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Harmful algal blooms (HABs) are a threat to aquatic ecosystems worldwide. New information is needed

about the environmental conditions associated with the aerosolization and transport of HAB cells and

their associated toxins. This information is critical to help inform our understanding of potential

exposures. We used a ground-based sensor package to monitor weather, measure airborne particles,

and collect air samples on the shore of a freshwater HAB (bloom of predominantly Rhaphidiopsis, Lake

Anna, Virginia) and a marine HAB (bloom of Karenia brevis, Gulf Coast, Florida). Each sensor package

contained a sonic anemometer, impinger, and optical particle counter. A drone was used to measure

vertical profiles of windspeed and wind direction at the shore and above the freshwater HAB. At the

Florida sites, airborne particle number concentrations (cm−3) increased throughout the day and the

wind direction (offshore versus onshore) was strongly associated with these particle number

concentrations (cm−3). Offshore wind sources had particle number concentrations (cm−3) 3 to 4 times

higher than those of onshore wind sources. A predictive model, trained on a random set of weather

and particle number concentrations (cm−3) collected over the same time period, was able to predict

airborne particle number concentrations (cm−3) with an R squared value of 0.581 for the freshwater

HAB in Virginia and an R squared value of 0.804 for the marine HAB in Florida. The drone-based

vertical profiles of the wind velocity showed differences in wind speed and direction at different

altitudes, highlighting the need for wind measurements at multiple heights to capture environmental

conditions driving the atmospheric transport of aerosolized HAB toxins. A surface flux equation was

used to determine the rate of aerosol production at the beach sites based on the measured particle

number concentrations (cm−3) and weather conditions. Additional work is needed to better

understand the short-term fate and transport of aerosolized cyanobacterial cells and toxins and how

this is influenced by local weather conditions.
Environmental signicance

Harmful algal blooms (HABs), oen caused by toxic cyanobacteria, are increasingly common phenomena affecting aquatic ecosystems around the world. There
is a signicant knowledge gap regarding atmospheric transport of HAB cells and toxins. Research is needed to better understand drivers of HAB aerosol
emissions and transport, as well as improve monitoring and mitigation when HAB-associated aerosols may endanger the health of domestic animals and
humans. Here, we describe the use of ground and aerial sensors to monitor particles and weather conditions over land and water. Models for sea-shore and lake-
shore conditions were created to predict particle levels based on different weather conditions. This information could allow for health advisories to be applied at
known HAB sites when weather conditions predict higher levels of aerosols, with the potential to improve the quality of life for those who occupy and/or use
beaches or lakes for recreational activities.
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Fig. 1 One sampling location at Lake Anna, VA marked in yellow, and
the two beaches in Manasota, FL and Seagate, FL in red are marked
where sampling was performed. Lake Anna consisted of ground level
and drone-based sampling, while Manasota and Seagate beaches
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1. Introduction

Freshwater and marine ecosystems are experiencing an
increasing number of harmful algal blooms (HABs).1 HABs
oen result from the proliferation of toxin-producing microor-
ganisms that are harmful to humans and wildlife.2–5 HABs
known as red tides may occur in marine environments, and
aerosolized toxins from blooms of red tide are known to have
harmful impacts on people.6,7 HABs in lake systems oen occur
in areas with warmer water and high levels of phosphorus
favorable to cyanobacterial growth.8–10 HABs in oceans may be
increasing in frequency as a result of increased monitoring
efforts, potential human inuences, and ocean
acidication.8,11–14 Potential increases in lake and ocean HAB
occurrences are concerning from human and animal health
perspectives, and require further study involving higher reso-
lution observations.1,12,15

Research is needed to better understand how to address and
mitigate the impacts of HAB threats to shorelines and down-
wind impact areas.16,17 HAB signatures can be seen in samples
collected at long distances from the shores of lakes and oceans,
indicating the potential for HAB-associated aerosols to inu-
ence air quality beyond just the water's edge.16,18 HABs have also
been linked to increased PM2.5 concentrations, suggesting that
HAB-associated aerosols may spread inland from their sour-
ces.19 Generally, water samples are collected by hand from boats
and processed at off-site laboratories.20 Recently, robots have
presented new opportunities to sample HABs with minimal
human exposure.21,22 Such approaches can be used to inform
health guidelines and policy around HAB occurrences to best
keep exposure risks low.4,23,24 The negative economic impact of
HABs can also be mitigated through the use of predictive
models providing a benet to the individuals of impacted
communities.25

Small uncrewed aircra systems (sUASs or drones) have been
used to monitor HABs and assess their potential impact on
surrounding communities.21,26,27 Technologies with sUASs offer
the possibility of sampling the atmosphere in remote,
dangerous, and hard-to-reach environments.28,29 Early applica-
tions of sUAS for HAB monitoring involved integrating cameras
on board xed- and rotary-wing sUAS for image data collec-
tion.30 More recently, sUAS techniques have been developed to
sample both air and water affected by HABs. Hanlon et al.22 used
a drone water sampling system to collect water samples from
three lakes with HABs. Bilyeu et al.21 used an airborne drone
particle-monitoring system (AirDROPS) to monitor, collect, and
characterize airborne particles over two HABs. González-Rocha
et al.27 extended a model-based (sensor free) wind estimation
technique to measure atmospheric ows in the airshed of
aquatic environments.26,31

Though mechanisms of aerosolization in marine and
freshwater environments have received considerable attention,6

new information is needed to understand the environmental
factors driving high counts of aerosolized HAB cells and
toxins.10,32–34 We hypothesized that wind direction and speed
impact airborne particle concentration differently in marine vs.
280 | Environ. Sci.: Adv., 2025, 4, 279–291
freshwater systems. This hypothesis is based in part on obser-
vations that aerosolization processes are inuenced by
salinity.32,33 To test this hypothesis, we conducted drone-based
and ground-based sampling missions on the shore of a fresh-
water HAB (bloom of Rhaphidiopsis, Lake Anna, Virginia) and
amarine HAB (bloom of Karenia brevis, Gulf Coast, Florida). The
specic objectives of our work were to: (1) monitor airborne
particles on the shore of a freshwater HAB (bloom of Rhaphi-
diopsis, Lake Anna, Virginia) and a marine HAB (bloom of
Karenia brevis, Gulf Coast, Florida), (2) observe and model
potential associations of wind direction, wind speed, and
temperature with airborne particle number concentrations
(cm−3), and (3) determine onshore and offshore wind proles at
the freshwater HAB site using a small drone platform.
2. Methods and materials
2.1 Study sites

Studies were conducted along the shore of a freshwater HAB at
Lake Anna, Virginia, and a marine HAB along the Gulf Coast of
Florida (Fig. 1). Lake Anna is a reservoir lake in North-Central
Virginia of 13 000 acres and is the third largest lake in the
state.35 Our rst sampling site was near the inow of Pamunkey
Creek into Lake Anna (site 1; 38.1413, −77.9276). The second
sampling site on Lake Anna was on the end of a peninsula
consisted of only ground level sampling.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Details including the date, time, location, and description
(ocean in Florida, lake in Virginia) for each sampling period of the
ground-based observations

Date Start End Latitude Longitude Description

12/3/2019 11:15 11:45 26.2084 −81.8169 Ocean
12/3/2019 12:00 12:30 26.2084 −81.8169 Ocean
12/3/2019 12:45 13:15 26.2084 −81.8169 Ocean
12/3/2019 13:30 14:00 26.2084 −81.8169 Ocean
12/3/2019 14:15 14:45 26.2084 −81.8169 Ocean
12/3/2019 15:00 15:30 26.2084 −81.8169 Ocean
12/4/2019 9:45 10:15 27.0112 −82.4135 Ocean
12/4/2019 10:30 11:00 27.0112 −82.4135 Ocean
12/4/2019 11:15 11:45 27.0112 −82.4135 Ocean
12/4/2019 12:00 12:30 27.0112 −82.4135 Ocean
12/4/2019 12:45 13:15 27.0112 −82.4135 Ocean
12/4/2019 13:30 14:00 27.0112 −82.4135 Ocean
6/30/2020 10:15 11:00 38.1416 −77.9274 Lake
6/302020 11:15 11:45 38.1416 −77.9274 Lake
7/7/2020 9:15 9:50 38.1413 −77.9276 Lake
7/7/2020 9:55 10:25 38.1413 −77.9276 Lake
7/7/2020 10:35 11:05 38.1413 −77.9276 Lake
7/7/2020 11:20 11:30 38.1413 −77.9276 Lake
7/7/2020 12:00 12:30 38.1413 −77.9276 Lake
7/7/2020 12:45 13:20 38.1413 −77.9276 Lake
7/7/2020 13:35 14:05 38.1413 −77.9276 Lake
7/8/2020 10:40 11:10 38.1154 −77.9415 Lake
7/8/2020 11:25 11:55 38.1154 −77.9415 Lake
7/8/2020 12:05 12:35 38.1154 −77.9415 Lake
7/8/2020 12:45 13:15 38.1154 −77.9415 Lake
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between the inows of Gold Mine Creek and Hickory Creek (site
2; 38.1154, −77.9414). Both locations are in the Northwest
portion of the lake and were chosen as a sample site due to HAB
observations and reports from the Virginia Department of Health
(VDH) of concentrations of potentially toxic cyanobacteria in the
Table 2 Details including the date, time, maximum altitude, location,
meteorological observations

Date Start End Height (m)

7/7/2020 9:21 9:23 80
7/7/2020 9:23 9:26 80
7/7/2020 9:58 10:00 80
7/7/2020 10:00 10:02 80
7/7/2020 10:35 10:37 80
7/7/2020 10:37 10:40 80
7/7/2020 10:55 10:58 80
7/7/2020 10:58 11:00 80
7/7/2020 11:21 11:24 80
7/7/2020 11:24 11:26 80
7/7/2020 11:42 11:44 80
7/7/2020 11:44 11:46 80
7/7/2020 ‘12:00 12:02 80
7/7/2020 12:02 12:05 80
7/7/2020 12:19 12:22 80
7/7/2020 12:22 12:24 80
7/7/2020 13:09 13:12 80
7/7/2020 13:12 13:15 80
7/7/2020 13:40 13:42 80
7/7/2020 13:42 13:44 80
7/7/2020 13:58 14:01 80
7/7/2020 14:01 14:03 80

© 2025 The Author(s). Published by the Royal Society of Chemistry
lake35 (ESI Table S1 and Fig. S1 and S2†). Ground-based sensors
were placed on the shoreline within 5–10 meters of the lake or
ocean shore (Table 1). Dronemeasurements were taken over land
as well as over the water surface (Table 2 and Fig. 2). Two ground-
based devices were deployed simultaneously at Lake Anna, Vir-
ginia for multiple sampling periods (at least 30 minutes each).
Two sampling periods were conducted on June 30th, 2020, seven
sampling periods were conducted on July 7th, 2020, and four
sampling periods were conducted on July 8th, 2020. Wind
proles were performed at Lake Anna following a 30 minute
cadence, on average.

The Gulf of Mexico experiences intermittent HABs caused by
K. breviswhichmakes the Florida Gulf coast a prime location for
HAB aerosol sampling.6 Ground-based sensor sampling was
chosen for this location by using the Mote beach conditions
reporting system and next-day forecasting from a data-driven
model7 to determine a beach with a high probability of HAB
irritation.36 Seagate beach was chosen as a site, located at GPS
coordinates 26.2084, −81.8168 (ESI Fig. S2†). To capture
samples earlier in the morning, Manasota beach was chosen for
our second sample location. This site was located at GPS coor-
dinates 27.0112, −82.4134 (ESI Fig. S2†). Two sampling devices
were used simultaneously for 30 minute sampling periods. Six
sampling periods were performed each day on December 3rd
and 4th, 2019, at Seagate and Manasota Beach, respectively. A
total of 24 beach weather and particle count measurements
were collected during this period.

Fourteen sampling periods were conducted along the Gulf of
Mexico coast in Florida, and 11 were conducted at Lake Anna in
Virginia (Table 1). Sampling periods consisted of ground
sensors measuring weather and particle number concentrations
(cm−3) approximately 2 meters above ground level near to the
shore at all sites (Table 1). Drone ights were performed during
and onshore or offshore designation of profile for the drone-based

Latitude Longitude Description

38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore
38.1410 −77.9281 Offshore
38.1411 −77.9273 Onshore

Environ. Sci.: Adv., 2025, 4, 279–291 | 281

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00172a


Fig. 2 (A) Ground sampling device located at Seagate Beach FL, December 3, 2019. (B) Impinger actively sampling the air while the weather
station is running in Florida. (C) Ground sampling device at Lake Anna, Virginia collecting near the lake shore on June 30, 2020. (D) Combined
drone (white arrow) and ground sampling at Lake Anna.
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the Lake Anna sampling periods, both above the shore and
above the water alternately, over a range of elevation from 10 to
80 m to measure the wind speed and direction at different
altitudes (Table 2). Water samples were collected by hand from
both the Florida and Virginia sites, and analyzed using an
Imaging Cytometer (Amnis ImageStream MarkII) as described
in Bilyeu et al.22
2.2 Ground-based air particle and weather monitoring
system

A sensor system integrating weather monitoring, impinger, and
particle counting capabilities was utilized to take ground
measurements 2 m above ground level. The weather data was
collected with a meteorological (MET) sensor, an Atmos 22
sonic anemometer weather station atop the sensor measuring
the weather conditions at 1 Hz. The impinging device and the
optical particle counter (OPC; Plantower PMS 7003) operated
under the same system as described in Bilyeu et al.22 for the
airborne drone particle-monitoring system. Impinger samples
from Lake Anna were analyzed using the aforementioned
Imaging Cytometer. Impinger samples from Florida were not
analyzed. Particle number concentrations (cm−3) were
measured as the number of particles with diameter beyond 0.3
mm in 0.1 L of air. These numbers were then converted into
particle number concentrations (cm−3). The difference between
the drone system and the ground-based system was only in
operation, with the ground-based sensors being started and
282 | Environ. Sci.: Adv., 2025, 4, 279–291
stopped manually and the run times for the sensors lasting for
at least 30 minutes.
2.3 Drone-based wind velocity measurements

Vertical proles of wind velocity were obtained from wind-
induced perturbations to the steady motion of the quadrotor
using the model-based wind estimation framework presented
by González-Rocha et al.26,31 This wind estimation framework
employs linear time-invariant (LTI) models that characterize the
vehicle's plunging, yawing, rolling, and pitching dynamics in
hovering and steady-ascending ight. The models were char-
acterized by employing an aircra system identication algo-
rithm developed by Morelli and Klein.37 Aircra system
identication is a data-driven approach for determining the
model structure and parameter estimates that describe the
dynamics of an aircra system from measurements of pilot-
induced excitation commands from equilibrium ight and the
vehicle's dynamic response (i.e., position, attitude, translational
velocity, and angular rates and control inputs). The LTI models
corresponding to each equilibrium ight condition were then
used to construct a wind-augmented model, which treats wind
disturbances as unmeasured internal states. The wind-
augmented model and measurements of position, attitude,
and respective time rates were used to estimate the wind using
a state observer. The reliability of the wind velocity estimates
obtained from the state observer has been validated in previous
studies next to conventional in situ and remote sensors.26,27
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4 Supplementary data on reported counts of potentially
toxic cyanobacteria in Lake Anna and K. brevis near beach
sites in Florida

Counts of potentially toxigenic cyanobacteria were obtained
from the Virginia Department of Health (VDH) for 2019 and
2020 at Lake Anna, VA. Sample collection sites are indicated on
the VDH HAB map (https://www.vdh.virginia.gov/waterborne-
hazards-control/algal-bloom-surveillance-map/) and in ESI
Fig. S2.† The Virginia Department of Environmental Quality
(DEQ) collected the samples from Lake Anna, and
cyanobacteria counts were performed at the Phytoplankton
Lab at Old Dominion University (ODU). Counts of K. brevis
were obtained from the beach conditions reporting system
(BCRS) through Mote Marine Laboratory (https://
visitbeaches.org/). Samples were collected in December 2019
near Manasota Key and Seagate beaches in Florida. BCRS
beach ambassador reports are submitted by trained volunteers.
2.5 Data analyses

Data were saved to microSD cards as csv les and then pro-
cessed to remove corrupted data in Microso Excel. Microso
Excel was also used to determine trends between measured
weather conditions and particle number concentrations (cm−3)
before statistical analysis. Potential associations between wind
speed, wind direction, temperature and particle number
concentrations (cm−3) were examined. Statistical analyses were
performed using JMP Pro Version 16 soware (Cary, North
Carolina, USA). A model was t using the JMP neural network as
described in Bilyeu et al.22 using data collected from one ground
sensor from Lake Anna and another model was made using
a ground sensor from Manasota Beach. The Lake Anna model
was trained on 5126 measurements and veried on 2563
measurements, while the Manasota Beach model was trained
on 3886 measurements and veried on 1944 measurements.

Using the methods described in Clarke et al.38 we were able
to calculate the surface ux for 100% bubble coverage, S100, for
the Florida beach testing sites. S100 is dened as the number of
sea-salt aerosols generated per unit area of ocean surface
completely covered by bubbles (100% coverage) per unit time.
The equation to determine ux (cm−2 s−1) is as follows:

S100 = [(CskVwindh)/(AavgL + 0.5 wo)] (1)

where Cs is the measured average particle number concentra-
tion for each 30 minute interval (cm−3), k is the multiplier for
tower Cs, set to 1.5, Vwind is the average wind speed for each 30
minutes interval (m s−1), h is the height of sampler, which was
200 cm, Aavg is the mean bubble fraction coverage, set at 0.5, L is
the distance the wave travels to shore, set at 20 m, and wo is the
initial width of the bubble front set at 2 m.
Fig. 3 Onshore and offshore wind profiles showing wind speed as
a factor of altitude for flights taken over Lake Anna over the course of
the day on July 7th, broken down based onwind coming from over the
land or over the water.
3. Results
3.1 Wind direction and wind speed

3.1.1 Lake Anna weather measurements. Onshore wind
measurements from the drone showed an increase in wind
© 2025 The Author(s). Published by the Royal Society of Chemistry
speed at all altitudes as the sampling period progressed through
the morning (Fig. 3). However, higher altitudes had consistently
lower wind speeds until 11:00 AM local time. The offshore
winds showed a similar trend of increasing wind speed from the
beginning of sampling until 11:00 AM. The offshore winds were
different, however, due to higher wind speeds at higher alti-
tudes and lower wind speeds at lower altitudes (Fig. 3).

Comparing the ground sensors with the drone measure-
ments on July 7th showed fairly consistent agreement between
the two ground sensors and the drone measurements for wind
source (Fig. 4). This helped validate the measurements taken by
the drone while showing that the ground sensor is not
capturing the whole picture with regards to the weather effects
experienced by HAB particles aer emission from lake and
ocean sources. Wind direction measurements at Lake Anna site
1 indicated sources from all directions, whereas at site 2, the
wind consistently originated from the East throughout the
entire sampling period (Fig. 5).

3.1.2 Florida ground-based weather measurements. The
wind source direction measured at Seagate beach and Manasota
beach in Florida mostly came from the North during our
campaign. Easterly morning winds shied to Northwest winds
later in the day (Fig. 6). This trend is more clearly visible at
Manasota beach where sampling was started earlier in the day.

3.1.3 Supplementary data on reported counts of potentially
toxic cyanobacteria in Lake Anna and K. brevis near beach sites
in Florida. Counts of potentially toxigenic cyanobacteria in Lake
Anna, Virginia in 2019 and 2020 are reported in ESI Tables S1
and S2.† The genus with the largest number of counts in both
years was Rhapidioposis, with 8 449 792 and 2 339 584 cell
counts recorded in 2019 and 2020, respectively. The relative
abundance of the major genera of potentially toxic
Environ. Sci.: Adv., 2025, 4, 279–291 | 283
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Fig. 4 Wind direction at different altitudes over the course of the
sampling day on July 7th, and the ground sensor measured wind
directions of the corresponding times.
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cyanobacteria in Lake Anna, Virginia are shown in ESI Fig. S1.†
Counts of K. brevis in samples collected in December 2019 near
Manasota Key and Seagate beaches in Florida are reported in
ESI Table S3.† From those samples containing cells of K. brevis,
counts ranged from 667 to 8667 reported cells per L for loca-
tions near Seagate Beach, and 333 to 8500 reported cells per L
for locations near Manasota Key Beach.

3.1.4 Analysis of air and water samples using imaging
cytometry. Samples of water (Virginia and Florida) and air
(Virginia) contained cells which uoresced in the red channel
(ESI Table S4†), and had morphological similarities to HAB-
associated microorganisms (ESI Fig. S3†).
3.2 Particle number concentrations

3.2.1 Lake Anna ground-based airborne particle concen-
trations. Airborne particle concentrations (cm−3) at Lake Anna
varied over the time of day, and varied over different sampling
days, with site 1 showing a decrease in particle number
concentrations (cm−3) over the course of the sampling periods
and site 2 showing an increase in the particle number concen-
trations (cm−3) over the course of the sampling periods (Fig. 7).
The particle concentrations at site 1 appeared to be higher on
average than those observed at site 2, ranging from 15 to 20
cm−3 measured on June 30th and from 25 to 45 cm−3 on July
7th, while site 2 had a much lower concentration of particles
ranging from 4.5 to 14 cm−3. Particle concentrations also
showed some correlation with wind source, having lower
concentrations for wind sources over land in the July 7th
284 | Environ. Sci.: Adv., 2025, 4, 279–291
measurements, with wind direction being statistically signi-
cant for predicting particle concentration (Fig. 8).

3.2.2 Florida ground-based airborne particle concentra-
tions. Particle number concentrations (cm−3) at Seagate beach
did not appear to change much over the entire sampling day;
however, particle number concentrations (cm−3) measured at
Manasota beach had a noticeable increase that started during
the second sampling period (Fig. 9). Both beaches measured
particle number concentrations (cm−3) below 5 and highs of
above 30 at Seagate beach and above 45 at Manasota beach
(Fig. 9). However, while the average particle number concen-
trations (cm−3) at Seagate beach remained low throughout the
sampling period, we saw an increase in the particle number
concentrations (cm−3) at Manasota beach that started in our
second sampling period and continued throughout the day.

3.3 Prediction modeling of particle concentrations due to
weather effects

Ground sensor particle number concentrations (cm−3) of
particles greater than 0.3 mm in diameter were matched with the
corresponding weather data collected during the same interval.
A prediction equation was developed using the wind speed,
wind direction, and temperature data from the collected ground
sensor data at Lake Anna on July 7th, 2020, and from Manasota
beach on December 4th, 2019, and predicted particle concen-
trations were compared against the actual measured concen-
trations (Fig. 10 and 11). The Lake Anna empirical prediction
equation produced a model that had an R-squared value of
0.577 and a validation prediction R-squared value of 0.582. The
hidden node equations and prediction equation, are as follows:

H1 = tanh[0.500 (−48.213 + 1.354 WS − 0.014 WD + 1.621T)] (2)

H2 = tanh[0.500 (26.013 + 0.275 WS − 0.010 WD − 0.789T)] (3)

H3 = tanh[0.500 (−2.950 + 0.032 WS + 0.0007 WD + 0.153T)] (4)

Theta = 76.18 3 − 316.902H1 + 640.188H2 + 4521.478H3 (5)

where H1, H2, and H3 are the hidden node equations and Theta
is the prediction equation giving particle count in number of
particles per 0.1 liter as the output. WS is the measured wind
speed, WD is the measured wind direction and T is the
temperature. The output of the Theta equation is then divided
by 100 to get particle count per cubic centimeter.

The Manasota beach empirical prediction equation
produced a model that had an R-squared value of 0.804 and
a validation prediction R-squared value of 0.802. The hidden
node equations and prediction equation are as follows:

H1 = tanh[0.500 (−8.722 − 0.138 WS + 0.024 WD + 0.104T)] (6)

H2 = tanh[0.500 (38.925 − 1.193 WS − 0.005 WD − 1.693T)] (7)

H3 = tanh[0.500 (9.500 + 0.154 WS − 0.026 WD − 0.120T)] (8)

Theta = −765.521 − 45377.467H1 − 682.357H2 − 43301.880H3

(9)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Wind direction source measured at Lake Anna over the course of the sampling day, plotted as five-minute averages. The first two graphs
show the 30th of June and 7th of July sampling beach along with the sampler location. The third graph shows the second shore site where
measurements were made on the 8th of July. To the right of each graph is the sensor location with the wind rose for the day.
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where H1, H2, and H3 are the hidden node equations and Theta
is the prediction equation giving particle count in number of
particles per 0.1 liter as the output. WS is the measured wind
speed, WD is the measured wind direction and T is the
temperature. The output of the Theta equation is then divided
by 100 to get particle count per cubic centimeter.
3.4 Surface ux calculated for beach sites

By using the values collected by the OPC and attached weather
sensor, we were able to determine the Cs and Vwind for 30minute
intervals at each beach site. Intervals were divided into onshore
or offshore wind sources. The S100 was calculated for each 30
© 2025 The Author(s). Published by the Royal Society of Chemistry
minutes interval and the ux from the onshore source wind was
subtracted from offshore source wind. On Seagate beach the
calculated ux ranged from 522 to 878 cm−2 s−1 with an average
ux of 645 cm−2 s−1. On Manasota beach, the calculated ux
ranged from 940 to 3549 cm−2 s−1 with an average ux of 2692
cm−2 s−1.
4. Discussion

Freshwater and marine HABs behave in different ways and
produce aerosols under different weather conditions.39–41

Bubble bursting and wave breaking phenomena contribute to
Environ. Sci.: Adv., 2025, 4, 279–291 | 285
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Fig. 6 The graphs show wind direction source measured over time at two different Florida beaches in December 2019 plotted as five-minute
averages. The top graph shows measurements taken at Seagate beach on December 3rd while the bottom graph shows measurements taken at
Manasota beach on December 4th. To the right of each graph is the sensor location with the wind rose for the day.
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the release of HAB aerosols in lake and ocean systems.17,42 We
used a combination of ground and drone-based sensing to
measure wind speed, wind direction, temperature, and airborne
particle number concentrations (cm−3) on the shores of active
HABs in Florida and Virginia. Our measurements are congruent
with data reported for potentially toxic cyanobacteria in Lake
Anna collected by the Virginia Department of Health, and
counts of K. brevis reported for locations near two beach sites in
Florida collected by the Mote Marine Laboratory (ESI Tables S1–
S3, Fig. S1 and S2†). Though we were unable to formally identify
Rhapidiopsis (Lake Anna) and K. brevis (Florida) in our air and
water samples using ow cytometry (ESI Table S4 and Fig. S3†),
our study provides new information on environmental condi-
tions associated with increased particle number concentrations
(cm−3) at active HAB sites and could contribute to measure-
ments of potential human exposure to HAB toxins.4,6,23,43

The particle number concentrations (cm−3) measured by
a Plantower PMS 7003 OPC were used for comparison only
against their own measurements in this study. Previous work
with inexpensive OPCs and with the Plantower brand have
shown the total particle number concentrations (cm−3)
increased and decreased in tandem with more expensive and
more reliable sensors while the bin sizes were less accurate.44–46

Our results showed the same inconsistency for the sensor's
ability to correctly size particles, so we have chosen to use total
286 | Environ. Sci.: Adv., 2025, 4, 279–291
measured particle number concentrations (cm−3) greater than
0.3 mm diameter. Overall, less expensive OPCs seem to be reli-
able for measurements showing change in total particle number
concentrations (cm−3).46–48 By using the measured total particle
number concentrations (cm−3), which we compared with our
recorded weather conditions of wind speed, wind direction, and
temperature, we were able to measure how weather affects total
particle count. In a previous study, it was shown that higher
particle number concentrations (cm−3) are likely associated
with HAB aerosols.21,22

At the Lake Anna sites, airborne particle number concentra-
tions (cm−3) decreased over the sampling day at site 1 and
increased over the sampling day at site 2. When testing the
parameters of the prediction model, the measured wind speed
was most strongly associated with higher particle number
concentrations (cm−3) measured on the shore. When wind
directions were coming from offshore, the assumption was that
the observed aerosols were produced from offshore sources. It is
important to note that we were unable to completely separate the
combined effects of higher wind speeds associated with the
offshore winds. Additional measurements at higher wind speeds
could be collected at both onshore and offshore sources, and
these data could help improve our models and add value to
future HAB-aerosol risk assessment programs. Previous studies
have shown airborne particle concentrations are inuenced by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Particle number concentrations (cm−3) greater than 0.3
microns in diameter measured over the course of the day, plotted here
as five-minute averages. The first two graphs represent June 30th and
July 7th at the first Lake Anna shore site and the third graph represents
July 8th at the second Lake Anna shore site.

Fig. 8 Particle number concentrations (cm−3) greater than 0.3
microns in diameter measured wind direction as five-minute averages
during the sampling periods at Lake Anna shore sites one and two. The
first two graphs depict shore site one during the sampling period of
June 30th and July 7th. The third graph shows the data collected from
shore site two on July 8th.
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windspeed on a lake surface, while shore based measurements
have shown decreases in particle number concentrations (cm−3)
associated with higher wind speeds.5,24 Studies have shown lake
HAB aerosols can contain toxins that may be transported large
distances beyond the shore.49,50 We have previously shown that
particle number concentrations (cm−3) are signicantly inu-
enced by weather effects over the water in lake systems through
similar particle and weather monitoring.22 At the Florida sites,
airborne particle number concentrations (cm−3) increased
throughout the day and the wind direction (offshore versus
onshore) was strongly associated with these number concentra-
tions (cm−3). Offshore wind sources had particle number
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentrations (cm−3) 3 to 4 times higher than those of onshore
wind sources. When developing the prediction equation for the
Florida sites, the wind direction had the greatest inuence on
particle number concentrations (cm−3) (P < 0.001), followed by
temperature (P < 0.001), and windspeed (P < 0.001). This is
consistent with previous studies performed on ocean shores
measuring aerosols produced by wave breaking phenomena and
their potential to expose the beach to toxins.7,43,51Our approach of
measuring particle levels at the shore using inexpensive particle
counters shows a potential low-cost method for monitoring HAB-
associated aerosols on beaches.
Environ. Sci.: Adv., 2025, 4, 279–291 | 287
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Fig. 9 The graphs show particle number concentrations (cm−3)
greater than 0.3 microns in diameter measured over time at two
different beaches in Florida on two days in December 2019 plotted as
five-minute averages. The top graph shows Seagate beach on
December 3rd and the bottom graph shows Manasota beach on
December 4th.

Fig. 10 Measured vs. predicted particle number concentrations
(cm−3) of air used in the best fit model for Lake Anna collected data.
The model was made using wind speed, wind direction, temperature,
and particle count data collected by the ground sensors at Lake Anna.
The data was then put into JMP Pro neural network modeling where
a model equation was trained on a random subset of the data with
another subset held back for validation.

Fig. 11 Measured vs. predicted particle number concentrations (cm−3)
used in the best fit model for Manasota beach collected data. The
model was made using wind speed, wind direction, temperature, and
particle count data collected by the ground sensors at Manasota
beach. The data was then put into JMP Pro neural network modeling
where a model equation was trained on a random subset of the data
with another subset held back for validation.
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A predictive model, trained on a random set of weather and
particle count measurements collected over the same time
period, was able to predict airborne particle number
288 | Environ. Sci.: Adv., 2025, 4, 279–291
concentrations (cm−3) with an R Squared value of 0.581 for the
freshwater HAB in Virginia and an R Squared value of 0.804 for
the marine HAB in Florida. Previous methods to monitor HAB
severity and inform the public have relied on time-consuming
water and aerosol testing or more subjective measurements of
respiratory irritation levels.36,51 We were able to create a predic-
tion equation for a beach and lake site, the conditions that lead
to higher levels of particle number concentrations (cm−3) in the
prediction equations were different in the lake and ocean
system and were different between lakes when compared to
a previous study.22 For example, the inuence of wind speed on
the level of particles could be more important for the lake
system we measured due to the differences in how aerosols are
produced in lake and ocean systems.4,24,52 In both ocean and
lake systems, we were able to predict higher or lower levels of
HAB aerosols due to the inuence of measured weather condi-
tions. Using this method, any ocean or lake experiencing a HAB
could be monitored and set up with a model to predict HAB
severity.

Surface ux provides an emission rate for aerosol production
at the water surface.53 Using known conditions about wave
structure, wind speed, and particle number concentrations
(cm−3) on shore, the surface ux can be calculated. We were
able to calculate the surface ux for the beach sites during our
sample period using the equation from Clarke et al.38 This
analysis can be performed with ocean occurring HAB sites but
there is currently no similar method for lake systems, as the
method of aerosolization is different and less well studied.39,40,54

While our current results show that the better understood ocean
aerosol system allows for more robust analysis through surface
ux calculations, with more research into lake aerosols we
should have better prediction equations available in the future.

The drone-based vertical proles of the wind velocity showed
differences in wind speed and direction at different altitudes,
highlighting the need for wind measurements at multiple
© 2025 The Author(s). Published by the Royal Society of Chemistry
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heights to capture environmental conditions driving the
atmospheric transport of aerosolized HAB toxins. The compar-
ison of onshore and offshore wind speed proles shows the
wind speed to be higher over the water. The higher wind speed
conditions observed over water are likely due to the lower
roughness length of the lake surface.39,49 As shown in Fig. 6, the
vertical wind speed gradient was also observed to be larger over
the lake. The higher wind speed gradient measured over the
lake is likely the result of lower surface temperatures. Lower
surface temperatures produce less air mixing in the lower
atmosphere, resulting in higher wind gradients due to wind
shear.24,55 Furthermore, the comparison of sUAS and ground
sensor wind measurements shows that drones can provide
reliable observations of wind velocity.27,31

Higher resolutions of wind velocity observations such as
those collected by drone-based measuring platforms are critical
for predicting the transport of toxins produced by HABs. Addi-
tional work is needed to better understand the short-term fate
and transport of aerosolized cyanobacterial cells and toxins and
how the local weather conditions inuence their transport.
Future work might leverage additional chemical (cyanotoxin) or
biological (DNA-based) analyses of our water and air samples to
help inform these efforts. Risks at the shoreline may not accu-
rately measure the risk of long-range transport that could be
driven by higher altitude winds.56 Lake aerosols are known to
travel long distances and therefore better understanding their
downwind fate is important to informing public health
surrounding HABs.17,39 While our current methods of analysis
for lake systems are not as accurate as ocean systems, lakes still
play an important part in HAB aerosol production and distri-
bution which requires further study.39,57 This study was focused
on the measurements of particles at the shore, but the
combined wind measurements at different altitudes may
provide insights into yet unexplored areas of HAB aerosol
transport. In future studies, combining drone particle count
measurements with air and ground wind measurements could
help determine not only the near-shore impact of HAB toxins,
but also predict their long-term fate. Using these data along
with predictive models could then allow for broadcasting air
quality as it relates to HABs to inform public safety and use of
areas, lake, or ocean, impacted by HABs.
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