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ARTICLE INFO ABSTRACT

Editor: Dr Holly Bowers In the Pacific Northwest, blooms of the diatom Pseudo-nitzschia (PN) sometimes produce domoic acid, a
neurotoxin that causes amnesic shellfish poisoning, leading to a Harmful Algal Bloom (HAB) event. The Pacific

Keywords: Northwest (PNW) HAB Bulletin project, a partnership between academic, government, and tribal stakeholders,

Harmful algal blooms uses a combination of beach and offshore monitoring data and ocean forecast modeling to better understand the

Pseudo-nitzschia

ROMS formation, evolution, and transport of HABs in this region. This project produces periodic Bulletins to inform

Ocean observing local stakeholders of current and forecasted conditions. The goal of this study was to help improve how the

Ecological forecasting forecast model is used in the Bulletin’s preparation through a retrospective particle-tracking experiment. Using

Particle tracking past observations of beach PN cell counts, events were identified that likely originated in the Juan de Fuca eddy,
a known PN hotspot, and then particle tracks were used in the model to simulate these events. A variety of
“beaching definitions” were tested, based on both water depth and distance offshore, to define when a particle in
the model was close enough to the coast that it was likely to correspond to cells appearing in the intertidal zone
and in shellfish diets, as well as a variety of observed PN cell thresholds to determine what cell count should be
used to describe an event that would warrant further action. The skill of these criteria was assessed by deter-
mining the fraction of true positives, true negatives, false positives, and false negatives within the model in
comparison with observations, as well as a variety of derived model performance metrics. This analysis suggested
that for our stakeholders’ purposes, the most useful beaching definition is the 30 m isobath and the most useful
PN cell threshold for coincident field-based sample PN density estimates is 10,000 PN cells/L. Lastly, the per-
formance of a medium-resolution (1.5 km horizontal resolution) version of the model was compared with that of
a high-resolution (0.5 km horizontal resolution) version, the latter currently used in forecasting for the PNW HAB
Bulletin project. This analysis includes a direct comparison of the two model resolutions for one overlapping year
(2017). These results suggested that a narrower, more realistic beaching definition is most useful in a high-
resolution model, while a wider beaching definition is more appropriate in a lower resolution model like the
medium-resolution version used in this analysis. Overall, this analysis demonstrated the importance of incor-
porating stakeholder needs into the statistical approach in order to generate the most effective decision-support
information from oceanographic modeling.

1. Introduction the genus Pseudo-nitzschia (PN), a type of diatom, produce domoic acid
(DA), a neurotoxin that causes amnesic shellfish poisoning. DA is easily
In the U.S. Pacific Northwest, harmful algal bloom (HAB) species in transferred up the food chain and can have severe or fatal effects
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through the syndrome known as amnesic shellfish poisoning in seabirds,
marine mammals, and humans (Lefebvre et al., 2002), and recent studies
show a significant increase in amnesic shellfish toxin events associated
with toxic PN blooms (D. M. Anderson et al., 2021; Hallegraeff et al.,
2021). Given the dangerous health impacts, once DA is found on beaches
where either commercial or recreational fishing occurs, these beaches
are closed to activities such as shellfish harvest or fishing. These closures
can significantly and negatively affect people whose livelihoods rely on
these fisheries, including people within the commercial fishing industry
itself and people within the tourism industry (Ritzman et al., 2018).
Historical data of PN and DA on beaches suggests that there are years
with numerous beaching events, and years with very few (e.g., McCabe
et al. (2016); McKibben et al. (2017)). Ocean-atmosphere climate vari-
ability could explain some of the differences in HAB arrival in the
nearshore coastal zone (hereafter termed “beaching events™), with warm
anomalies associated with the Pacific Decadal Oscillation (PDO) and El
Nino-Southern Oscillation (ENSO) correlated with PN beaching events
in the Pacific Northwest (McCabe et al., 2016; McKibben et al., 2017).

In the Pacific Northwest, PN blooms generally originate in known
offshore hotspots: the Juan de Fuca Eddy (approximate location corre-
spond to the black dotted square feature in Fig. 1) in the summer and
early fall (MacFadyen et al., 2005; Trainer et al., 2002, 2009) and Heceta
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Fig. 1. Map of study location. Beach locations where PN were sampled are
shown as blue stars, release points from the Juan de Fuca eddy for particle
tracking experiments (described in Section 2.2) are plotted in black dots, and
beaching definitions are plotted in colored lines. Beaching definitions based on
isobath are plotted in solid lines and those based on distance offshore are
plotted in dashed lines.
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Bank typically in the winter and early spring (Hickey et al., 2013). Both
of these hotspots are retentive regions with appropriate supply of nu-
trients during some or all of the year. For PN cells to reach the coast from
either of these retentive regions, enough PN cells must first accumulate
at these offshore sites for a bloom to form. Then, this bloom must escape
the retentive sites and travel to the coast. These steps require specific
wind conditions. In the Juan de Fuca eddy, PN cells must first accu-
mulate in the eddy under a balance of weak upwelling-favorable and
downwelling-favorable winds. Next, PN cells escape the eddy under
upwelling-favorable winds (MacFadyen et al., 2005, 2008; MacFadyen
and Hickey, 2010). Finally, downwelling-favorable winds transport PN
cells to the coast (MacFadyen et al., 2005; MacFadyen and Hickey, 2010;
Trainer et al., 2002). These dynamics can be further complicated by the
Columbia River plume, which can act as both a conduit and as a barrier
for PN cells to the coast (Banas et al., 2009; Giddings et al., 2014; Hickey
et al., 2013). During wind reversals in the summer or fall, the northern
branch of the Columbia River plume is pushed against the coast, acting
as a barrier to PN cell access to the WA coast. However, during strong
storms in the winter, the Columbia River plume can help transport PN
cells up even farther north along the coast.

While many HAB events follow this pattern, there are some impor-
tant nuances that add a layer of complexity to forecasting. Within the
eddy itself, PN cells are not typically the dominant phytoplankton. They
are often found within blooms of other types of diatoms, euglenoids, or
dinoflagellates, usually making up no more than 17% of biomass within
the Eddy (Trainer et al., 2009). Therefore, not every cell, or even most of
the cells, that are transported to coastal beaches are PN cells. Addi-
tionally, the abundance of PN does not always correlate with concen-
tration of DA, largely because there are many PN species that produce
differing amounts of DA per cell, thus the presence of PN cells does not
indicate presence of DA (Trainer et al., 2009). However, conservative
risk levels of PN were established for the WA coast based on the his-
torical record of DA in razor clams associated with the monitoring of PN
and cellular DA. Specifically, these recorded events led to the estab-
lishment of threshold levels of 30,000 cells/L of large P. australis-type
cells and 1 million cells/L of smaller P. pseudodelicatissima-type cells to
trigger pre-emptive DA testing in seawater and razor clams by ORHAB
and the Washington State Department of Health (Trainer and Sud-
dleson, 2005). These conservative threshold levels established by
ORHARB in 2005 have resulted in effective management by allowing for
selective harvesting of clams from safe beaches (Varanasi et al., 2021),
thereby avoiding any shellfish harvest recalls. Lastly, PN cells do not
always originate in a known “hot spot” like the Juan de Fuca eddy. In six
cruises spanning 2003 — 2006, which sampled the Juan de Fuca eddy
and nearshore region, PN cells were observed both in the nearshore
region and within the eddy, with some difference in PN species between
regions, suggesting that these populations were unrelated (Trainer et al.,
2009). Additionally, analysis of a coastwide HAB event in 2015 sug-
gested that these PN originated from a diffuse offshore source rather
than one of the usual “hot spots” sites such as the Juan de Fuca eddy or
Heceta Bank (McCabe et al., 2016).

Given the huge economic losses that can result from fishery closures
in the region, understanding when and where a HAB event will occur
can help minimize the collateral damage that accompanies last-minute
changes of plans due to an unexpected HAB event, such as suddenly
having to close a beach right before a big razor clamming weekend, as
well potentially avoid unnecessary closures. The Pacific Northwest
(PNW) HAB Bulletin project, a partnership between academic, govern-
ment, and tribal stakeholders, uses a combination of monitoring pro-
grams and modeling to better understand the formation, evolution, and
transport of HABs in this region (Varanasi et al., 2021). In addition, this
project produces periodic bulletins to inform local stakeholders of cur-
rent and forecasted conditions. These Bulletins make HAB risk recom-
mendations based on expert synthesis of observations including in situ
sampling of PN cells, quantification of particulate (cellular) DA and
razor clam DA, wind and surface current patterns, satellite chlorophyll
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concentrations, and river discharge, as well as relevant Pacific Ocean
indices, and marine weather forecasts. In addition, the PNW HAB
Bulletin uses 72-h model forecasts of PN transport from the Juan de Fuca
Eddy and Heceta Bank. One goal of this paper was to analyze particle
tracks, combined with a variety of beaching and event criteria, to
improve the forecasting capabilities of the model. With improved fore-
casting, it is possible that alerts could be issued to managers about future
HAB events with enough notice to open a beach early for harvest before
the HAB reaches the coast, which could be extremely beneficial to both
the economy and to those whose livelihoods rely on the commercial or
recreational fishing industries.

In this study, in situ beaching data combined with particle tracking
experiments were used with the goal of improving the effectiveness of
the forecasting model for HABs that originate in the Juan de Fuca eddy.
As part of this analysis, various definitions of modeled HAB beaching
and observational thresholds were tested to identify which criteria best
matched observations and therefore were most appropriate for use in the
forecasting model. Lastly, results from an older medium-resolution
version of the model were compared with the newer high-resolution
version of the model, the latter which is currently used for forecasting
for the PNW HAB Bulletin.

2. Methods
2.1. Beach observations

Abundance of PN was determined in surface whole water samples
collected from the surf zone at 45 beaches (shown as blue stars in Fig. 1)
in Washington and Oregon spanning 2000 — 2020 using methods
described in Trainer and Suddleson (2005) and McKibben et al. (2015).
In Washington, beach observations were conducted by the Olympic
Region Harmful Algal Bloom (ORHAB) partnership (http://depts.
washington.edu/orhab/). In Oregon, past beach observations were
conducted by Oregon Department of Fish and Wildlife as part of the
Monitoring Oregon Coastal Harmful Algae (MOCHA 2007-2012) project
and continue today supported by the Monitoring and Event Response for
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Harmful Algal Blooms (MERHAB 2017-2022) program as part of the
PNW HAB Bulletin project. This paper focused on observations north of
the Columbia River mouth, where beach sampling was most consistent
(as demonstrated in Fig. 2), during the summer-autumn upwelling
period (June 1 - Fall transition).

PN abundance from 2000 to 2020 at 45 beaches in Washington and
Oregon is shown in Fig. 2. In this record, it was evident that large events
with high cell counts infrequently affected large areas of the coast,
typically occurring no more than a couple of times a year. While the
observational record lasted many years, sampling at individual beaches
was sporadic, leaving large gaps in the record, particularly in Oregon.

2.2. Particle tracking experiments

To test whether the model captures the proposed mechanism of
transport from the Juan de Fuca eddy, and assess the skill of the PNW
Bulletin forecasting system, particle release experiments were con-
ducted for three different versions of the model: first, a high-resolution
version of the LiveOcean series spanning 2017 — 2021, as well as two
other versions that use the medium-resolution grid of the Cascadia
model, with output spanning 2003 — 2009 (PNWTOX series) and 2013 —
2018 (part of the LiveOcean series). The only difference between the two
versions of the medium-resolution model is that due to the NCOM global
model (Navy Coastal Ocean Model; Barron et al., 2006, 2007) tran-
sitioning to the HYCOM global model (HYbrid Coordinate Ocean Model;
https://www.hycom.org/) in 2013, the earlier years (2003 — 2009) used
NCOM for the open ocean boundary initialization and forcing while the
later years (2013 — 2017) used HYCOM, which has a slightly higher
resolution. This difference resulted in only small variations between the
two models, which made them effectively the same model, so their
output was treated (and referred to) as one version for this analysis.
These models were developed by the University of Washington Coastal
Modeling Group (Giddings et al., 2014; Sutherland et al., 2011) using
the Regional Oceanic Modeling System (ROMS; Shchepetkin and
McWilliams (2005)). The model domain includes the Salish Sea and
coastal ocean of Washington, Oregon, and southern British Columbia,
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Fig. 2. Beach observations of PN abundance (see legend for ranges) from 2000 — 2020 at 42N — 50N latitude. White areas indicate gaps in sampling.
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spanning 42N to 52N, -130E to -122E (Fig. 1). The horizontal resolution
of the model over the slope and shelf is 500 m and expands to a
maximum of 3 km offshore. The model uses realistic river, atmospheric,
and tidal forcing, and open ocean boundary condition fields from other
models constrained by observations or short-term forecasts. Further
details about the high-resolution version of the LiveOcean model and its
validation can be found in MacCready et al. (2021). The effect of model
resolution was also tested by performing similar experiments in earlier
versions of the model in which the grid size was coarser by a factor of
three. These experiments spanned different years: 2003 — 2009 and 2013
— 2018 (dictated by the time span of the projects for which they were
developed). Model details for these lower resolution experiments are
given in Davis et al. (2014), Giddings et al. (2014), Siedlecki et al.
(2015), and Brasseale et al. (2019). The comparisons were not, however,
a pure test of change in resolution, because they are for different time
periods (aside from 2017 during which they overlap) and different
sources of forcing fields, so the results can only be suggestive of the
improvements gained due to higher resolution.

Particles were released at the surface within the typical extent of the
Juan de Fuca eddy (48.2 — 48.8N; 125.8 — 125W) with release points
every 0.052in longitude and 0.04in latitude (black dots, Fig. 1). Release
points that were above the 30 m isobath were removed, resulting in 247
release points in the high-resolution version of the model. One particle
was released from each release point every 2 days from June 1 to the Fall
transition from 2017 — 2019, resulting in approximately 13,832 particle
releases per year, though the number depended on the date of each Fall
transition, based on the method of Barth et al. (2007) and Pierce et al.
(2006). Particles were released from the Juan de Fuca eddy only be-
tween June 1 and the fall transition date, which captured the major
razor clamming season dates. This release period was chosen because
the Juan de Fuca eddy is a seasonal feature that is typically present
during the upwelling season (Denman and Freeland, 1985; Freeland and
Denman, 1982; Freeland and McIntosh, 1989; MacFadyen et al., 2005;
MacFadyen and Hickey, 2010). Once released, the surface-trapped
particles were tracked with hourly time steps and output saved daily
for up to 30 days, or until they moved outside the model boundaries or
“grounded’’ on land, defined as being close enough to land that a
bilinear interpolation of the ROMS land mask (1 for ocean, O for land) at
its location was less than 0.5 (Banas et al., 2015; Stone et al., 2018).
When a particle is “grounded”, it often indicates that it became stuck in a
model grid cell that is more land than ocean, so said particle is no longer
tracked. The same particle release experiment was repeated in the me-
dium resolution version of the model for 2004 — 2007 and 2013 - 2017,
and tidally averaged model output was used for this particle release
experiment. Due to the difference in resolution, after release points
above the 30 m isobath were filtered out, there were 246 release points
for the experiments in the medium-resolution version of the model (1
fewer than in the experiments in the high-resolution model), resulting in
an average of 15,799 particles released each year for 2004 — 2007; 2013
—-2017.

2.3. Beaching definitions and observational thresholds

With the particle tracks, a variety of beaching definitions were
tested, i.e., what counts as a “beached particle”, within the model to
determine which definition best captured the observed beaching of PN
cells that originated in the Juan de Fuca eddy. The dynamics of the inner
shelf, including cross-shelf transport across the surf zone, are not
resolved in the model, so it was assumed for forecasting purposes that
any time a particle got within a certain distance or passed a certain
isobath, there was a high probability of PN cells being present at the
beach, even if the paths of these particles continued moving south,
parallel to the coast in the model, and that the particle was not
considered “grounded” on land within the model. For beaching defini-
tions, both isobath-based definitions (30, 50, 75, and 100 m isobaths)
and definitions based on distance offshore (3, 5, 10, 25, and 50 km
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offshore; Fig. 1) were tested. These beaching definitions can be thought
of as statistical proxies for inner-shelf and surf-zone physics that are
missing from our regional-scale ocean model. In this paper, output from
June 1 through the Fall transition for 2017 — 2019 in the high resolution
model, and for 2004 — 2007 and 2013 — 2017 in the medium resolution
model and at beaches above the Columbia River mouth (46N — 48N)
were used to test these definitions, as most of the observations of PN cells
from the Juan de Fuca eddy occur during the late summer and early fall
(Giddings et al., 2014; MacFadyen et al., 2005; Trainer et al., 2002,
2009).

Observational PN cell density thresholds (10 PN cells/L, 100 PN
cells/L, 1,000 PN cells/L, 10,000 PN cells/L, 100,000 PN cells/L,
175,000 PN cells/L, 525,000 PN cells/L, and 1,000,000 PN cells/L) were
also tested as criteria for beaching events. These thresholds, i.e., what
abundance of PN cells count as a beaching event in the observations,
were chosen based on the observational threshold used for the California
Harmful Algal Risk Mapping (C-HARM) system to establish whether
there was a PN bloom (Anderson et al., 2016), 10,000 PN cells/L, as well
as the thresholds used in the PNW HAB Bulletin to describe the severity
of beached HAB measurements, where 175,000 PN cells/L is the
threshold between low and medium cell counts (plotted in yellow in
Fig. 2) and 525,000 PN cells/L is the threshold between medium and
high cells counts (plotted in red in Fig. 2).

2.4. Skill assessment

To address the model skill associated with each of the beaching
definitions and observational thresholds outlined in Section 2.3, loca-
tions and timings of beached particles were compared with observed PN
cell counts at Washington beaches. For this calculation, the daily
beached particle count was compared with observed beach cell counts
from the proceeding, corresponding, and following day, i.e., +1 day, for
each 0.125 latitude bin across all analyzed summers (from June 1
through the Fall transition). Again, as discussed in the Introduction, it is
important to note that in this study, model particles originated only from
the Juan de Fuca Eddy and therefore were unlikely to capture the
transport pathways of PN cells from regions outside the eddy. Thus, even
a perfect transport-based forecast may under-predict beach events.

Daily particle transport model results were compared with PN
abundance (measured within one day before or after the particle results)
for each 0.125 of coastline from the mouth of the Columbia River north
to the mouth of the Strait of Juan de Fuca, and were then categorized as
“true positive” (at least one model particle beached and observed PN
abundance was above the threshold), “true negative” (no model parti-
cles beached and PN abundance was below the threshold), “false posi-
tive”, and “false negative”. In testing each of the observational
thresholds, there was no difference between PN cell counts observed at
each beach; instead, analysis focused on whether or not the observed cell
count was greater or less than the tested threshold. For example, if the
tested threshold was 10,000 PN cells/L, then any measurement of at
least 10,000 PN cell/L at a beach, including all green, yellow, and red
events (shown in Figs. 2 and 3), counted as a positive observation and
any measurement of less than 10,000 PN cells/L at a beach counted as a
negative observation. From here, a variety of performance metrics
including accuracy, probability of detection, false alarm ratio, proba-
bility of false detection, and bias score (Table 1) were calculated
following Anderson et al. (2010, 2016). The relative importance of each
of these metrics was dependent on the needs of the stakeholder. For
example, in the analysis of various observed PN bloom thresholds used
in the C-HARM system, minimizing the false alarm ratio (FAR)
compared to probability of detection (POD) was important to stake-
holders, which resulted in an overall accuracy of 43%, though the best
performing threshold had an overall accuracy of 67% (Anderson et al.,
2016).
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Table 1
Performance metrics and their calculations, following (Anderson et al., 2010,
2016).

Performance Metric Calculation Range
Accuracy true positives + true negatives 0 -1
total (1 is best)

Probability of Detection (POD) true positives 0-1

true positives + false negatives (1 is best)
False Alarm Ratio (FAR) false positives 0-1

true positives + false positives (0 is best)
Probability of False Detection (POFD) false positives 0-1

true negatives -+ false positives (0 is best)
Bias Score true positives + false positives 0- 0@

true positives + false negatives (1 is best)

3. Results

3.1. Particle tracking experiments

Using the observational record, upwelling-season beaching events
with PN abundance were identified for 2017, 2018, and 2019, the years
for which there was high-resolution model output. Using the particle
tracking experiments, these events were recreated using the model
(Fig. 3). In each of these plots, particle tracks were mapped from 10 days
before the identified event to 10 days after, with particles that beached
plotted in green and particles that did not beach plotted in grey. In all of
the maps shown in Fig. 3, “beached” particles were any particles that
crossed the 30 m isobath at any point along their track. The maximum
observed cell counts at beaches in the region were also plotted on the
maps.

In all of these scenarios, there were many particles that were trans-
ported equatorward along the shelf and slope, though the alongcoast
extent of their transport varied among events. It was also evident that
most particles passed very close to the coast in the immediate vicinity of
their release near the mouth of the Strait of Juan de Fuca, and then
moved down the coast at varying distances offshore that may not be
considered to be “beached” by the tested definition farther south. For
example, the particle paths in the 2019 event (Fig. 3c) stayed on the
shelf and would likely be considered beached as far south as 43.5N,
while the particle paths in the 2017 event (Fig. 3a) primarily moved off
the shelf near the mouth of the Columbia River (~46N).
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Fig. 3. Maps of particle tracks for events iden-

tified in observations from 2017, 2018, and
2019. In each figure, particles that beached
within +10 days of each identified event
(defined as passing the 30 m isobath, in this
case) are plotted in green, while particles that
did not beach during this time period are
plotted in grey. Observed PN cell counts are
plotted at sampled beaches (grey, green, yel-
low, and red circles), indicating the maximum
measured cell count over the 20-day period,
using the same scale as in Fig. 2.
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3.2. Model performance

To address the performance of each of the beaching definitions and
observational thresholds outlined in Section 2.3, the fraction of true
positives, true negatives, false positives, and false negatives were
counted for each 0.125 latitude bin across all analyzed summers (from
June 1 through the Fall transition). This analysis utilized particle
tracking results from all high-resolution version of the model runs
spanning 2017 — 2019. The results of this analysis showed the perfor-
mance of each beaching definition across observational thresholds
(Fig. 4).

The optimal (or, most useful for our stakeholders), combination of
beaching definition and observational threshold maximized true posi-
tives while minimizing false negatives and false positives in order to
accurately forecast when a toxic HAB event would potentially arrive on
the beach. The overall trend for all beaching definitions was that true
positives and false negatives were highest at low observational thresh-
olds, while true negatives and false positives exhibited the opposite
relationship and were highest at high observational thresholds. The
isobath-based beaching definitions (solid lines, Fig. 4) generally fell in
the middle of the distance-based beaching definitions (dashed lines,
Fig. 4) across all observational thresholds. Generally, the wider beaching
definitions (cool colors - greens and blues, Fig. 4) resulted in more true
positives and false positives, while the narrower beaching definitions
(warm colors - reds and yellows, Fig. 4) resulted in more true negatives
and fewer false positives across all observational thresholds. The 30 m
isobath beaching definition (solid red line, Fig. 4) presented a good
balance between maximizing true positives while minimizing false
negatives and false positives, with the optimal balance obtained using an
observational threshold of 10,000 PN cells/L (red dot in Fig. 4), though
the performance of the 10,000 PN cells/L threshold is shown more
clearly in Figs. 5 and 6. From the distance-based beaching definitions,
the 10 km offshore beaching threshold also performed well, closely
mirroring the results from the 30 m isobath beaching definition (dashed
yellow line, Fig. 4).

Under most of these beaching definitions, the accuracy of the model
prediction as defined in Table 1 decreased with increasing observational
threshold, although this trend diminished as beaching definition nar-
rowed (warm colors), and the narrowest beaching definitions (3 and 5
km offshore, dashed red and orange lines, respectively) exhibited the
opposite trend. Again, the best performing beaching definitions across
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Fig. 5. Accuracy of each beaching definition across all observational thresholds
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with solid lines representing isobath-based definitions and dashed lines repre-
senting distance offshore-based definitions. The red dot represents the results
for the optimal beaching definition (30 m isobath) and observational threshold
(10,000 cells/L).

all observational thresholds were the 30 m isobath and 10 km offshore
(solid red line and dashed yellow line, respectively, Fig. 5), with an
accuracy of about 55% for both beaching definitions at the same optimal

observational threshold, 10,000 PN cells/L (red dot, Fig. 5). For com-
parison, the best overall accuracy score of the C-HARM system was 67%,
though the threshold that performed best considering their goal to
optimize FAR compared to POD had an accuracy of 43% (Anderson
et al., 2016). While the results from the 30 m isobath definition closely
matched the results from the 10 km offshore definition, the 30 m isobath
definition was chosen for further analysis. The isobath-based definition
better represents the geometry of the near-shore region, which would
inform the cross-shelf circulation, while a set distance offshore could
include a variety of water depths and would be less indicative of the
cross-shelf circulation. The performance of the 30 m isobath beaching
definition across observational thresholds was evaluated further by
calculating the remaining metrics outlined in Table 1 (Fig. 6).

Based the goals of the C-HARM system (Anderson et al., 2016), the
optimal combination of beaching definitions and observational thresh-
olds for this model would maximize accuracy and probability of detec-
tion (POD), minimize the false alarm ration (FAR) and probability of
false detection (POFD), and result in a bias score close to 1. With the 30
m isobath beaching definition, generally, the lower observational
thresholds had slightly higher POD and accuracy scores, while the
higher observational thresholds had the opposite (Fig. 6). However,
based on how our stakeholders use our forecast to direct sampling (see
Discussion), maximizing POD was more important than minimizing FAR
and POFD because maximizing POD included minimizing false nega-
tives. Therefore, the most useful observational threshold overall was
judged to be 10,000 PN cells/L, where POD was maximized and POFD
was minimized. Still, the prediction did perform comparably well at
lower observational thresholds as well and 1,000 PN cells/L is a close
second-best with a slightly lower POD and slightly lower PFOD. Further,
these similar results at lower thresholds highlight the value of an “any
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cell beaching” threshold over a “big event” threshold (see Discussion).
Overall, these results illustrated the importance of considering a suite of
metrics as well as stakeholder needs in model evaluation.

3.3. Comparison of the medium-resolution and high-resolution versions of
the model

Lastly, the existence of an older model version that overlaps with
many of the observations as well as one year of the newer model version
provided a unique opportunity to compare their performances, both in
2017 where they overlap and as a whole using output from 2004 — 2007
to 2013 - 2017 in the medium-resolution version and output from 2017
to 2019 in the high-resolution version (Figs. 7 and 8, Table 2). The most
notable differences in these two versions were evident in the maps of
particle tracks surrounding the identified event in 2017, with the results
from the medium-resolution version shown in Fig. 7f and those from the
high-resolution version shown in Fig. 3a.

In the medium-resolution version of the model, particles were closest
to the coast near their release point and then streamed down along the
coast at distances that would not be considered “beached” by most of the
tested beaching definitions farther south (Fig. 7). However, the high-
resolution version exhibited stronger cross-shelf dispersion, particu-
larly within the 46N — 47N band, as was evident in the particle tracks
that flow closer to the coast as they moved southward, with cross-shelf
movement evident in their particle tracks (Fig. 3). Accordingly, there
were many more particles that beached in the high-resolution version
than those that beached in the medium-resolution version.

Given the weaker cross-shelf dispersion in the medium-resolution
version of the model, wider beaching definitions were also tested
based on isobath and compared with the results from the high-resolution
version of the model. As done previously, the fraction of true positives,
true negatives, false positives, and false negatives were calculated for
each beaching definition (Fig. 8). These results included June 1 through
the Fall transition for 2004 — 2007 and 2013 - 2017 in the medium-

resolution version of the model and for 2017 — 2019 in the high-
resolution version of the model. All scenarios used an observational
threshold of 10,000 PN cells/L.

Results showed that the medium-resolution version captured more
true negatives and more false negatives (orange bars, Fig. 8b, d) than did
the high-resolution version (blue bars, Fig. 8b, d), decreasing in both
versions as the beaching definition widened. Conversely, the high-
resolution version captured more true positives and more false posi-
tives (blue bars, Fig. 8a, c) than did the medium-resolution version
(orange bars, Fig. 8a, c), increasing in both versions as the beaching
definition widened. Overall, these results suggested that using a wider
beaching definition, like the 50 m or 75 m isobath, in a lower resolution
model would result in a similar performance as was obtained with the
higher-resolution model using the optimal beaching definition, the 30 m
isobath.

For almost all performance metrics, the medium-resolution version
did worse than the high-resolution version (Table 2). The only exception
to this pattern was POFD, which was largely driven by the greater
fraction of false positives in the high-resolution version than in the
medium-resolution version. Notably, the POD score of the high-
resolution version was almost double that of the medium-resolution
version (Table 2).

4. Discussion

The current PNW HAB Bulletin is largely tailored to the needs of our
stakeholders, including the managers of the Washington and Oregon
recreational razor clam fisheries. Safely managing such a large fishery as
the Washington recreational razor clam fishery that can have 25,000 to
30,000 harvesters in a four-hour low tide window, stretched over 58
miles of beaches, requires close consultation between fishery managers
and human health experts. As such, Washington’s recreational razor
clam fishery is always closed unless it is specifically opened. In general,
openers (open seasons) are purposefully limited to not more than one
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Fig. 7. Maps of particle tracks for the beaching events identified in (a) 2004, (b) 2005, (c) 2006, (d) 2013, (e) 2015, and (f) 2017 using the medium-resolution
version of the model. In each figure, particles that beached within +10 days of each identified event (defined as passing the 30 m isobath) are plotted in green,
while particles that did not beach during this time period are plotted in grey. Observed cell counts are plotted at sampled beaches (grey, green, yellow, and red
circles), indicating the maximum measured cell count over the 20-day period, using the same scale as used in Fig. 2.

Table 2

Performance metrics (defined in Table 1) for the high-resolution version of the
model (2017 — 2019) and the medium-resolution version of the model (2004 —
2007; 2013 - 2017) using the 30-m isobath as a beaching definition and 10,000
PN cells/L as an observational threshold.

Performance Metric Accuracy POD FAR POFD Bias
High-resolution version 0.54 0.56 0.51 0.47 1.13
Medium-resolution version 0.46 0.28 0.64 0.40 0.77

tide series (5 — 7 days) at a time. The fishery does not re-open until more
razor clam samples are analyzed and found to be safe. In contrast,
Oregon’s razor clam fishery is generally always open unless it is spe-
cifically closed, although it has far fewer harvesters than Washington’s
does. Specifically, Clatsop Beach, the 18-mile stretch of coast northern
end of the State, is open from October 1 through July 14, while the rest
of the coast south of Clatsop Beach is open year-round. Washington’s
and Oregon’s fishery managers do regular shore-side phytoplankton
sampling to make sure that PN cells are not present in high levels in surf
zone water collections and use the PNW HAB Bulletin and model fore-
cast to design targeted sampling, as well as to add unplanned sampling if
particles are forecasted to come ashore. Fishery managers then consult
with the state’s human health managers to determine if schedules for

shellfish tissue testing need to be modified to ensure that biotoxins are
still within safe levels for harvesting. To that end, both false positives
and false negatives can be costly and should be minimized because while
false positives can lead to wasted resources if they result in unplanned
sampling, false negatives can lead to delays in targeted sampling and
managers have to “play catch-up” unnecessarily.

The transport-based forecast described here resulted in numerous
false positives, particularly in the high-resolution version of the model,
consistent with the fact that the method relied only on the physics of the
region and did not incorporate any prediction of whether there were PN
cells in the offshore source region available to be transported. Because of
this, it would be unwise to focus on metrics that weigh heavily on the
false positives, like the false alarm ratio (FAR) and probability of false
detection (POFD) (Table 1). In contrast, false negatives were more
noteworthy because they highlighted flaws in the transport of particles
onshore, as well as flaws in the assumption of the source of PN cells that
beached, like if PN cells came from offshore rather than from the Juan de
Fuca eddy.

In testing various observational thresholds, two regimes were
apparent: “big events” of greater than 10,000 PN cells/L and “any cell
beaching” of less than 10,000 PN cells/L. This regime split was most
evident in Figs. 4-6, where results were similar for thresholds below
10,000 PN cells/L as well as similar for thresholds above 10,000 PN
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cells/L. Since our stakeholders use the model’s forecast and the PNW
HAB Bulletin to understand oceanographic trends that then potentially
will direct further sampling to aid in their opening or closure decisions,
not make their opening or closure decisions, it is more important for our
model to be able to predict when and where some number of particles
will beach rather than the magnitude of the event. One advantage of
such a model is that “any cell beaching” predictions would allow fish-
eries managers to target specific areas for additional sample collection
before re-opening a beach. Similarly, our analysis demonstrated that
narrower beaching definitions were more useful predictively (as well as
being more mechanistically accurate) than wider beaching definitions,
regardless of whether a small or large observational threshold was used.
However, if a wider beaching definition was used, it performed better
with “any cell beaching” than with “big events” because “big events”
were dominated by false positives and poor success at replicating reality,
while “any cell beaching” was dominated by true positives and much
greater success at replicating reality.

While there are more metrics to consider beyond accuracy alone, the
accuracies for each of the beaching definitions and observational
thresholds may seem unimpressive. They ranged from about 9% to 72%
accuracy, with a convergence on about 45 — 55% accuracy between the
1,000 PN cells/L and 10,000 PN cells/L thresholds. It is important to
note that that model accuracy is impacted by several modes of uncer-
tainty, so 50% net accuracy is a product of a lack of knowledge about
when a bloom in the Juan de Fuca eddy happens, a lack of knowledge
about whether the bloom contains PN, and the error in the model dy-
namics and particle tracking choices that represent pathway from eddy
to beach. Only the pathways from the eddy to the beaches were pre-
dicted, but the data tested against involves all three of these unknowns.
However, there is an active effort to improve this aspect of the model by

periodic deployment of an environmental sample processor (ESP) near
the Juan de Fuca eddy. Incorporating a complementary sensor like an
ESP that can detect the presence of toxic PN offshore could potentially
significantly improve forecast performance.

The comparison of the results from the high-resolution version and
the medium-resolution version of the model highlight the importance of
accurate cross-shelf transport in the model, despite the fact that the
dominant currents are along-shelf. The differences in cross-shelf
dispersion (Figs. 3, 7) were likely the reason that the more realistic 30
m isobath beaching definition (the 30 m isobath approximates the
beginning of the inner shelf where the surface and bottom layers interact
(Lentz and Fewings, 2012)) performed better in the high-resolution
version of the model than it did in the medium-resolution version.
Why then is dispersive cross-shelf transport so much weaker in the
medium-resolution version of the model? The most notable differences
in model setup were that the higher-resolution version also had higher
resolution in its open ocean boundary inputs as well as its wind forcing,
and included many more coastal rivers (18, as opposed to the Columbia
River alone). Given the distance from the shelf to the open-ocean
boundaries, it is unlikely that the boundary forcing was responsible
for the improved cross-shelf dispersion in the high-resolution version.
Better representation of freshwater input from many small sources may
well be the explanation. Banas et al. (2009) found that the Columbia
River plume and its interaction with variable winds increases cross-shelf
dispersion, resulting in 25% more export across the shelf when it was
included in the model than when it was not, and the addition of many
small, but numerous, coastal river plumes might have a similar effect. It
is also possible that the increased dispersion in the newer version of the
model might be caused by the higher horizontal resolution itself, if it
allows the model to better resolve the influence of submesoscale
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processes and internal tides in promoting cross-shelf dispersion (e.g.,
Brink (2016); Davies and Xing (2001); Lévy et al. (2012); Noble et al.
(2009)). Further analysis, including comparison of salinity and
cross-shelf velocity over the shelf, could help untangle these influences.

While it is true that the higher resolution version of the model per-
formed better than the lower resolution version of the model, as is
evident in the performance metrics for both versions of the model using
the 30 m isobath and 10,000 PN cells/L threshold that are outlined in
Table 2, it is important to consider the cost of switching to a higher
resolution model. For example, the main difference between the model
versions is that LiveOcean (the higher resolution version of the model)
has about three times finer resolution horizontally than does PNWTOX
(the lower resolution version of the model), amounting to about 10
times more grid points. Because there is now more computational power
available to run LiveOcean, it takes approximately the same amount of
time (10 days) to produce 1 year of model output as it did for PNWTOX.
The value added to the forecast on the shelf may not alone have been
enough to warrant the model upgrade; however, the higher resolution of
LiveOcean is critical for its performance in the Salish Sea and coastal
estuaries. So, while the improvement to the performance of this fore-
casting model alone may not have been worth the cost to upgrade, the
model’s performance for its other uses made the upgrade worthwhile.

Despite the role that rivers may play in facilitating more cross-shelf
flow within the high-resolution version of the model, the Columbia
River plume largely acts as a barrier between the Juan de Fuca Eddy and
the coast, particularly during downwelling-favorable winds. These ef-
fects were evident in the region immediately north of the Columbia
River mouth (~46.25N) where a lot of false negatives were found, i.e.,
where there were no particles beaching in the model but PN cells were
observed, a pattern also observed in other modeling studies that inves-
tigated the influence of the Columbia River plume (Banas et al., 2009;
Giddings et al., 2014). However, the existence of false negatives in this
region suggests that while particles may not have reached the beach in
this region because of the Columbia River plume in the model, PN cells
were reaching these beaches under similar conditions. Previous studies
suggest that it is often a race between the Columbia River plume and the
upwelling front to reach beaches first during these wind reversals from
upwelling to downwelling (Austin and Lentz, 2002; Giddings et al.,
2014). It is possible that PN cells were able to beat the plume to the coast
by a three-dimensional mechanism that is not well-captured by the
model.

Similarly, while it is true that the PN abundance is not necessarily
indicative of toxicity (Trainer et al., 2009) and thus the overall beached
particle count may not be as important, defining a beaching event based
on a threshold of 1 particle beaching within 0.125 of latitude per day is
perhaps too lenient. As part of their efforts to reduce false positives,
Giddings et al. (2014) applied a threshold of 10 particles in 20 days
within their 0.4 latitude band before it would be considered a beaching
event. Still, based on how forecasts are used to make sampling decisions,
our stakeholders suggest that it is more important to know whether
some number of particles will beach and where, than know if a big
beaching event is expected. Future work should include testing of
various particle count and length of beaching window, to arrive at a
forecast model that is both more realistic and more accurate. Incorpo-
rating the results of this study as well as those from suggested future
work will allow for better tailoring of the forecasts and information that
they provide to fit the needs of our stakeholders.

Lastly, there are some caveats about the assumptions and the
observational record that bear mentioning. This analysis only consid-
ered summer beaching events from one source, the Juan de Fuca eddy
(MacFadyen et al., 2005; MacFadyen and Hickey, 2010). PN cell
beaching events in spring and early summer typically originate at
Heceta Bank and follow different dynamics in their transport to the
beach (Hickey et al., 2013). Furthermore, as discussed, a recent study of
the unusual HAB event in 2015, unprecedented in its spatial extent and
in its severity, raised the possibility of a diffuse offshore source of PN
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cells rather than the identified “hot spots” for PN cell accumulation and
growth (McCabe et al., 2016). This event was linked to anomalously
warm ocean conditions, suggesting that these types of events could
become more prevalent in the future under climate change. Capturing
similar events that do not originate in a known “hot spot” like the Juan
de Fuca eddy or Heceta Bank may be more difficult and requires further
investigation. Both offshore and beach monitoring remain crucial to
refinement and elaboration of this forecast system.

5. Conclusions

The goal of this study was to help improve how the forecasting model
is used in the PNW HAB Bulletin’s preparation by testing the model
beaching definition and observational threshold used in the model for
HABs that originate in the Juan de Fuca eddy, based on particle tracking
experiments in the model combined with observations of beach PN cell
counts. The results of this analysis suggest that:

1 A narrower, more realistic definition of particle beaching works best
statistically, but only in a sufficiently high-resolution (500 m), realistic
(19 coastal rivers) version of the model.

2 Choice of beaching definition and observational threshold is largely
dependent on the needs of the stakeholder.

While these results are specific to the forecasting model used in the
PNW HAB Bulletin project, they can also be used to inform other HAB
forecasting models. The comparison of results within the medium-
resolution version with those of the high-resolution version high-
lighted the importance of using a higher resolution model that includes
coastal rivers, while also providing guidance on more appropriate
beaching definitions to use with a lower resolution model. Still, the re-
sults of this study provide many avenues for future work in under-
standing transport pathways of HABs to the Pacific Northwest coast,
including testing different thresholds for particle beaching, as well as
incorporating other HAB sources, like the retentive region at Heceta
Bank, and expanding the analysis area beyond 46N — 48N in the summer
months. Together, this work will provide more region-specific forecasts
tailored to the needs of stakeholders that will better prepare Pacific
Northwest communities for HAB impacts.

Data availability

Access to model run setup files and derived output used for the
particle tracking experiments in this paper are available upon request,
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pmacc/LO/LiveOcean.html. These model setup files and output data are
curated by MacCready on MacCready’s server at UW and will remain
curated for at least 5 years. ORHAB data are available upon request from
orhab@uw.edu. ODFW data are available by submitting a request at
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