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Abstract In summer 2022 the Chukchi Sea exhibited the highest concentrations of the toxin producing
dinoflagellate Alexandrium catenella ever recorded in the Arctic, documented by two back-to-back cruises.
Here, we use the shipboard hydrographic and velocity data, together with ocean reanalysis fields, to investigate
the physical factors that helped dictate the initiation and evolution of the bloom. High concentrations of
Alexandrium catenella vegetative cells were first detected west of St. Lawrence Island, within Bering Summer
Water, and were subsequently advected poleward. A backward trajectory calculation indicates that the water
transporting the bloom originated from the Gulf of Anadyr, then passed through Anadyr Strait and the US side of
Bering Strait, reaching 71°N roughly a month and a half later. A strong southerly wind event diverted part of the
bloom into Kotzebue Sound and caused it to mix with warmer Alaskan Coastal Water, further promoting cell
growth. We also investigate the possibility that part of the bloom was generated locally in the Ledyard Bay
region due to germination from the large cyst bed there, as was observed in summer 2018. While such local
germination may have occurred in early August, as was the case in 2018, considerably colder near-surface
temperatures in 2022 would have slowed vegetative cell growth relative to conditions in 2018. Using mooring
data from the Bering Strait we demonstrate that the heat flux through the strait largely dictates the timing of cyst
germination in the Ledyard Bay region, and also shapes subsequent growth and accumulation of vegetative cells
there.

Plain Language Summary Harmful algal blooms (HABs) are an emerging threat to the ecosystem
and coastal communities of the Pacific sector of the Arctic Ocean. In summer 2022, a large toxic HAB was
documented in the northern Bering Sea and southern Chukchi Sea during back-to-back survey cruises. Here we
use shipboard data, plus ocean numerical model fields, to investigate the spreading and evolution of the bloom.
We demonstrate that the water carrying the bloom, and the bloom population itself, likely emanated from the
Gulf of Anadyr, and then progressed northward through Anadyr Strait and the US side of the Bering Strait into
the Chukchi Sea. Strong winds from the south caused part of the bloom to penetrate eastward into Kotzebue
Sound, close to the Alaskan coast. We also investigate the possibility of a locally generated HAB farther north in
the Ledyard Bay region due to germination of cysts present in huge abundance in the sediments there. We
demonstrate that the timing of such germination is strongly dictated by the temperature of the bottom water
flowing northward through the Bering Strait, and that the growth rate of the resulting vegetative cells is
influenced by the temperature of the near-surface water flowing northward through the strait.

1. Introduction

The Chukchi Sea, a marginal sea of the Pacific Arctic located north of the Bering Strait, is among the most
biologically productive areas of the world ocean (Grebmeier, 2012). It also plays a key role in Arctic amplifi-
cation, as it is a source of heat to the atmosphere during the summer and fall due to the warm water input from the
Bering Sea (Danielson et al., 2020). The main source of heat to the Chukchi Sea is through Bering Strait
(Woodgate, 2018), and different studies have investigated the poleward advection of this heat across the shelf
(e.g., Weingartner et al., 1998). Using data from an extensive array of moorings on the shelf in 2013-2014, Tian
et al. (2021) demonstrated a clear poleward advective signal of warm near-bottom temperatures from Bering
Strait at the onset of the summer season.

Despite the prevailing northeasterly winds, the mean circulation on the Chukchi shelf is poleward, topographi-
cally steered (Weingartner et al., 2005), and driven by the large-scale pressure gradient between the Pacific and
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Figure 1. Schematic circulation and place names in the Bering and Chukchi Seas, adapted from Danielson et al. (2022).

the Arctic (Coachman & Aagaard, 1988; Stigebrandt, 1984). North of Bering Strait the Pacific-origin water
follows three main branches (Figure 1): the western branch, the Central Channel branch (CC), and the Alaskan
Coastal Current (ACC). The western branch, emanating from the western channel of Bering Strait (west of the
Diomede Islands), carries salty, nutrient-rich waters primarily from the Gulf of Anadyr (Coachman &
Aagaard, 1988; Pickart et al., 2010). The other two branches enter the Chukchi Sea via the eastern channel of
Bering Strait (east of the Diomede Islands): the CC carries a mixture of Anadyr Water and central Bering shelf
water (Weingartner et al., 2005), and the ACC advects very warm and fresh water originating from continental
discharge in the Gulf of Alaska (Paquette & Bourke, 1974). All of the water masses and currents passing through
Bering Strait have a strong seasonal component and are influenced by local winds (Lin et al., 2019; Pisareva
et al.,, 2015; Weingartner et al., 2005; Woodgate et al., 2005, 2012) as well as remote winds (Danielson
et al., 2014).

The Anadyr Water, as well as the cold, dense winter water formed in the northern Bering and Chukchi Seas, are
rich in nutrients (Arrigo et al., 2017; Muench et al., 1988; Pacini et al., 2019). These nutrients support phyto-
plankton blooms starting in the spring, when light availability increases. The recent loss of sea ice and warmer
water conditions in spring have led to higher primary productivity in open water. Using an ocean color algorithm
parameterized for the Arctic Ocean, Lewis et al. (2020) documented a 57% increase in primary production be-
tween 1998 and 2018. Thinning of the sea ice, together with the presence of melt ponds, has led to the occurrence
of under-ice blooms (Arrigo et al., 2012, 2014; Lowry et al., 2014; Pickart et al., 2024). Notably, one of the largest
phytoplankton blooms ever recorded globally occurred on the northern Chukchi shelf under a meter of consol-
idated pack ice (Arrigo et al., 2012).

One of the phytoplankton species responsible for harmful algal blooms (HABs) worldwide is the dinoflagellate
Alexandrium catenella, which produces paralytic shellfish toxins (PSTs), some of the most potent toxins among

LAGO ET AL.

2 of 22



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20241C021624

the HAB toxin families (Anderson et al., 2012). A. catenella has been thoroughly studied in several regions of the
world, including the Gulf of Maine (e.g., Anderson, 2014; Anderson et al., 2005; Li et al., 2020), the Mediter-
ranean Sea (Bravo et al., 2008), Chile (Mardones et al., 2016), and the eastern coast of Tasmania (Condie
et al., 2019). Historically, the Pacific Arctic has been considered too cold for these organisms to form recurring
blooms. However, both locally originating and remotely advected blooms of A. catenella have recently been
documented in the Chukchi Sea (Anderson, Fachon, et al., 2021; Fachon et al., 2025; Natsuike, Oikawa,
et al., 2017). The local source of A. catenella north of the Bering Strait is likely a large bed of resting cysts in the
sediments, located in the Ledyard Bay region (Anderson, Fachon, et al., 2021; Natsuike et al., 2013). These
studies demonstrated that bottom water temperatures can now become warm enough to support relatively rapid
germination of the cysts, which, in the presence of sufficient nutrients and warm surface waters, would lead to a
locally generated bloom. In addition to this Arctic cyst population, the Bering Sea represents a remote source of A.
catenella to this region. Cells originating in the Bering Sea can be transported northward into the Chukchi Sea
through the Bering Strait (Anderson, Fachon, et al., 2021; Fachon et al., 2025; Natsuike et al., 2013).

In light of the increasing ocean temperatures throughout the water column (Danielson et al., 2020; Wood
et al., 2015) and more frequent and more intense marine heat waves in the last decades related to ice retreat in the
region (Carvalho et al., 2021; Hu et al., 2020), it seems plausible that HAB activity in the western Arctic Ocean
will continue to increase. An enhanced presence of A. catenella, whose toxins are transferred across trophic
levels, would threaten not only the local marine ecosystem (Anderson, Fensin, et al., 2021; Lefebvre et al., 2016;
Shearn-Bochsler et al., 2014) but also the coastal, largely indigenous, communities that depend on subsistence
harvesting. It is thus vital to understand the dynamics of HABs in the Pacific Arctic, including the role of ocean
currents, sea ice, and atmospheric forcing.

In summer 2022, the highest concentrations ever recorded of A. catenella in the Chukchi Sea were detected during
two back-to-back cruises spanning from mid-July to early September (Fachon et al., 2025). The bloom was first
detected in the northern Bering Sea and subsequently progressed through the Bering Strait, after which it reached
its peak concentration in the Kotzebue Sound region. This paper explores the roles of different physical drivers in
the initiation and spread of the 2022 advected HAB event. While the general northward progression of the bloom
was expected and has been previously described (Fachon et al., 2025), there are numerous aspects of its evolution
that require further explanation, including its water mass composition, detailed trajectory, the impacts of cir-
culation and wind forcing, and whether there was a contribution from local germination via the cyst bed in the
Ledyard Bay region. This paper addresses these aspects.

2. Data and Methods
2.1. In-Situ Measurements

During summer 2022, two back-to-back cruises were carried out on R/V Norseman II in the northern Bering Sea,
eastern Chukchi Sea, and western Beaufort Sea. Figure 2 shows the location of the sections occupied during both
cruises. The first cruise (NRS2022-01S), henceforth referred to as LEG 1, was carried out from 19 July to 15
August and encompassed the region from St. Lawrence Island to Barrow Canyon. This leg focused primarily on
evaluating the distribution and dynamics of HAB species, with a focus on A. catenella. Many of the transects
chosen were repeat occupations of standard sections, including Distributed Biological Observatory lines 1-5
which are occupied regularly by the international community. Note that the DBO1 and DBO2 lines were vari-
ations of the official versions found at https://www.pmel.noaa.gov/dbo/. The second cruise (NRS2022-02S),
henceforth referred to as LEG 2, was carried out from 17 August to 6 September. This leg focused more on
biogeochemical sampling with less extensive HAB measurements. Some of the sections were the same as in LEG
1, but, due to the shorter duration of the cruise, the geographical coverage was reduced. Due to the desire to
sample the last of the winter water on the Chukchi shelf, the DBO4 and DBOS sections were extended toward the
northwest to the shelfbreak. Also, due to the continued meltback of the pack ice, we were able to occupy an
additional section in open water in the western Beaufort Sea. Finally, a section along the US/Russian convention
line was occupied with an unprecedented horizontal resolution of 20 km.

2.1.1. Hydrographic Data

A total of 196 (LEG 1) and 239 (LEG 2) conductivity-temperature-depth (CTD) stations were completed using a
Sea-Bird Scientific 911+ system mounted on rosette with 12 10-L Niskin bottles. The measurements included
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Figure 2. Sections occupied during (a) LEG1 and (b) LEG2 of the Norseman II cruise. The stations occupied during the northbound sampling are in black and during the
southward sampling in magenta. The bathymetry is from ETOPOv2. The acronyms of the sections are: SLE = Saint Lawrence island; DBO1N = Distributed Biological
Observatory (DBO) 1 North; DBO2 = Distributed Biological Observatory 2; BS = Bering Strait; BSN = Bering Strait North; KTZ = Kotzebue; DBO3 = Distributed
Biological Observatory 3; CL = Cape Lisburne; LBE1 = Ledyard Bay East 1; LBE2 = Ledyard Bay East 2; LB = Ledyard Bay; LBON = Ledyard Bay outer North;
CC = Central Channel; DBO4 = Distributed Biological Observatory 4; DBOS = Distributed Biological Observatory 5; BCO = Barrow Canyon Outer; HS = Hanna
Shoal; BCE = Barrow Canyon East; WBS = Western Beaufort Sea; and RL = Russian Line.

dual temperature and conductivity, dissolved oxygen, fluorescence, beam transmission, and photosynthetically
active radiation. The temperature and conductivity sensors were calibrated at Sea-Bird prior to the cruise, and the
accuracy of the temperature measurement is deemed to be 0.001°C. For conductivity, we collected salt samples on
two ~1,000 m casts on LEG 2 in order to check for a qualitative offset of the sensors. While this is not enough
information to perform a robust conductivity calibration, there was excellent agreement between the CTD
conductivity values and the bottle values. Based on this, we estimate the accuracy of the CTD salinity to be 0.009
(practical salinity). Final 1-dbar averaged downcast files were created using Sea-Bird Scientific processing
scripts. For all analyses presented below, we use potential temperature and potential density referenced to the sea
surface, hereafter referred to simply as temperature and density.

2.1.2. Velocity Data

Velocity was measured on both legs using R/V Norseman II's Teledyne RD Instruments (TRDI) WH300
(300 kHz) hull-mounted acoustic Doppler current profiler (ADCP). The acquisition and processing were done
using TDRI's VMDAS software. During the week-long transit from the ship's home port to the start of LEG 1, the
performance of the system was checked and any adjustments to the calibration were applied. At regular intervals
during the cruise, typically after the completion of a section, pre-processed data (.LTA files) were sent ashore for
additional processing and quality control. Using the CODAS software package from the University of Hawaii
(https://currents.soest.hawaii.edu), we removed remaining “sub-bottom” data—a common feature when pro-
cessing VMDAS data—and also addressed occasional ADCP noise during rough sea states. Lastly, we used the
TPXO09v3 tidal model (http://volkov.oce.orst.edu/tides; Padman & Erofeeva, 2004) to remove the barotropic tidal
signal from each profile.

2.1.3. Imaging FlowCytobot Data and Underway Hydrographic Data

Measurements of A. catenella cell concentration in near-surface waters were collected continuously throughout
both legs using an Imaging FlowCytobot (IFCB, McLane Laboratories). The IFCB is a submersible automated
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imaging flow cytometer (Olson & Sosik, 2007) designed to image suspended particles ranging in size from 10
to 150 pm. It has been used widely to characterize phytoplankton communities, and, specifically, to assess HABs
(e.g., Proenca & Hallegraeff, 2017) including A. catenella (Brosnahan et al., 2015, 2017). The IFCB was set up to
sample from an underway flow-through seawater system (intake depth of approximately 3 m) aboard the
Norseman 11, generating imagery of the phytoplankton community (Fachon et al., 2025). The IFCB processed and
imaged several 5 mL samples every hour, with image acquisition triggered by chlorophyll fluorescence (PMTB).
A convolutional neural network classifier was used to sort images into groups, mostly to the genus level, and the
output of this classifier was further refined by manual annotation of all A. catenella cells. Cell concentration was
calculated by normalizing cell counts to the sample volume. The timestamp of each sample was used to pair
underway temperature and salinity data from the Norseman II's thermosalinograph (TSG, SBE21). Underway
TSG data were validated against the CTD near-surface measurements. This comparison revealed a consistent
offset between the CTD and TSG measurements across both cruise legs: TSG readings were slightly higher in
temperature (+0.17 £ 0.14°C) and lower in salinity (—0.46 = 0.09) than co-occurring CTD readings. Accord-
ingly, these corrections were applied to the TSG data set.

2.2. Historical Velocity Measurements

For part of the analysis, we use velocity data from a newly compiled database of shipboard ADCP measurements
covering the Chukchi shelf for the period 20022023, known as ChukSA (https://scienceweb.whoi.edu/seasoar/
chukchi_sadcp). The climatology consists of data collected during 56 cruises, primarily between July and
September. All the data were subject to careful inspection and quality control, after which the TPXO9v3 tidal
model was used to remove the barotropic tidal signal. For more detailed information, see Pickart et al. (2023).
These data were used for the analysis of the wind effect on the shelf currents in the Kotzebue Sound region
(Section 3.2).

2.3. Ocean Reanalysis Fields

GLORYSI12vl is a global ocean eddy-resolving reanalysis distributed by the Copernicus Marine Environment
Monitoring Service (CMEMS, https://doi.org/10.48670/moi-00021). It has a 1/12° horizontal resolution (~8 km)
and 50 standard vertical levels at different vertical resolutions. The shallowest 10 m of the water column has a
~1 m resolution, and below this the resolution starts decreasing; for example, at 100 m depth the vertical res-
olution is ~15 m. This product is available from 1993 onward. It is based on the Nucleus for European Modeling
of the Ocean (NEMO) model, forced at the surface by the ECMWF ERA-Interim reanalysis (1993-2018) and the
ERAS reanalysis (2018-present). It assimilates satellite observations of sea level anomaly, sea surface temper-
ature, sea ice concentration, and in-situ observations of temperature and salinity vertical profiles.

Here we consider the daily products of temperature and horizontal velocity. Lin et al. (2023) previously validated
the reanalysis velocities with mooring observations in the vicinity of Bering Strait. We carried out a comparison
between bottom temperature reanalysis data in the Ledyard Bay region and in-situ measurements from the his-
torical hydrographic data set of Lin et al. (2021) covering the period 2003-2018. A box was defined for the cyst
bed in the Ledyard Bay region (shown below in Figure 5), and, for every in-situ hydrographic profile within the
box, we interpolated the GLORYS12v1 gridded data to the location of the profile. The average temperature over
the bottom 5 m of all the profiles were then regressed against the interpolated reanalysis bottom temperatures
(Figure S1 in Supporting Information S1). This showed good agreement with an R* of 0.85 and a linear regression
slope of 0.96, with a small offset of 1.16°C. We used this linear regression to adjust the GLORYS12v1 bottom
temperatures in the Ledyard Bay region.

2.4. Atmospheric Reanalysis Fields

To address the atmospheric forcing, we use the European Center for Medium-Range Weather Forecasts
(ECMWEF, https://www.ecmwf.int/) ERAS 10 m wind product. It is an hourly product with a spatial resolution of
1/4°, covering the period from 1940 to the present (Hersbach, 2016).

2.5. Water Mass Analysis Using the Potential Density—Potential Spicity Framework

In order to classify the different water masses, it is advantageous to work in potential density—potential spicity
(o9—mp) space. Since these two variables (both referenced to the sea surface) are orthogonal to each other, and the
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magnitude of their gradients are comparable (e.g., Huang et al., 2020), the oy—n, framework is suitable for
estimating how close a water parcel is to the three endmembers of a mixing triangle, where each endmember
represents 100% of the associated water mass. Using the calculated oy—n, distances to each end member, we
determine the percent contribution of that endmember to the water parcel in question. We verified that our chosen
endmembers are physically meaningful by comparing their temperature and salinity values to historical data from
the respective source regions.

2.6. Particle Advection Analysis

A particle advection analysis was carried out using the GLORYS12v1 reanalysis daily velocity fields. The tra-
jectories of particles were computed backwards in time, from the point of arrival. This analysis was carried out by
applying the Ocean Parcels package in Python (https://oceanparcels.org/) to the near surface velocities at 13 m
depth.

2.7. Heating Degree Days and Growth Rate

In the context of cyst germination, heating degree days (DD) are calculated as the integral of daily temperature
with respect to time once the water has reached a defined threshold, in this case 0°C (Fischer et al., 2018). While
there is some variability in the DD required for germination of A. catenella cysts, laboratory experiments on A.
catenella populations from different geographical regions, including the Chukchi Sea, show a broad consistency
in DD requirements for this species, with a mean of approximately 85 DD required for cyst germination
(Anderson, Fachon, et al., 2021). This implies, for example, that water at 1°C would result in 50% germination
after 85 days, while in 10°C water, it would take 8.5 days.

As a way to examine the changing growth conditions related to near-surface temperatures, we applied a fourth
degree polynomial fit to the available measurements of growth rate (GR) of A. catenella versus temperature
measured in cultured Chukchi Sea isolates (values reported in Anderson, Fachon, et al., 2021, Supporting In-
formation). The following equation expresses the polynomial fit:

GR(T)=—-47107"T*—1310* T3 4+2107° 72 +29102 T -8.11072

In particular, we computed the GR along the pathways based on the GLORYS12v1 reanalysis fields at 13 m
depth. The results are presented as divisions per day; that is, a value of 0.5 divisions day~' implies that, in the
absence of external pressures such as grazing and in the presence of sufficient nutrients, a population requires
2 days to double.

2.8. Heat Transport Estimate

The heat transport is given by
HT = fp C, (T —Typ) vdA,

where C,, is the specific heat capacity (3,900 J kg™' K™"), p is the background density (1,023 kg m™>), T is the
reference temperature (taken to be the freezing point, —1.9°C, following previous studies), v is the cross-section
velocity, T is the temperature, and A is the cross-sectional area.

3. Results
3.1. Water Mass Distribution in Summer 2022

During the two cruises in summer 2022, the Norseman II occupied over 400 CTD stations, enabling a rigorous
description of the summer water mass distribution of the region that sheds important light on biological processes
such as HABs. During the two cruises, there were both summer and winter waters present in the study domain. To
characterize this, we use a set of water mass definitions that have been adopted in numerous previous studies (e.g.,
Pickart et al., 2023; limits shown in Figure 3). The two types of summer water are Alaskan Coastal Water (ACW),
which stems from continental runoff, and Bering Summer Water (BSW), which is a mixture of central Bering
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Figure 3. Temperature-Salinity diagram for all the stations occupied during (a) LEG 1 and (b) LEG 2 for the shallowest 35 m of the water column. The colors represent
the percent occurrence of water within 0.05°C temperature X 0.05 salinity bins. The contours are dense. The Black lines denote the water mass boundaries.

ACW = Alaskan Coastal Water; BSW = Bering Summer Water; MWM = Melt water/Meteoric water; NVWW = New Ventilated Winter Water; RWW = Remanent
Winter Water; and AW = Atlantic Water. The chosen end-members for the ACW, BSW, and MWM are indicated by the gray, purple, and orange stars, respectively.

shelf water and Anadyr Water. The two types of winter water are Newly Ventilated Winter Water (NVWW),
which was formed the previous winter on the northern Bering and Chukchi shelves (Muench et al., 1988; Pacini
et al., 2019), and Remnant Winter Water, which is NVWW that has been warmed due to solar heating and mixing
with warmer summer waters (Gong & Pickart, 2015). Sea-ice melt water and meteoric water were also present in
the study area. These are considered as a single water type (MWM). Finally, Atlantic Water (AW) was present at
depth at stations on the continental slope. It is important to note that the areas covered by each leg are different;
LEG 1 includes the Bering Sea region near St. Lawrence Island, and LEG 2 extends to the northern Chukchi shelf.

There was a clear delineation of the water masses by depth (Figure S2 in Supporting Information S1). Shallow
waters above 30 m depth are predominantly composed of the summer waters ACW and BSW, along with MWM.
Below 30 m depth resides the saltier portion of BSW along with the two types of winter water and AW. The
vertical distribution of A. catenella from the Niskin bottle samples (not shown), reveals that the highest con-
centrations are found in the shallow waters, with cell concentrations exceeding 5,000 cells L™" above 30 m depth.
Hence, in the following analysis we focus on the shallow summer waters ACW and BSW, and MWM. To
determine the depth of the transition between the summer waters and the deeper winter waters we computed the
Brunt-Vaisala frequency at each station, an indicator of the vertical stratification, and determined the maximum
depth of the pycnocline. On average this was found to be 35 m.

The temperature-salinity (T-S) diagrams for the shallowest 35 m of the water column for each leg of the cruise
reveal that the dominant water masses are ACW and BSW (Figure 3), with a large amount of water near the
boundary of the two (keep in mind that the chosen water mass boundaries are somewhat subjective). The dif-
ference between the two legs is not only temporal, but also related to the spatial coverage of the occupied sections.
LEG 1 shows higher occurrence of ACW, consistent with the more extensive sampling in the eastern part of the
domain where the ACC flows. During LEG 2, BSW is found over a wider range of salinities, and MWM is more
prevalent because more sections were occupied north of 69°N closer to the retreating ice edge.

As described in Section 2.5, an analysis in oy—n, space was used to characterize the different water masses in the
study domain. We chose three endmembers that represent pure ACW, BSW, and MWM, respectively. These are
seen in T-S space in Figure 3 and in 6y—7, space in Figure S3 in Supporting Information S1 (see also Table 1).
Figure S3 in Supporting Information S1 shows the percentage axes for the respective endmembers used to
quantify the makeup of a given water parcel. We computed the vertical average of water mass percentage between
0 and 35 m depth at each station occupied during the two legs. The resulting lateral distributions of these per-
centages are shown in Figure 4 for the northward portion of LEG 1. As expected, ACW dominates the eastern
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Table 1 boundary region from the Bering Sea to approximately 69°N near Cape
Temperature (T), Salinity (S), Potential Density (c,), and Potential Spicity Lisburne. North of there, the percentage of BSW is higher near the coast,
(7o) Values for the Three Endmembers Chosen to Represent the ASW, BSW which likely reflects the seasonal presence of the ACC; that is, this early in the

and MWM season the ACC has not fully reached these northern latitudes.
o =3 =3
ey B % (kg m™) %o (kg m™) The lateral distribution of BSW is also largely as expected. In particular, the
ACW 11.0 314 24.0 —-2.5 percentages tend to be higher on the western ends of the sections. The per-
BSW 0.1 33.5 26.9 -32 centages are especially high south of the Bering Strait on the western side of
MWM 3.0 245 195 34 St. Lawrence Island and on the Russian side of the Chirikov Basin, where the

presence of Anadyr Water is expected to be dominant. Two other locations of
high BSW presence are the offshore end of the DBO3 line (where it meets the
KTZ line) and in the Central Channel (the offshore ends of the CC and LB lines). With regard to the former, this is
aregion of enhanced benthic biomass (Grebmeier et al., 2015, 2018) which is reflective of high-nutrient Anadyr
Water. MWM shows the lowest percentages among the three water masses. However, the relative percentages are
higher on the eastern ends of the SLE and DBO?2 lines in the Bering Sea, which is a signature of continental
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Figure 4. Lateral distributions of water mass percentages in the top 35 m of the water column during the northward portion of LEG 1 for (a) Alaskan Coastal Water,
(b) Bering Summer Water, and (c) Melt water/Meteoric water. The bathymetry is from ETOPOv2.

LAGO ET AL. 8 of 22



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20241C021624

72°N

68N

66°n

62°N |

72°N

68N

66°n

64°n

62°N |

70°N |

64°N L

70°N |

A

8- ‘i4 August

22 July - 8 August

Cells L

60000
40000
20000
10000
5000

2000
1000
500
200

——
.\
B

>

745y

68°W  162°W 156° 74y 168°W 162°W 156°

Figure 5. Alexandrium catenella concentrations measured by the IFCB during: (a) LEG 1 northward, (b) LEG 1 southward, (¢) LEG 2 northward, and (d) LEG 2
southward, from Fachon et al. (2025). The black box indicates the Ledyard Bay region considered for the analysis of bottom temperature (see text). The bathymetry is

from ETOPOV2.

discharge from Alaska. Farther to the north, there are some regions with enhanced MWM percentages that likely
reflect sea ice melt.

3.2. Remote Bloom: Poleward Advection and Influence of the Wind

Using the IFCB data, Fachon et al. (2025) documented the general evolution of the HAB over the study period. To
provide context for our analysis, we have reproduced Figure 1b from Fachon et al. (2025), showing the lateral
distribution of A. catenella in near-surface waters for the northward and southward portions of each leg (Figure 5).
The bloom was first detected in the southern part of the domain, with the largest concentrations west of St.
Lawrence Island. In the subsequent month and a half, the bloom progressed northward through Bering Strait to
roughly 71°N. It peaked in intensity within the study region in mid-August (Figure 5c).

An obvious question to ask is: where did the bloom emanate from? This cannot be answered using our in-situ data,
since the measurements were restricted to US waters and did not extend southward of St. Lawrence Island. To
address this, we carried out a backwards particle advection analysis (see Section 2.6) starting from the Kotzebue
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Figure 6. Trajectories resulting from the backwards particle advection experiment based on the GLORYS12v1 reanalysis velocities at 13 m depth. The end date is 12
August 2022, and the start date is: (a) August 8, (b) July 29, (c) June 23, and (d) June 4. The particle's end positions are indicated by the black dots, and the complete LEG
1 southward cruise track is indicated by the gray dotted line. The bathymetry is from ETOPOvV2.

Sound section (KTZ, Figure 2a), occupied near the peak of the bloom. This region contained some of the highest
concentrations of A. catenella measured during the entire field program. Particles were released at every
GLORYS12vl1 grid point along the line, color-coded by the nearest IFCB value. The results are shown in Figure 6.

The occupation of the KTZ section took place on August 12. Four days prior (Aug 8), the particles were south of
the line flowing poleward as expected (Figure 6a). Ten days prior (July 29), the particles were passing through
Bering Strait (Figure 6b), with the majority of the trajectories on the US side of the Strait. Those within the
Russian channel had lower A. catenella concentrations by the time they reached KTZ. The trajectory map from
50 days prior (June 23) reveals that most of the trajectories passed through Anadyr Strait before making their way
to the US side of Bering Strait (Figure 6¢). A small number of trajectories extended east around St. Lawrence
Island; these ended up on the inner-most part of Kotzebue Sound. Finally, 65 days prior to the occupation of the
KTZ section (June 4), most of the particles were located within the Gulf of Anadyr.
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A subsequent question based on the trajectory analysis is: did the bloom first originate from inside the Gulf of
Anadyr? If so, germination would have had to occur in early June, as it took the water approximately 2 months to
arrive in the Kotzebue Sound region. We did a DD analysis (see Section 2.7) for 2022 bottom temperatures in the
northern Bering and Chukchi Seas and found that germination in the Gulf of Anadyr would have taken place
mostly after the end of August due to the relatively cold bottom waters there earlier in the season (Figure S4 in
Supporting Information S1). This is too late to be the source of the bloom observed during the Norseman 11
cruises. Furthermore, based on the GLORYS12v1 fields, advection from documented cyst accumulations farther
south along the Russian coast of the Bering Sea (Orlova & Morozova, 2019) would take more than five months to
arrive in the Bering Strait region.

Given that offshore bottom temperatures in the Gulf of Anadyr were not conducive to bloom initiation, there are at
least three other possible scenarios to consider. One is that germination occurred within other cyst beds in the
northern Bering Sea. However, given that the bloom was already quite dense when it was first detected west of St.
Lawrence Island, it likely originated further afield, reinforcing the conclusion that it came from within the gulf.
The second possibility is that germination could occur within the Gulf of Anadyr via resuspension of the resting
cysts. Butman et al. (2014) show that storm-driven resuspension is likely to happen in waters shallower than
100 m, which is the case for the Gulf of Anadyr where bottom depths are shallower than 70 m. If there is an
upwelling mechanism that can bring resuspended cysts to shallower and warmer waters, they could be subject to a
more rapid accumulation of warming temperatures, as well as enhanced light availability and oxygenation,
allowing them to germinate earlier and faster. However, it is important to note that while resuspended cysts can
also be advected along transport pathways, previous studies (e.g., Aretxabaleta et al., 2014) have shown that they
generally redeposit within a few kilometers of their source, so they are not likely to play a role in bloom initiation
far from the cyst seedbed unless there are repeated resuspension events. The third and most likely scenario is that
germination occurred in shallow embayments close to the coast within the Gulf of Anadyr, where bottom tem-
peratures are warmer. The resulting vegetative cells could then be transported seaward, for example, by wind or
tides. Ralston et al. (2015) demonstrated that this process can happen in embayments in the northeast US. Further
study is required to investigate this scenario within the Gulf of Anadyr; however, the limited accessibility to
Russian waters poses a significant challenge in this regard.

Considering the progression of the bloom (Figure 5), another question that we seek to answer is, why did the
bloom reach its highest observed concentrations between 65 and 69°N during the second half of August? To
address this, we computed the GR along each trajectory in Figure 6d (13 m depth), using the empirical formula
described in Section 2.7. Results show that the A. catenella cells divide faster north of Bering Strait within
Kotzebue Sound where it takes cells 4 days to double, while for the rest of the trajectories, cell division would take
a week or longer (Figure 7). Indeed, the Kotzabue Sound part of the section is where the highest A. catenella
concentrations were detected during the second half of August. These GR calculations also suggest that the initial
population observed west of St. Lawrence Island was probably growing slowly, hence considerable time would
have been needed during transport to achieve the relatively high cell concentrations (18,000 cells L™') observed
there.

We note that the water emanating from Anadyr Strait measured on the northward portion of LEG1 was mainly
BSW, or, more specifically, Anadyr Water (Figure 4). The high nutrient content of this water mass surely helped
spur the HAB. However, based on temperature, the water that would support the fastest growth rates within
Kotzebue Sound (Figure 7) was predominantly ACW (Figure 4; true for both the northward and southward
portions of LEG1). The warm temperature of the ACW likely promoted the development of the bloom, so it is
important to understand the transition of the water containing the bloom from BSW to ACW north of Bering
Strait.

Typically the CC transports mainly BSW and passes to the west of Kotzebue Sound, while the ACC advects
predominantly ACW and makes an incursion into the sound (Figure 1; Pickart et al., 2023). Using the Norseman II
hydrographic and shipboard ADCP data, we distinguished the ACC and CC in the vicinity of Kotzebue Sound for
the northward and southward portions of LEG 1. Figure 8 shows the near-surface flow vectors of the ACC in
relation to the A. catenella concentrations for the two time periods. During the northward sampling, the bloom
was not present in the ACC, but, during the southward sampling, the ACC was full of A. catenella cells which
penetrated the inner part of the sound.
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Figure 7. Growth rate (divisions per day) of A. catenella computed along each trajectory in Figure 6d, based on the GLORYS12v1 temperatures at 13 m depth and
temperature-dependent growth rates of Chukchi Sea A. catenella isolates.

Coincident with the LEG 1 southward sampling, there was a strong southerly wind event with wind speeds
exceeding 10 m s™'. This would result in eastward Ekman transport into the sound which would advect the A.
catenella cells shoreward while mixing the nutrient-rich BSW with the warm ACW. The ensuing geostrophic set-
up would also cause stronger poleward flow of the ACC. As seen in Figure 8, the ACC is indeed stronger in the
second period and the flow veered eastward. This interpretation is supported by data from the ChukSA shipboard
ADCP climatology (2002-2023). We created two composite flow maps using the ChukSA data for the summer
months (Jun—Sep): one for all wind conditions and one for just southerly wind conditions (exceeding 2 m s™')
(Figures 9a and 9b). It is clear that the ACC is both strengthened and directed more to the east in the latter case.
This is highlighted by the difference between the two composites which shows the anomalous eastward flow
directly into Kotzebue sound during southerly wind conditions (Figure 9c).

These results highlight the importance of the anomalous wind in influencing the evolution of the HAB. Without
this southerly wind event, most of the A. catenella cells would likely have remained within the CC and stayed
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Figure 8. Near-surface flow of the Alaskan Coastal Current (vectors) and A. catenella concentrations (cells L™!, colored dots) in the vicinity of Kotzebue Sound during
the (a) northward and (b) southward sampling periods of LEG 1. The bathymetry is from ETOPOv2.

somewhat offshore of the Alaskan coast. We note that the ACW being transported in the ACC is much lower in
nutrients than the BSW transported by the CC. Hence, while the 2022 bloom was first detected in the Bering Sea
west of St. Lawrence Island within BSW, it is far less likely that a similar bloom would develop in the ACW east
of St. Lawrence Island and be transported through Bering Strait in the ACC. Notably, in all of the Bering Strait
crossings during our 2022 field program, the concentrations of A. catenella were considerably lower within the
core of the ACC than in the BSW.

3.3. Local Bloom: Germination via Local Cyst Beds

Previous studies have documented an extensive cyst bed of A. catenella located in the Ledyard Bay region
(Anderson, Fachon, et al., 2021). Cyst beds can be persistent features that are consistent in terms of location but
which vary through time in terms of the total abundance of cysts (Brosnahan et al., 2017; Butman et al., 2014;
Solow et al., 2014). The Ledyard Bay cyst bed was first noted by Natsuike et al. (2013), and our annual surveys
since 2018 have documented a large and dense cyst bed every year, including on the 2022 cruise. These resting
cysts could cause a local bloom if the environmental conditions are favorable; in particular, if bottom temper-
atures are warm enough to cause germination and if water column conditions, such as sufficient nutrients and
warm temperatures, promote the subsequent growth of the vegetative cells. We now use the daily product from the
GLORYS12v1 reanalysis in the Ledyard Bay region to better understand if/when local germination and growth
was possible during summer 2022. Such a locally generated bloom would augment the remotely generated,
advected HAB described in the previous section.

During the northward part of LEG 1, an extensive survey of the Ledyard Bay region was conducted (Figure 5a),
during which A. catenella cells were present in the water column only in low densities (maximum concentrations
~70 cells L™"). During the three other times that the Norseman II went through the region, only a single transect
was occupied. Interestingly, higher concentrations were detected near the offshore part of the region all three
times: to the southwest (LEG1 southward), northwest (LEG2 northward), and all along the west (LEG2 south-
ward). In the final instance, cell concentrations close to 5,000 cells L~! were measured. To help assess whether
these signatures were the result of local bloom activity or an extension of the advected bloom, we compared the
environmental conditions in 2022 to those in 2018 when there was a clear local bloom across the Ledyard Bay
region with no evidence of an advected bloom emanating from the south (Anderson, Fachon, et al., 2021).

We first considered the potential for cyst germination by applying the DD model (Section 2.7). For each year from
1993 to 2023, we calculated the date when the 85 DD threshold was reached in the Ledyard Bay region (average
of the box in Figure 5). This indicates that, on average, germination should occur around 12 August, with a
standard deviation of 8 days (Figure 10). However, there is significant interannual variability in the expected
timing of germination of the resting cysts, ranging over a month from as early as 23 July to as late as 27 August.
For 2018, when the large local bloom was observed, the germination date was ~4 August, earlier than the mean
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Figure 9. Composite flow maps in the vicinity of Kotzebue Sound using the ChukSA acoustic Doppler current profiler climatology. (a) Summertime mean (Jun—Sep) for
all wind conditions. (b) Summertime mean for southerly winds exceeding 2 m s~L. (¢) The difference between the two composites (southerly wind case minus all wind
case). The vectors are color coded according to flow speed (cm s™"). The bathymetry is from ETOPOv2.

date. By comparison, the germination date for 2022 was ~7 August, close to that for 2018. This implies that
cumulative bottom temperatures in the Ledyard Bay region were generally favorable for germination in 2022.

Next, to assess whether the water column temperatures were conducive for subsequent vegetative growth, we
analyzed the GR of cells based on the temperatures at 13 m depth in the Ledyard Bay region (Figure 11). We note
that this includes part of the region with high concentrations of vegetative cells (above 500 cells L™") reported by
Anderson, Fachon, et al. (2021) for a composite of 2018 and 2019. Positive growth rates (above 0 divisions dayfl)
were possible between June 18 and November 13 in 2018, while in 2022 this period was 37 days shorter, from July
8 to October 27. In 2022, when the 85 DD germination threshold was reached on August 7, average surface
temperatures of roughly 6°C would support a GR of ~0.14 divisions per day, or ~7 days for a single population
doubling. By contrast, when the region reached the 85 DD threshold on 4 August 2018, average surface tem-
peratures of roughly 8°C would support a GR of ~0.23 divisions per day, or ~4 days for a single population
doubling. Taken together, this implies that, once germination occurred, the cells found more suitable temperatures
to divide quickly in 2018 than in 2022, likely leading to a stronger and earlier bloom in 2018.
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Figure 10. Date of the year when the 85 degree-day (85DD) threshold is reached in the Ledyard Bay region using the GLORS12v1 bottom temperatures (see Figure 5 for
the location of the Ledyard Bay box). The dashed line is the mean.
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In light of these results, one is tempted to conclude that there was weaker local bloom activity in the Ledyard Bay
region during the 2022 Norseman I1 study period. However, during both the northward and southward portions of
LEG2 we did not collect water samples in the eastern half of the Ledyard Bay region where the cyst bed is most
dense (Anderson, Fachon, et al., 2021). It should be noted as well that when the vegetative cell signal first
appeared in this region (during the southward portion of LEG1 and northward portion of LEG2, Figures 5b and
5c) it was isolated from the signal to the south, suggesting that it may not have been connected to the remotely
generated bloom. As such, while there was a massive remotely generated bloom in summer 2022, we don't have
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Figure 11. Growth rate of the A. catenella cells based on near-surface (13 m) temperatures for the Ledyard Bay box shown in Figure 5, for 2018 (blue) and 2022 (green).

The dashed lines show the day of each year when bottom temperatures in the region reach the 85DD threshold.
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Figure 12. (a) The ACC and CC pathways (solid black lines) used to construct the bottom temperature Hovmoller plots described in the text, overlaid on the
GLORYS12v1 summer mean bottom temperature for 2022 (color). The distances along the pathways are indicated. (b) Hovmoller of bottom temperature along the CC
pathway from May through December 2022. (c) Same as (b) except for the ACC. The black contours in panels (b) and (c) denote the 0°C isotherm.

enough information to determine definitively to what extent the Ledyard Bay cyst bed might have contributed to
the observed HAB signal at these higher latitudes.

Due to the persistent yearly presence of the Ledyard Bay cyst bed, its extraordinary size and abundance, and the
pronounced inter-annual variability in DD in that region (Figure 10), it is important to determine what drives the
year-to-year changes in summer bottom water temperatures there. To investigate this, we first seek to identify the
propagation of heat from Bering Strait toward Ledyard Bay by constructing Hovmoéller plots of bottom tem-
perature using the GLORYS12v1 fields along two different pathways: one corresponding to the ACC and the
other corresponding to the CC (Figure 12a). The selection of these pathways is based on the trajectories occupied
by particles in a forward advection calculation starting in Bering Strait, based on the mean 2022 summer ve-
locities. The two trajectories are roughly coincident with bottom isotherms in the mean 2022 summer temperature
field. Both Hovmoller plots clearly show the poleward propagation of heat along the Chukchi shelf (Figures 12b
and 12c). The striations in temperature through the season are due to occasional periods when colder water is
flowing through Bering Strait, for example, following a wind-driven upwelling event. Not surprisingly, more heat
is transported along the ACC.

Next, we compared the Hovmédller plots along the ACC pathway for 2018 and 2022 (Figure 13). Note that the
warming above 0°C started approximately 15 days earlier in 2018 (early May vs. late May) and that the summer
bottom water temperatures were higher that year, with differences of roughly 3°C. As seen in Figure 13, the
pattern of propagation from Bering Strait to the Ledyard Bay region is the same in both years: faster velocities
between Bering Strait and 66.6°N and also between 67.5°N and 68.8°N, with slower velocities for the remainder
of the pathway. This is true of all years due to the variation in topography along the ACC (e.g., Pisareva
et al., 2015). While there is significant interannual variability in the propagation speed along these four segments,
the time of propagation from Bering Strait to the Ledyard Bay region was similar for both 2018 and 2022,
approximately 45 days. Hence, the slightly earlier (3—4 days) germination date in 2018 could be due to the warmer
water carried by the ACC that year.

Knowing that the poleward propagation of heat through Bering Strait modulates the bottom temperatures in the
Ledyard Bay region on interannual timescales, we then analyzed the heat transport across Bering Strait based on
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Figure 13. Hovméoller plot of bottom temperature along the Alaskan Coastal Current pathway from May through December for (a) 2018 and (b) 2022. The four segments
of the pathway are marked by the black lines, including estimates of the velocity along each segment. The black contours in panels (a) and (b) denote the 0°C isotherm.
The horizontal white line indicates where the Ledyard Bay region begins.

the GLORYS12v1 reanalysis temperature and velocity fields (Section 2.8). We note that the section extends
across the Russian side of the strait as well. The variability is similar on both sides, but the magnitude of the
transport is greater (by 0.5 10'> W) on the US side.

We computed the monthly averaged near-bottom heat transport for the summer months and constructed yearly
timeseries for each of the months. These were then compared to the germination timeseries of Figure 10, by
estimating the Pearson correlation coefficient for a 95% confidence level (Wilks, 2011). Correlations for both
May and June are ~0.75 and statistically significant, implying that a larger Bering Strait near-bottom heat flux
during those months is associated with an earlier initiation of the germination (Figure S5 in Supporting Infor-
mation S1). The correlations would likely be even higher were it not for the effect of local heating on the Chukchi
shelf when there is open water (see, for example, Pickart et al. (2023)) and the fact that the propagation time varies
each year.

Lastly, it is important to note that the Bering Strait heat flux in the shallower part of the water column will in-
fluence the peak timing and intensity of a local HAB occurring in the Ledyard Bay region. Recall that, based on
the temperature-dependent GR calculation for the near-surface water, A. catenella vegetative cells had a higher
GR in the Ledyard Bay region in 2018 than in 2022. Moreover, faster division occurred earlier in the year in 2018
than in 2022, and lasted longer. The connection to Bering Strait is evident in the mean summer vertical sections
for temperature and velocity across the strait for 2018 versus 2022 (Figure 14). The near-bottom velocity is the
same in both years, but the near-bottom temperature is slightly warmer in 2018, consistent with the above results
regarding germination. At the same time, the upper layer is significantly warmer and the upper layer flow is
stronger in 2018 than in 2022, consistent with the peak bloom timing discussed above. This highlights the
importance of the Bering Strait heat flux in influencing both the timing of local germination of the A. catenella
cyst bed in the Ledyard Bay region as well as the subsequent growth rates of the vegetative cells there.

4. Discussion

The IFCB and shipboard velocity data presented in Fachon et al. (2025) suggest there were two possible pathways
in the northern Bering Sea associated with the high A. catenella concentrations: one that flows through the Anadyr
Strait and another between St. Lawrence Island and the Alaskan Coast (Anderson et al., 2022). Our backward
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Figure 14. (a) Summer mean vertical section of temperature across Bering Strait in 2018. (b) Same as (a) except for 2022. (c) Summer mean vertical section of velocity
across Bering Strait in 2018; positive values are poleward. (d) Same as (c) except for 2022. RS stands for Russia Side, US stands for United States side.

trajectory results confirm that the water we observed transporting the 2022 HAB emanated from the vicinity of the
Gulf of Anadyr and mostly passed through Anadyr Strait (84% of the trajectories), rather than south and east of St.
Lawrence Island (4% of the trajectories), before transiting through the US side of Bering Strait into the Chukchi
Sea. We note that very few of the high concentrations of A. catenella cells detected on the KTZ line could have
emanated from the Siberian Coastal Current (12% of the trajectories, Figures 6¢ and 6d). As little is known about
the presence of A. catenella cells or cysts along the Siberian coast, it is not possible to comment on the likelihood
of that region being a source of A. catenella cells in this bloom event, though the predominant bloom progression
was clearly poleward through Bering Strait. It is important to keep in mind that the pathways discussed here are
associated with this specific bloom and where we observed it, and do not imply that A. catenella cells were not
present on the Russian side of Bering Strait. Furthermore, the pathway to the east of St. Lawrence Island could
play a more important role in other years.

While the warm temperatures of ACW can promote A. catenella growth, this effect may be tempered by the
relatively low nutrient content of this water mass, which can limit phytoplankton growth. This suggests that the
communities along the coast of the Chukchi Sea might be somewhat shielded from the highly toxic effects of such
HABs originating from the Bering Sea (although many of their food resources such as walrus, seals, and seabirds
forage offshore). Indeed, the water measured in the ACC flowing through Bering Strait during our study had
markedly lower A. catenella concentrations than that sampled on the western side of the US strait in the BSW.
However, southerly wind events such as the one occurring in August 2022 during the southward portion of LEG2
would counteract this by diverting blooms further east toward the coast and promoting mixing between BSW and
ACW, creating growth conditions that are conducive in respect to both temperature and nutrients. There is ev-
idence that such wind events in the northern Bering Sea have been increasing (Stabeno & Bell, 2019) and that this
trend will continue in the coming decades (Hermann et al., 2019). Tachibana et al. (2019) suggest that low ice
anomalies in the Chukchi Sea lead to southerly wind anomalies there. In light of the decreasing regional ice cover
(Frey et al., 2023), this would imply a more common occurrence of such winds. Based on the ERAS5 atmospheric
reanalysis data, the occurrence of southerly winds during the months of July and August in the Chukchi Sea shows
no significant long-term trend. However, during July, 11 of the 30 years considered had more than 50% of the days
during the month with southerly wind conditions, including five of the last seven years (2017, 2018, 2019, 2021,
and 2023).
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It is now evident that massive HABs in the Chukchi Sea can originate remotely in the northern Bering Sea and be
advected through Bering Strait, such as the 2022 event analyzed here, or be primarily formed locally due to
germination of the large cyst bed in the Ledyard Bay region, such as the 2018 event reported by Anderson,
Fachon, et al. (2021). What remains unclear is the extent to which both scenarios can happen in the same year and
how frequently this might take place. Our results indicate, however, that summer Bering Strait heat transport
impacts both the germination of cysts and cell growth in the Ledyard Bay region as well as any subsequent water
column bloom there. Further work is needed to identify analogous environmental indicators of advected blooms
from the Bering Sea, which will be an important step forward toward predicting regional HABs. It is also of high
interest to use population genetics in future studies in order to discriminate different A. catenella populations in
the region. Moreover, as this species has unique toxin profiles that can be geographically distinct, the relation-
ships between different populations should be pursued using toxin profiling, as in Natsuike, Oikawa, et al. (2017).
Further studies of this type are currently underway.

5. Summary

Using an extensive set of in-situ measurements collected on two back-to-back cruises in summer 2022, in
conjunction with the GLORYS12v1 reanalysis product, we investigated the physical drivers of a massive
Alexandrium catenella HAB detected in the northern Bering and Chukchi Seas, as well as the role of interannual
temperature variability in facilitating bloom activity on the Chukchi Shelf. The measured concentrations of the
toxic dinoflagellate Alexandrium catenella were the highest ever recorded in the region, with values exceeding
170,000 cells L™" (Fachon et al., 2025). This expansive bloom provided a unique opportunity to document the
hydrographic conditions which accompanied the bloom development. Notably, this species produces PSTs that
are among the most globally widespread of all HAB poisoning syndrome toxins (Anderson et al., 2012; Anderson,
Fensin, et al., 2021).

The bloom was first detected at the end of July west of St. Lawrence Island, embedded in BSW. In the following
weeks, the cells were advected poleward. Using a backward trajectory analysis, we demonstrated that the main
pathway of the observed vegetative cells was from within the Gulf of Anadyr, through Anadyr Strait, and through
the US side of Bering Strait. Warm surface temperatures north of Bering Strait enhanced the growth of vegetative
cells along the trajectories, and a southerly wind event mixed the high-nutrient Bering Summer Waters with warm
Alaskan Coastal Waters, further promoting growth near the US coast. While the bulk of the 2022 Chukchi Sea
HAB emanated from the northwestern Bering Sea and was advected northward, it is less clear if local germination
and growth also occurred from the large cyst bed in the Ledyard Bay region. According to a degree-day analysis
of bottom temperatures, germination should have occurred in early August, similar to 2018 when a large local
HAB was observed near Ledyard Bay. However, a GR analysis based on the near-surface temperatures implies
that the locally germinated cells in 2022 would have had lower division rates than in 2018.

With regard to local germination, it was demonstrated that the interannual variability of the near-bottom heat
transport through Bering Strait impacts the bottom temperatures over the cyst bed in the Ledyard Bay region—
which in turn dictates when germination can be initiated each summer. Furthermore, the heat transport in the
upper part of the water column in Bering Strait influences the subsequent growth of the vegetative cells emanating
from the cyst bed. Going forward, it is of high interest to better understand the interplay between such locally
formed blooms and the remotely formed blooms stemming from the Bering Sea.

Data Availability Statement

The CTD data from the R/V Norseman II cruises are available at https://arcticdata.io/catalog/view/doi%3A10.
18739%2FA2B853K56, and the shipboard ADCP data are available at https://scienceweb.whoi.edu/seasoar/
chukchi_sadcp/. The underway temperature/salinity and bloom abundance data used in the study reside at https://
arcticdata.io/catalog/view/doi%3A10.18739%2FA2804XMT7S.
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Erratum

The originally published version of this article contained a typographical error. Coauthor E. Muhlbach’s name
was misspelled as W. Munlbach. The error has been corrected, and this may be considered the authoritative
version of record.
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