport efficiency of
coarse-mode FBAP (geometric mode of 2.1μm) out of the concentrated planetary BL. After accounting for
dilution and background concentrations, approximately 40% of ground-level NFBAP was lofted out of the pla-
netary boundary layer due most likely to shallow convection in the region, a transport pathway that is at least
equally efficient as for BC aerosol.

Quantifying FBAP using the Type ABC particles was done based on balancing potential positive bias of
nonbiological material and negative bias from biological material that does not show fluorescence in all

Figure 12. Summary histogram of fluorescing-fraction (fFBAP) observations during SEAC4RS. Values for Saharan air layer
(SAL) dust aerosols (gray), marine aerosols (blue), and SEUS (green) are shown. The approximate WIBS 10 s detection
limit for fFBAP (0.061%) is plotted as a black line for context. The number of 10 s samples (N) and average fFBAP value for
each source is noted in the legend. SAL dust was identified based on NAAPSmodel run for 18Z on 8 August 2013 predicting
80–160 μgm�3 of dust at the surface over southern Texas and Louisiana. HYSPLIT back trajectories were initiated at 20Z
at 500, 1000, and 2000m heights using Global Data Assimilation System meteorological data and model vertical velocity,
each originating over western Africa within 20 days.
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WIBS channels. For example, our Type ABC definition results in an average low-altitude FBAP concentration of
0.34 scm�3 in the SEAC4RS study region. Employing the two-channel definition used by Gabey et al. [2010]
would result in a concentration of 0.63 scm�3 for the same data set, and 0.99 scm�3 by defining FBAP as
fluorescing in any one of the WIBS channels as in Perring et al. [2015], although this higher concentration
would be partially offset by higher fluorescence detector thresholds. This range of a factor of 3 in FBAP con-
centration certainly points toward needing more work to better understand the intrinsic fluorescence of dif-
ferent species and typical atmospheric interferants. For example, the reported WIBS-based number
concentrations here are generally higher than those reported by Perring et al. [2015] for the SEUS region
(0.02–0.09 cm�3), but with similar fractions and size distributions. Clearly more rigorous intercomparison of
FBAP measurement techniques, including both fluorescence and mass spectrometry methods, is needed
in the future to begin to more systematically constrain ground-level emissions, the source apportionment
of FBAP, and the efficiency and mechanisms associated with convective transport.
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