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Abstract This study examines an unprecedented bloom of Emiliania huxleyi along the California
coast during the NE Pacific warm anomaly of 2014–2015. Observations of coccolithophore populations
from microscopy and flow cytometry, surface current data derived from high‐frequency radar, and
satellite ocean color imagery were used to track the population dynamics of the bloom in the Santa
Barbara Channel. Results show a coastal bloom of mostly E. huxleyi that reached cell concentrations up
to 5.7 × 106 cells per liter and a maximum spatial extent of 1,220 km2. We speculate that the rare
cooccurrence of warm water, high water column stability, and an extensive preceding diatom bloom
during the anomaly contributed to the development of this bloom. Flow cytometry measurements
provided insight on the phases of bloom development (e.g., growth versus senescence) with calcified cells
comprising up to 64% of particles containing chlorophyll a and detached‐coccolith:cell ratios ranging
from 10 to >100. Lagrangian particle trajectories estimated during two nonoverlapping 48‐ and 72‐hr
periods showed the changes in the surface structure of the bloom due to advection by surface currents
and nonconservative biological and physical processes. Time rates of change of particulate inorganic
carbon were estimated along particle trajectories, with rates ranging from −4 to 6 μmol·L−1·day−1. The
approach presented here is likely to be useful for understanding the evolution of coastal phytoplankton
bloom events in a general setting.

Plain Language Summary This study examines an unprecedented bloom of the coccolithophore
Emiliania huxleyi, a single‐celled algae that is covered by calcium carbonate plates, along the California
coast during a period of unusually warm water during 2014–2015. We used microscopy and flow cytometry,
surface current data, and satellite ocean color imagery to track how the bloom changed through time
in the Santa Barbara Channel. Results show a coastal bloom of mostly E. huxleyi that reached cell
concentrations up to 5.7 × 106 cells per liter and covered up to 1,220 km2. We speculate that the rare
cooccurrence of environmental conditions, including warm water, high water column stability, and an
extensive preceding diatom bloom during the anomaly, contributed to the development of this bloom. Flow
cytometry measurements provided insight on the phases of bloom development (e.g., growth versus
senescence) and hourly surface current data to simulate how currents may havemoved the coccolithophores
during the course of the bloom. In addition, we combined this data with satellite imagery to estimate how
the amount of calcium carbonate in this bloom changed through time. The approach presented here is likely
to be useful for understanding the rise and fall of phytoplankton blooms along the coast.

1. Introduction

The NE Pacific warm anomaly of 2014–2015, commonly referred to as “the Blob,” brought about
unprecedented changes in the oceanographic environment along the west coast of the North America.
During this large‐scale event, sea surface temperature anomalies of up to +5 °C were observed along the
California coast (Bond et al., 2015; Reed et al., 2016). This was followed by an El Niño event beginning in
early spring of 2015 (Leising et al., 2015; McClatchie et al., 2016), thus extending the period when
California's coastal marine ecosystems experienced unusually warm temperatures. Following a widespread
diatom bloom of Pseudo‐nitzschia spp. along the U.S. West Coast (McCabe et al., 2016), an unprecedented
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coccolithophore bloom was observed within the Santa Barbara Channel (SBC) in May and June of 2015
(http://www.news.ucsb.edu/2015/015490/living‐color). The bloom turned the ocean surface turquoise in
color, similar to the color of offshore coccolithophore blooms observed in the open ocean at higher latitudes
(Balch et al., 1991; Holligan et al., 1983).

Coccolithophores are a widespread group of nanoplanktonic algae that typically bloom seasonally in both
offshore and coastal waters and constitute an important component of the marine carbon system via their
production of calcium carbonate (Heimdal et al., 1994; Holligan et al., 1993). Over the past few decades, coc-
colithophore abundances in the North Atlantic Ocean have increased along with rising ocean CO2 concen-
trations and temperature (Rivero‐Calle et al., 2015) making coccolithophores a potential sentinel species for
marine ecosystems impacted by climate change. Emiliania huxleyi is often observed within the California
Current System (Venrick, 2002, 2015) but has not previously been found reaching bloom cell concentrations
(Winter, 1985; Ziveri et al., 1995), defined by Tyrrell and Merico (2004) as concentrations exceeding 106 cells
per liter.

Blooms of E. huxleyi typically occur in ocean environments with high stratification, high light levels, and
semioligotrophic conditions (Iglesias‐Rodriguez et al., 2002; Tyrrell & Merico, 2004). Blooms are generally
observed within shallow surface mixed layers (10–20 m deep), where E. huxleyi thrives since it does not exhi-
bit photoinhibition at light levels of at least 1,500 μmol photons·m−2·s−1 depending on the strain (Balch
et al., 1992; Nanninga & Tyrrell, 1996). Blooms of E. huxleyi often follow diatom blooms in conditions of rela-
tively reduced nitrate concentrations (Iglesias‐Rodriguez et al., 2002). Although less competitive for nutri-
ents than larger diatoms under replete conditions, E. huxleyi possesses highly efficient mechanisms for
nutrient uptake when nutrient concentrations are low as it can utilize both inorganic and organic forms
of nitrogen and phosphorus and has low requirements for iron and other micronutrients (Benner &
Passow, 2010; Riegman et al., 2000).

Large blooms of E. huxleyi are easily identified via ocean color satellite remote sensing due to the high reflec-
tance of coccoliths, the calcium carbonate plates surrounding the cells that are shed during cell division
(Ackleson et al., 1994; Balch et al., 1991; Holligan et al., 1993). These plates contribute to particulate inorganic
carbon (PIC), which is an important indicator of cell concentration and the growth stage of the bloom. For
example, the ratio of detached coccoliths to cells increases with bloom age (Balch et al., 1996) and is governed
by nutrient and light availability (Müller et al., 2008; Paasche, 2002), with sharp increases in coccolith detach-
ment rates during nutrient and light stress (Paasche, 2002). However, because reflectance‐based observations
detect coccoliths in surface waters that are shed from cells over time as the population develops, satellite obser-
vations are unable to detect early bloom development. Instead, initial satellite detection is typically at the
beginning of the populations' stationary growth phase when shed coccoliths are abundant and waters have
been largely depleted of nutrients by the developing bloom (Balch et al., 1993; Balch et al., 1996; Holligan
et al., 1993). Additionally, satellite studies of coastal phytoplankton dynamics are often limited by cloud cover
or suspended sediments obscuring the blooms (Henderikx Freitas et al., 2017; Tyrrell & Merico, 2004).

A few recent studies have employed remote sensing and model determinations of surface velocities to inter-
pret the evolution of coastal phytoplankton blooms. For example, Jönsson et al. (2009) presented a
Lagrangian method for integrating satellite observations with an operational ocean circulation model to
assess changes in water parcels through time. The authors have subsequently applied this approach to esti-
mate rates of net phytoplankton production in the Gulf of Maine (Jönsson et al., 2011) and in the Southern
California Bight (Jönsson & Salisbury, 2016). Similar approaches have been used to model the likelihood and
advection of harmful algal blooms along the California coast (Anderson et al., 2016) and in Lake Erie (Rowe
et al., 2016; Wynne et al., 2011, 2013).

Here we applied a method combining satellite ocean color imagery, in situ sampling, and surface current
observations from high‐frequency (HF) radars to examine the formation and evolution of the E. huxleyi
bloom that occurred in the SBC in June 2015. Unlike blooms of other phytoplankton, blooms of E. huxleyi
remain near the surface (see review by Zondervan, 2007) where HF radars provide information on the chan-
ging current patterns that influence their spatial and temporal evolution. Using this approach, we examined
the combined effects of biological and physical transport processes on the changing spatial distribution and
reflectance of the bloom. We also estimated net rates of change of PIC concentrations (i.e., the calcium car-
bonate production via coccoliths) within the bloom. The combined use of satellite, in situ sampling, and HF
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radar data can be applied more generally in the coastal ocean to explore the propagation and development of
blooms of other phytoplankton groups.

The paper is organized as follows: Section 2 describes the study area in the SBC, data products from remote
sensing imagery, in situ sampling, the measurement of surface currents with HF radar, and ancillary data.
Section 3 presents the results of the remote sensing analysis including changes in bloom area, changing con-
centrations of calcified cells and coccoliths in near‐surface waters, and patterns of water parcel trajectories
inside and outside the bloom. Section 4 discusses the significance of the results, the possible origins of the
bloom, and quantitative estimates of changing PIC concentration and their importance, along with use of
the method described here in studies of other phytoplankton blooms.

2. Materials and Methods
2.1. Study Location

The bloom of E. huxleyi occurred in the SBC in the northern part of the Southern California Bight. The SBC is
oriented east‐west and is about 100 km long, 40 km wide, with a maximum depth of 600 m in the Santa
Barbara basin (Figure 1; Harms & Winant, 1998). It is bounded to the north by the mainland coast and to
the south by the Northern Channel Islands. The Santa Ynez Mountains extending eastward from Point
Conception block prevailing northwest winds and shelter much of the Southern California Bight. Major cur-
rents entering the SBC include the poleward flowing Southern California Counter Current and an equator-
ward flowing current of upwelled waters from the central California coast, which can interact to form
cyclonic eddies within the channel (Harms & Winant, 1998).

2.2. Satellite‐Based Remote Sensing to Estimate Bloom Boundaries and Area

The bloomwas identified from composite images of remote sensing reflectance (Rrs) at 486 and 488 nmmea-
sured by the Moderate Resolution Imaging Spectroradiometer on the Aqua satellite and the Visible Infrared

Figure 1. Map of the Santa Barbara Channel indicating locations of samples collected on 5 June (white filled squares; QN,
QB, NR, AB, MK, and CP) and 10 June 2015 (white filled triangles; 01 at NR and 02‐16). A sample was also collected
at NR on 4 June. Open circles along the mainland coast and on Santa Cruz Island show high‐frequency radar locations.
Inverted gray‐filled triangles showNDCB buoys 46053, 46054, and 46216. Small arrow indicates StearnsWharf (SW). Gray
lines are bathymetric contours. Study region shown as rectangle on large‐scale, inset map.
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Imaging Radiometer Suite on the Suomi National Polar‐orbiting Partnership satellite. These were combined
to estimate Rrs at 490 nm (turquoise color; hereafter Rrs490), which corresponds to the peak of spectral
reflectance from coccolithophore blooms (Moore et al., 2012). Rrs490 is well suited for identification of the
coccolithophore bloom compared with other remote sensing products, such as chlorophyll a, which would
include other noncalcifying phytoplankton groups.

The depth range over which Rrs490 originates extends from the surface to ~Kd
−1 where Kd is the attenuation

coefficient for downward irradiance. In the clearest natural waters, Kd
−1 at 490 nm is about 60 m (estimated

from Morel et al., 2007). Given the high concentration of cells and detached coccoliths found in the upper
1 m (discussed below and the correlations of Figure 3), we speculate that the depth ranges determining
Rrs490 were significantly reduced from the clear‐water value in the SBC during the study period. This is
consistent with previous studies that have found cells and coccoliths in coccolithophore blooms to be most
abundant near the surface at depths of≤20 m (reviewed by Zondervan, 2007). However, due to changing cell
and coccolith concentrations, the depth ranges determining Rrs490 were likely variable so there may have
been parts of the study area where Rrs490 was affected by scattering from below the depth range represented
by near‐surface currents from HF radar measurements.

Figure 2 shows a sequence of Rrs490 images during 31 May to 18 June 2015 encompassing the study period.
Regions obscured by clouds are shown in white and days when Rrs490 images were entirely obscured by
clouds are not included. The spatial distribution of the bloom based on Rrs490 corresponded well with
“true‐color” imagery derived from ocean color observations as shown by comparing images on 2 June
2015 in Figure 2c and Figure S1a in the supporting information.

The changing area of the bloom through time was estimated from the sequence of Rrs490 images of Figure 2.
Bloom boundaries were defined as polygons enclosing areas where Rrs490 exceeded a threshold value
Rrs490min; a value of 0.015 steradian

−1 (sr−1) for Rrs490min was chosen as a good estimator of the boundaries
of the bloom. Rrs490min is indicated on the color bar of Figure 2. Given that this method focused on changes
in bloom area between images, the exact threshold value was not crucial. Changing Rrs490min by ±10%
around 0.015 sr−1 caused about the same percent change in estimates of bloom area (data not shown). To
illustrate the procedure for estimating bloom boundaries, Figure S1b shows areas of Figure 2c where
Rrs490 ≥ 0.015 sr−1 along with the polygon delineating the bloom boundary. In areas where the boundaries
of the bloom were covered by clouds, the polygon was subjectively drawn based on the corresponding true‐
color image such as shown in Figure S1a. The area of the bloom in each image (hereafter bloom area) was
defined as the area enclosed by the polygon(s) of the bloom.

2.3. In Situ Sampling and Microscopy

In situ surface water samples (2 L, within the upper 1 m) were collected from stations inside and outside the
bloom on 4, 5, and 10 June 2015 (Figure 1). Observers in small vessels used for sample collection identified
samples as being inside the bloom by the turquoise color of the seawater. Where remote sensing data corre-
sponding to sampling locations with turquoise‐colored seawater were available, they showed elevated values
of Rrs490 (Figures 2e and 2h). Samples were processed for microscopy, flow cytometry, and PIC analyses in
the laboratory at the University of California, Santa Barbara, USA.

To confirm the presence of E. huxleyi, an aliquot of 50–200 ml from each sample was gently vacuum‐filtered
through a 13‐mm filter membrane of 0.45‐μm cellulose nitrate (MFTM, EMD‐Millipore) or 0.4‐μm polycar-
bonate (Isopore, EMD‐Millipore). Filters were dried overnight at room temperature and stored in plastic
Petri‐slide cases.

Each dried filter was affixed to a 12.7‐mm aluminum pin stub using carbon conductive Pelco TabsTM (Ted
Pella, USA) and sputter‐coated with gold for 300 s prior to examination under a Zeiss EVO 40 XVP scanning
electron microscope at the Santa Barbara Museum of Natural History (CA, USA). Cell concentrations were
also determined for samples from 4 and 5 June 2015 using a hemocytometer under light microscopy
(200X magnification).

2.4. Flow Cytometry

In situ samples were processed to quantify the percentage of calcified cells (i.e., coccolithophore cells; here-
after % calcified cells) and the ratio of detached‐coccoliths to coccolithophores (hereafter detached‐

10.1029/2019JC015072Journal of Geophysical Research: Oceans

MATSON ET AL. 3301



coccoliths:calcified‐cell ratio). These metrics provided insights into the state of the bloom at the sampling
stations. For example, high detached‐coccoliths:calcified‐cell ratios indicated an older bloom when cells
had reached stationary growth prior to senescence (Balch et al., 1991; Balch et al., 1992; Balch et al., 1993;
Holligan et al., 1993). Samples were gently filtered through Nitex mesh (20 μm) in the laboratory to
remove large particles exceeding the maximum particle size of the flow cytometer and aliquots of 1–2 ml
were drawn from each filtered sample. The percent calcified cells and the detached‐coccolith:calcified‐cell
ratio were determined using a BD Influx Flow Cytometer (BD Biosciences) equipped with three lasers
(355, 488, and 640 nm), a small particle detector, and polarization‐sensitive detectors. Quality‐control
beads (Ultra Rainbow Beads; Spherotech) were added as an internal reference immediately before
running each sample on the flow cytometer. Samples were first analyzed for approximately 1 min to
stabilize the rate at which particles passed through the lasers (i.e., to establish the event rate), after which

Figure 2. (a–k) Time series of daily composite satellite images showing the changing spatial structure of the coccolitho-
phore bloom visualized by Rrs490. Yellow circles and labels in panels (e), (f), and (h) indicate in situ sample locations.
Color scale is at lower right. White areas indicate no data due to clouds or other factors.
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4,000 events were recorded for each sample. After each sample analysis,
the sample intake line was back‐flushed to prevent any carry‐over from
the previous sample. The percent calcified cells and detached‐coccoliths:
calcified‐cell ratio were estimated by categorizing particles into three
groups based on size, chlorophyll fluorescence (from a 530‐ to 540‐nm
band‐pass filter), and polarized forward scatter signal using the cell sor-
ter's software (BD FACS Sortware): (1) noncalcified cells (≥3 μm with
chlorophyll and no calcification), (2) calcified cells (≥3 μm, with chloro-
phyll and calcification), and (3) coccoliths (with calcification and no
chlorophyll). The percent calcified cells was calculated as

%calcified cells ¼ calcified cells
noncalcified cellsþ calcified cells

×100 (1)

and the detached‐coccolith:calcified‐cell ratio was calculated as

detached−coccolith : calcified−cell ratio ¼ coccoliths
calcified cells

(2)

2.5. PIC

PIC from field samples (hereafter in situ PIC) was measured in the labora-
tory from aliquots of 33–100 ml that were filtered onto triplicate 25‐mm
GF/F filters (Whatman, USA) and stored at −20 °C prior to analysis. All
filters were placed in sterile 50‐ml centrifuge tubes (Falcon, USA).
Filters were acidified with a known mass of 0.1‐M HNO3 and placed on
a table shaker to agitate at 150 rpm for 24 hr. The acid solution was then
passed through a 0.45‐μm syringe filter to remove any particulates.
Samples were analyzed for Ca2+ and Na+ concentrations using a
Perkin‐Elmer Optima 7300DV inductively coupled plasma optical emis-
sion spectrometer at the Environmental Science Research Laboratory at
University of California, Riverside. The concentration of Na+ was used
to correct for excess Ca2+ due to residual seawater contamination on
the filter.

PIC was also estimated from a satellite remote sensing data product (here-
after PICrs) described by Balch et al. (2005). PICrs was significantly corre-
lated with satellite‐measured Rrs490 (Figure 3a) and the value of
Rrs490min = 0.015 sr−1 corresponded to PICrs = 1.28 μmol/L based on
the regression of Figure 3a. PICrs was also significantly correlated with
in situ PIC based on samples collected on 4 and 10 June 2015 (Pearson cor-

relation: df = 7, p = 2.6 × 10−5, R = 0.96; Figure 3b) at stations where Rrs490 observations were available
(Figures 2e and 2h).

We assume that PIC mainly comprised calcified cells and coccoliths based on their abundances estimated
from flow cytometry. Other sources of PIC such as from resuspended calcified particles due to wave action
or river discharge were likely small. The average significant wave height at NDBC buoy 46216 (Figure 1) was
small at 0.77 m, and there was no measurable river runoff in the region around the time of the study period.
Furthermore, satellite‐based observations of suspended particles (based on the particulate backscattering
coefficient at 442 nm) in the SBC region were anomalously low during 2015 (Henderikx Freitas et al., 2017).

2.6. Surface Currents and Particle Tracking From HF Radar

Surface currents (upper 1 m) were observed using HF radars along the mainland coast of the SBC and coasts
of the Northern Channel Islands (Figure 1). These radars are part of a large regional network maintained by
the Southern California Coastal Ocean Observation System (http://sccoos.org). Surface current vectors Ur

were computed hourly and interpolated onto a 2‐km square grid as described by Emery et al. (2004). In

Figure 3. Scatter plot of PICrs versus (a) Rrs490 and (b) in situ PIC, for
station NR on 4 June and stations 7, 8, 10, and 12–16 on 10 June 2015.
Station locations are shown in Figures 1 and 2. Black line in (a) corresponds
to the regression: log10(y) = 50.05x − 3.71 (p = 2.6 × 10−6, R2 = 0.97).
Horizontal dotted line in panel (a) shows Rrs490min = 0.015 sr−1. Dashed
black line in panel (b) indicates 1:1 relationship. PIC = particulate
inorganic carbon.
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the interpolation procedure, all radial currents (i.e., from individual radars) within 3 km of each grid point
were combined using a least squares procedure to estimate the u (positive eastward) and v (positive north-
ward) components of Ur.

Values of Ur were used to simulate Lagrangian particle trajectories over two consecutive tracking periods
whose durations corresponded to times between sequential images of Rrs490 that were mostly cloud free
(Figures 2c, 2e, and 2g). The first tracking period was 48 hr (2100 GMT on 2 June to 2100 GMT on 4 June
2015; Figures 2c and 2e), and the second was 72 hr (2100 GMT on 4 June to 2100 GMT on 7 June 2015;
Figures 2e and 2g). The times of 2100 GMT were within 31 min or less compared to the image times used
to define the tracking periods. Simulated Lagrangian particle trajectories based on HF radar observations
were calculated using a fourth‐order Runge‐Kutta algorithm. Gaps in coverage of a few hours were filled
using empirical orthogonal functions. The particle tracking procedure is described in more detail by
Emery et al. (2006).

During each tracking period, 59,860 simulated particles (hereafter drifters) were started at random locations
within the 5,175‐km2 study domain encompassing the SBC. Drifter starting locations were grouped into
three categories: inside the bloom area, outside the bloom area, or under clouds. Drifter ending locations
were grouped into six categories: (1) inside bloom area but not ashore, (2) ashore inside bloom area, (3) out-
side bloom area but not ashore, (4) ashore outside bloom area, (5) under clouds, or (6) out of the study region.
Drifters were considered ashore and their trajectories ended when they encountered boundaries of bloom
polygons adjacent to the shore. Drifters that started or ended under clouds were not used to classify trajec-
tories in the analysis.

We applied the method described by Ullman et al. (2006) and Ohlmann et al. (2012) to account for trajectory
errors. The method estimates surface current velocity U averaged over the 1‐hr trajectory segments as

U¼U rþu′ (3)

where u′ is the velocity uncertainty due to unresolved subgrid‐scale motions (e.g., turbulence and submesos-
cale advection) and radar measurement errors.

Hourly estimates of u′ were randomly drawn (with replacement) from probability density distributions of
the u′ and v′ components of u′ previously measured in the SBC as described by Ohlmann et al., (2012). In
that study u′ was estimated as U − Ur where U was assumed to equal the drifter velocity and Ur was inter-
polated hourly to locations whereU was measured. Drifter tracks used by Ohlmann et al. (2012) to estimate
u′ and v′ were obtained from the same general area of the SBC where the coccolithophore bloom occurred.
The tracks were also obtained during most months of the year, including spring, and therefore should pro-
vide reasonable estimates of u′ for uncertainty calculations to follow.

To apply the error method, 100 trajectories assumingU=Ur in 3 were randomly chosen from both tracking
periods using three combinations of starting and ending locations: (a) drifters starting and ending inside the
bloom (i.e., within the polygons delineating the bloom), (b) drifters starting inside and ending outside the
bloom, and (c) drifters starting outside and ending inside the bloom. For example, u′was added toUr at each
1‐hr time step according to 3 for each of the 100 trajectories in combination (a). Then the ending trajectory
locations were classified as being inside the bloom, outside the bloom, or under clouds. This was repeated
100 times for each of the 100 trajectories in combination (a) to produce 104 total trajectories. Any trajectories
ending outside the bloom or under clouds did so only due to contributions from nonzero u′. Therefore, we
interpreted the fraction of trajectories ending outside the bloom as a quantitative measure of the effects velo-
city uncertainty or radar errors (i.e., nonzero u′). The procedure was similarly applied to the other combina-
tions such that any trajectories ending inside the bloom (or under clouds) for combination (b) or ending
outside the bloom for combination (c) did so only due to the effects of nonzero u′. Figure S2 shows the start-
ing locations (Figures S2a–S2c) and ending locations (Figures S2d–S2f) resulting from this procedure for the
three combinations (a), (b), and (c) respectively, during the 48‐hr tracking period.

2.7. Ancillary Data

Additional publically available data sets were used to describe the environmental conditions existing within
the SBC before and during the bloom. Monthly observations of temperature profiles and nutrients at coastal
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sites in the SBC were downloaded from the Santa Barbara Coastal Long Term Ecological Research project
(SBC LTER) website (http://sbc.lternet.edu/data/) as were time series of temperature near the surface, at
middepth, and near the bottom seafloor at moorings in 10‐ to 15‐m water depths along the mainland coast.
Biweekly observations of harmful algal bloom taxa present at Stearns Wharf were downloaded from the
Southern California Coastal Ocean Observation System website (http://sccoos.org/data/habs/).

3. Results
3.1. Satellite Time Series of Bloom Development

The bloom was first detected offshore of the mainland coast on 31 May 2015 from a satellite image that was
mostly covered by clouds (Figure 2a). A relatively intense bloom signal based on Rrs490 > Rrs490min per-
sisted until 10 June (Figure 2h). The correlation among Rrs490, PICrs, and in situ PIC (Figure 3) indicates
that PIC concentrations exceeded 1.28 μmol/L until 10 June. After 10 June clouds covered the study area
until 15 June when a weakened bloom signal continued in the SBC until 18 June (Figure 2k).

On 2 June, the bloom area covered 366 km2 (Figures 2c and S1b). By 4 June 2015, the bloom area had
expanded to 769 km2 and developed a southward extension across the SBC (Figure 2e); the maximum
Rrs490 of 0.064 sr−1 on 4 June was the highest value observed during the bloom. During 4–5 June most of
the southward extension moved westward while its southernmost part curved eastward along the northern
coast of Santa Cruz Island. By 7 June, themaximumRrs490 decreased to 0.032 sr

−1, while the bloom area had
further expanded to 1,220 km2 and spread over most of the length of the SBC along the mainland
coast (Figure 2g).

On 10 June bloom values of Rrs490 continued to exceed Rrs490min with a maximum of 0.027 sr−1, although
coverage was sparse due to clouds (Figure 2h). During subsequent days when parts of the bloomwere visible
on 15, 16, and 18 June, images showed reduced Rrs490, near Rrs490min, withmaximum values of 0.016, 0.016,
and 0.015 sr−1, respectively (Figures 2i–2k).

3.2. In Situ Observations of Bloom Development

Scanning electron microscopy imagery confirmed the presence of E. huxleyi in samples collected within the
bloom at Naples Reef (NR, Figure 1) on 4 and 5 June with maximum calcified‐cell concentrations of 5.7 × 106

and 2.55 × 106 cells per liter, respectively. This concentration range is almost an order of magnitude greater
than the previously reported maximum concentration of 6.2 × 105 cells per liter in the Southern California
Bight (Winter, 1985), both above the E. huxleyi bloom thresholds suggested by Tyrrell and Merico (2004).
Additional samples collected within the bloom at Arroyo Quemado (QB), Arroyo Burro (AB), Mohawk
Reef (MK), and Carpinteria (CP) on 5 June also contained E. huxleyi (Figure 1). On 5 June, calcified‐cell con-
centrations were highest at NR and decreased to the west at QB (3.16 × 105 cells per liter) and to the east at
AB, MK, and CP (1.13 × 106, 9.33 × 105, and 3.00 × 105 cells per liter, respectively).

Changes during 4–10 June in percent calcified‐cells, detached‐coccolith:calcified‐cell ratio, and in situ PIC
were consistent with an E. huxleyi bloom that transitioned from a growing state to a senesced or decaying
state. Figure 4 partitions sampling stations into quadrants (one is unoccupied) based on % calcified‐cells
and detached‐coccolith:calcified‐cell ratio. On 4 and 5 June all but two stations (stations QN and CP) fell
in the upper left quadrant where percent calcified‐cells >25% coincided with values of detached‐coccolith:
calcified‐cell ratio < 40. This indicated high percentages of coccolithophores with low numbers of detached
coccoliths per coccolithophore cell, a characteristic of a growing bloom (Balch et al., 1991; Balch et al., 1992;
Balch et al., 1993; Holligan et al., 1993). By 10 June the situation had reversed when all stations had %
calcified‐cells <25% and most fell into the lower right quadrant with detached‐coccolith:calcified‐cell ratios
>40, which was consistent with a decaying or senesced bloom. All but one station (station 7) in the upper left
and lower right quadrants had in situ PIC ≥ 1.28 μmol/L, which corresponded to Rrs490 ≥ Rrs490min

and indicated stations within the bloom. Points in the lower left quadrant corresponded to low
percentcalcified‐cells and low detached‐coccolith:calcified‐cell ratios. Only one of these stations had in situ
PIC > 1.28 μmol/L (station 14). We speculate that the stations in the lower left quadrant were located in
areas where other types of phytoplankton were present in high concentrations and where coccolithophore
and coccolith concentrations were below bloom levels, which appears to be typical within the SBC.
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3.3. Bloom Development and Surface Currents

Water parcel trajectories were used to examine the changing spatial structure of the bloom during the two
tracking periods (48 hr, 2–4 June; 72 hr, 4–7 June). Of the 59,860 drifters simulated in each period, most
remained within the study area: 93% during the 48‐hr tracking period and 91% during the 72‐hr period.
For the 48‐ and 72‐hr tracking periods, 42,329 drifters (71%) and 43,654 drifters (73%), respectively, started
in cloud‐free regions of the study area (Table S1). About 2% of these drifters ended under clouds after the
48‐hr tracking period and 42% ended under clouds after the 72‐hr tracking period. For examining the chan-
ging structure of the bloom, only trajectories that started and ended in cloud‐free regions were used. Results
from these trajectories are summarized below and are listed under columns in Table S1 with headings %nc.
3.3.1. Trajectories of Advected Bloom Parcels
Most drifters starting in the bloom remained in the bloom during the tracking periods; these comprised 78%
of drifters not ending under clouds from the 48‐hr tracking period and 53% from the 72‐hr tracking period.
These results indicated that advection by surface currents during the 48‐hr tracking period contributed to the
westward extension of the bloom along the mainland coast (i.e., red points, east of a to a′ in Figures 5a and
5b). Results also indicated that advection contributed to the southwestward expansion of the central part of
the bloom during the 72‐hr tracking period (i.e., red points, g to g′ in Figures 6a and 6b). Subsets of trajec-
tories illustrate the different pathways followed by the drifters in the bloom during the tracking periods
(Figures 5b and 6b).

After recalculating trajectories incorporating nonzero u′ (velocity uncertainty and radar errors) according to
3, about 80% and 84% of drifters from the 48‐ and 72‐hr tracking periods, respectively, still ended in the
bloom (Table S2). For the 48‐hr tracking period, 15% ended outside the bloom and 4% ended under clouds;
for the 72‐hr tracking period these fractions were 11% and 5%, respectively. Together these indicate an upper

Figure 4. Scatter plot of % calcified cells versus detached‐coccoliths:calcified‐cell ratio for samples collected on 4, 5, and 10
June 2015. Symbols indicate collection dates of samples. Gray‐filled symbols indicate in situ PIC ≥ 1.28 μM; this value
corresponds to Rrs490 ≥ Rrs490min = 0.015 sr−1 obtained from the regression line in Figure 4a. Labels identify stations
shown in Figures 1 and 2. Vertical dashed line indicates detached‐coccoliths:calcified‐cell ratio = 40; horizontal dashed
line indicates % calcified cells = 25%. PIC = particulate inorganic carbon.
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bound of ~20% uncertainty in the ending locations with respect to the bloom due to the influences of
unresolved motions and measurement error. This is an upper bound because some drifters ending under
clouds may also have ended in the bloom.
3.3.2. Trajectories of Senescing Bloom Parcels
Other trajectories exhibited Rrs490 values that started above and ended below bloom levels (lavender dots,
Figures 5a and 6a). These comprised 22% of drifters during the 48‐hr tracking period and 40% of drifters dur-
ing the 72‐hr tracking period (Table S1). They exceeded the percentages of trajectories that started below and
ended above bloom levels by factors of 2.74 and 2.50 for the 48‐ and 72‐hr tracking periods, respectively. The
greater fraction of senescing bloom trajectories than growing bloom trajectories is consistent with an overall
decline in peak values of Rrs490 after 4 June (Figure 2). Here we use the term senescing to identify trajec-
tories where Rrs490 levels fall below Rrs490min but recognize that other nonconservative processes, such
as unresolved physical transport processes, may also reduce Rrs490 levels. Most trajectories interpreted as
senescing bloom parcels originated at the southern tip of the bloom during the 48‐hr tracking period (east
of c and southeast of b, Figure 5a). During the 72‐hr tracking period they originated in two locations near
the mainland coast (east of d and southeast of g, Figure 6a) and in the southern half of the southward exten-
sion, including a detached segment of the bloom (southwest of e, Figure 6a).

Figure 5. (a) Drifter simulations based on hourly high‐frequency radar data. Dots show beginning locations of drifters for
the 48‐hr tracking period (2–4 June 2015). Dot color indicates drifter movement: drifters started and ended inside the
bloom (red); drifters started inside the bloom and ended outside the bloom (lavender); drifters started outside the bloom
and ended inside the bloom (green); drifters started outside the bloom and ended outside the bloom (light gray);
drifters started or ended under clouds (dark gray); drifters ended outside the study area (black). (b) Hindcast trajectories
(lines) and ending locations (dots) are shown for a subset of drifters ending in the bloom. Colors indicate drifter locations
starting inside the bloom (red) or outside the bloom (green). The bloom boundary each day is indicated by the blue
polygons. Labels of a, b, and c are in the same locations in panels (a) and (b). Black triangle in panel (b) indicates location
of sample collected at NR on 4 June. Dotted triangle indicates this location on 2 June.
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After recalculating trajectories to examine the effects of velocity uncertainty (nonzero u′), 70% of drifters that
started inside the bloom and ended outside the bloomwith u′= 0 during the 48‐hr tracking period still did so
(Table S2). Of the remaining 30%, 28% ended inside the bloom and 2% ended under clouds. For the 72‐hr
tracking period these fractions were 74%, 15%, and 11%, respectively (Table S2).
3.3.3. Trajectories of Growing Bloom Parcels
Trajectories over which Rrs490 levels increased to bloom levels were indicated by the fraction of drifters that
started outside the bloom and ended inside the bloom (green dots, Figures 5a and 6a). For the 48‐hr tracking
period these comprised 8% of drifters not ending under clouds and for the 72‐hr tracking period they com-
prised 16% of drifters not ending under clouds (Table S1). For the 48‐hr tracking period, 64% of drifters that
started outside the bloom and ended inside the bloom with u′ = 0 still did so after accounting for velocity
uncertainty (nonzero u′; Table S2). Of the remaining 36%, 35% ended outside the bloom and 1% ended under
clouds. For the 72‐hr tracking period, 60% still ended in the bloom, 26% ended outside the bloom, and 14%
ended under clouds.

Drifters starting west of the bloom on 2 June near the mainland coast were subsequently incorporated into
the bloom by 4 June (a to a′, Figure 5b). In situ sampling at NR on 4 June corroborated this result. On 2 June
the location of NR (dotted triangle, Figure 5a) was outside the bloom based on the bloom boundary shown in
Figure 5a (no in situ samples at NR were available on 2 June). On 4 June in situ sampling at NR confirmed
the presence of E. huxleyi and values of in situ PIC exceeded 1.28 μmol/L (corresponding to a Rrs490 value of
0.015 sr−1), supporting the interpretation of a growing bloom population (Figure 4). Farther offshore, many
drifters that started outside the bloom ended inside near the tip of an extension of the bloom across the cen-
tral SBC (green points, b to b′ and c to c′, Figure 5b).

Figure 6. As in Figure 5 but for the 72‐hr tracking period (4–7 June 2015). Labels of d, e, f, and g are in the same locations
in panels (a) and (b).
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Trajectories with Rrs490 increasing from below to above bloom levels during the 72‐hr tracking period (4–7
June) formed two extensions of the bloom along the mainland coast, one westward and the other eastward
(green points, d to d′ and f to f′, respectively, Figure 6b). Advection to the southwest combined with growth
also changed the central extension of the bloom (red points, g to g′ and green points, e to e′, Figure 6b). The
evolution of the extension was further explored by evaluating changes between 4 and 5 June (Figures 7a and
7b). Growth along the western side of the extension (green dots, Figure 7) combined with southward
advection moved the western bloom boundary farther west. At the same time senescence or losses due to
unresolved physical processes in the eastern side (lavender dots) contributed further to westward movement
of the extension over the 24‐hr period. Surface currents spanning the senescing and growing parts of the
extension were mainly southward with a westward component in the northern part of the extension and
an eastward component in the southern part. Eastward currents along Santa Cruz Island combined with
growth to move the southern tip region of the extension eastward.

In situ sampling corroborated the nearshore position of the bloom boundary where data were available
(section 3.2). In situ sampling confirmed that the main component of the coccolithophore bloom was E.
huxleyi at NR on 4 and 5 June, consistent with NR being in the bloom on those dates (red dots at NR,
Figures 7a and 7b). E. huxleyiwere also found at QB, but not 4.5 km to the west at QN (Figure 7b), suggesting
that the boundary was between these stations. However, Figure 7b indicates that QB was just west of the
boundary, although uncertainty in the boundary location may have resulted from the highly inclined

Figure 7. As in Figure 5 but during 4–5 June 2015. Arrows in panel (b) show surface current vectors averaged during 2100
GMT on 4 June to 2100 GMT on 5 June 2015. These span the times between images used to estimate the bloom
boundaries (blue polygons). Lavender lines in panel (b) show hindcast trajectories of drifters that started inside the bloom
and ended outside the bloom. Open circles are high‐frequency radar sites. Triangles show sampling locations on 4 and 5
June 2015. Scale for surface current vectors is in the upper right of panel (b).
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viewing angle from the 5 June satellite pass. Symbols in Figure 2f show QB at the western edge of the region
of elevated Rrs490 and QN farther away from the edge to the west. In situ sampling at AB, MK, and CP all
found E. huxleyi, but no Rrs490 data were available at those sites on 5 June (Figures 7b and 2f).

4. Discussion and Summary
4.1. Conditions Selecting for the Bloom

Ocean conditions in the SBC preceding the bloom of E. huxleyi included low nutrient concentrations,
stratified waters, and the prior occurrence of a diatom bloom. These conditions are in agreement with
previous studies by Iglesias‐Rodriguez et al. (2002) using global analysis of coccolithophore bloom popu-
lations (largely represented by E. huxleyi). Additionally, due to the warm anomaly of 2013–2015 and the
following El Niño in 2015 (Bond et al., 2015; Di Lorenzo & Mantua, 2016) waters in the SBC were unu-
sually warm during all of 2015 with monthly temperature anomalies up to +4.6 °C (7‐ to 10‐m depths,
Reed et al., 2016). Increased temperatures have been linked to expansions of E. huxleyi into the Arctic
(Neukermans et al., 2018) and increased abundances across the North Atlantic (Rivero‐Calle et al.,
2015). Modeling studies by Krumhardt et al. (2017) support some of these observations, suggesting that
increases in sea surface temperature (∼2–3 °C) lead to faster coccolithophore growth rates globally
(>10% increase), though decreased nutrient availability (from warming‐induced increases in stratification)
enhances calcification at the cost of growth (∼25% decrease), which might be in disagreement with
our observations.

Monthly nitrate anomalies measured along the mainland coast of the SBC by the SBC LTER were negative
for all months in 2014 and 2015 (Reed et al., 2016), which could have selected for the coccolithophore bloom
(Iglesias‐Rodriguez et al., 2002). Increased stratification was indicated by positive monthly anomalies in
vertical temperature differences (Tsurface − Tbottom; water depths 15 m or less) throughout 2015 at the SBC
LTER moorings along the mainland coast (data not shown).

The SBC phytoplankton bloom population composition in 2015 followed the typical successional dynamics
of diatoms followed by coccolithophores (Sieracki et al., 1993; Smayda, 1989). Sampling of phytoplankton at
StearnsWharf (SW, Figure 1) on 11May 2015measured concentrations of both large and small forms of pen-
nate diatoms within the genus Pseudo‐nitzschia that each exceeded 1.1 × 105 cells per liter. Concentrations
from 14 April to 15 June 2015 (excluding 11 May) ranged from 0 to 2.3 × 104 cells per liter so the bloom con-
centrations were significantly larger than prevailing nonbloom concentrations before and after the bloom.
Blooms of coccolithophores generally occur following the decline of large diatom blooms (Holligan et al.,
1993), such as the one observed at SW. The postdiatom bloom environment can be rapidly exploited by
E. huxleyi, which possesses a high affinity for inorganic nutrients (Eppley et al., 1969; Riegman et al.,
2000) and the ability to utilize organic forms of N and P (Benner & Passow, 2010).

We speculate that the environmental conditions in the SBC governed the onset and development of the E.
huxleyi bloom, namely, a highly stratified water column with anomalously high temperatures that was poor
in inorganic nitrate and potentially high in organic forms of nitrogen due to the declining diatom bloom
(Tyrrell & Merico, 2004). A similar coastal bloom of E. huxleyi occurred one month later ~300 km north in
Monterey Bay, CA, USA, during July 2015 (unpublished data) suggesting that similar conditions may have
been present elsewhere in the California Current during this time period.

4.2. Assessing Coccolithophore Bloom Development

We assume that coccolithophores are advected in near‐surface Lagrangian water parcels while local‐scale,
nonconservative biological and physical processes change coccolithophore and coccolith concentrations
within the water parcels. These concentration changes are reflected in the variable patterns of Rrs490
(Figure 2) and as gain and loss of drifters from the bloom area (Figures 5–7) as Rrs490 levels rise above or
fall below the threshold value Rrs490min. Many nonconservative biological processes, such as growth, graz-
ing, and viral lysis, can cause these changes as a coccolithophore bloom ages (e.g., Bratbak et al., 1993; Evans
et al., 2007). Nonconservative physical processes capable of causing similar changes in concentrations and
Rrs490 include gravitational sinking of coccolithophores and coccoliths, vertical mixing, and horizontal dis-
persion (Balch et al., 2009). Submesoscale flows at density fronts can lead to localized upwelling and
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downwelling on horizontal scales on the order of a few kilometers and
smaller, which may also lead to enhanced rates of particle aggregation
and removal (e.g., Capet et al., 2008; Estapa et al., 2015).

Drifter trajectories starting and ending in the bloom are consistent with
populations of coccolithophores and coccoliths whose concentrations per-
sist at bloom levels throughout the tracking periods. The changing spatial
patterns of these drifters are likely driven primarily by advection and they
comprise the most common bloom‐associated trajectories during both
tracking periods (Figures 5b and 6b). These results support the impor-
tance of advection in driving the spatial propagation of the bloom through
time. However, Figure 7 suggests that during 4–5 June westward
movement of the bloom resulted in part from growth on one side and
senescence on the opposite side of the bloom.

During both tracking periods more trajectories exited the bloom than
entered the bloom as quantified by the ratio of the corresponding percen-
tages as discussed in section 3.3.3. However, the magnitude of change
(defined as the ratio between 72‐ and 48‐hr periods) in trajectories leaving
the bloom (1.82) was greater than the magnitude in change of the bloom
area (1.59) between the two periods. This is consistent with the overall,
but not monotonic, decline in Rrs490 within the bloom during 2–7 June
(Figure 2). Variability in Rrs490 can result from coccolithophore cell
growth and loss, shedding of coccoliths, or both, which complicates the
interpretation of the overall decrease in Rrs490.

4.3. Quantifying Calcification Rates

Quantifying rates of change of PIC concentrations is important for con-
straining the CaCO3 budget and, more generally, for understanding the
carbonate system in the upper ocean (e.g., Iglesias‐Rodriguez et al.,
2002). The determination of calcification rates from field observations of
PIC concentrations is complicated by the advection of water parcels con-
founding the estimation of changes in PIC. Here we estimate the changes
of PIC following surface water parcels, D (PIC)/Dt, based on the images of
PICrs (Figure 8) on 2, 4, and 7 June 2015 and water parcel trajectories com-
puted from the HF radar‐derived surface currents. These estimates are net
rates in which growth increases are offset by losses due to biological pro-
cesses and physical processes (e.g., mixing, and particle sinking to depth).
The trajectories provided an objective basis for connecting between
images the starting and ending locations and corresponding PICrs values.

This allowed estimation of net changes in PICrs concentrations (ΔPICrs) along trajectories over the time
interval between images Δt. D (PICrs)/Dt was estimated as

D PICrsð Þ
Dt

≈
ΔPICrs

Δt
¼ PICrs t2ð Þ−PICrs t1ð Þ½ �

t2−t1
(4)

where PICrs(t1) and PICrs(t2) were interpolated to the starting and ending locations of the trajectories at
times of the satellite images t1 and t2, respectively, that defined each tracking period. Histograms were then
computed to examine how the distributions of D (PICrs)/Dt changed between the tracking periods.

To account for uncertainty in the ending locations of trajectories due to nonzero u′ in 3, D (PICrs)/Dt was
also estimated with from PICrs interpolated to the ending locations of the trajectories with nonzero u′ as
described in section 2.6. In doing so, we assumed the largest errors in estimating D (PICrs)/Dt resulted from
errors in estimating PICrs(t2) in 4 due to uncertainty in ending locations of trajectories. Figure S3 shows three
examples of ending locations of trajectories computed with u′ = 0 (white circles) and 100 scattered ending

Figure 8. Satellite images of particulate inorganic carbon (PICrs) distribu-
tions on (a) 2, (b) 4, and (c) 7 June 2015. Color bar at top shows log PICrs.
White areas indicate where PICrs data were not available, due to cloud cover
or other factors. Blue polygons indicate bloom boundaries based on
Rrs490min as described in the text.
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locations computed with nonzero u′ (black dots). The underlying satellite image shows that the scattered
ending locations span a range of PICrs(t2) values, which lead to errors in D (PICrs)/Dt.

Histograms revealed clear differences in D (PICrs)/Dt distributions over the two tracking periods (Figures 9
and 10). For example, during the first tracking period D (PICrs)/Dt values for trajectories starting and
ending in the bloom with U = Ur ranged from −4 to +5 μmol·L−1·day−1 (Figure 9a) compared with ±2
μmol·L−1·day−1 during the second tracking period (Figure 10a). Overall, means of D (PICrs)/Dt were low
during both tracking periods (bold text, Figures 9a, 9b, 10a, and 10b) such that positive and negative distri-
butions D (PICrs)/Dt were nearly compensating. Velocity uncertainty in trajectories computed with U = Ur

+ u′ resulted in some trajectories ending outside the bloom during both periods (black segments,
Figures 9b and 10b) although, the widths of the distributions of D (PICrs)/Dt (e.g., standard deviations)
were robust with respect to velocity uncertainty. Narrowing of the D (PICrs)/Dt distributions between the

Figure 9. Histograms (stacked gray and black bars) and cumulative distributions (red lines) of D (PICrs)/Dt as defined
in 4 for the 48‐hr tracking period (2–4 June 2015). Histograms for trajectories starting and ending inside the bloom
using (a) U = Ur or (b) U = Ur + u′ in 3. Histograms for trajectories starting inside and ending outside the bloom
using (c) U = Ur or (d) U = Ur + u′. Histograms for trajectories starting outside and ending inside the bloom using
(e) U = Ur or (f) U = Ur + u′. Black segments of histogram bars indicate trajectories that ended outside the bloom.
Bold text indicates overall means, standard deviations and total numbers inside and outside the bloom of D (PICrs)/Dt
values. Means, standard deviations, and numbers of positive (negative) D (PICrs)/Dt values are shown in
upper right (left) of each panel.
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first and the second tracking periods was also found for trajectories computed with U = Ur that started
outside and ended inside the bloom (Figures 9e and 10e): in the first tracking period D (PICrs)/Dt ranged
from about 0 to +6 μmol·L−1·day−1 versus 0 to +2 μmol·L−1·day−1 for the second.

For trajectories withU=Ur that started inside and ended outside the bloom (Figures 9c and 10c) the ranges
in D (PICrs)/Dt were similar between tracking periods, −4 to 0 μmol·L−1·day−1, although the most fre-
quently occurring D (PICrs)/Dt values were closer to zero in the second tracking period (Figures 9c and 9d
vs. Figures 10c and 10d). Similarity of D (PICrs)/Dt distributions between Figures 9e and 9f, and between
Figures 10e and 10f, indicated that D (PICrs)/Dt estimates were robust with respect to velocity uncertainty.

Distributions of D (PICrs)/Dt in the histograms of Figures 9 and 10 are consistent with our overall biological
interpretation of a bloom growing during 2–4 June (tracking period 1) and senescing during 4–7 June
(tracking period 2) as well as values from previous field studies. For example, they fall within the range

Figure 10. Histograms (stacked gray and black bars) and cumulative distributions (red lines) of D (PICrs)/Dt as defined
in equation (4) for the 72‐hr tracking period (4–7 June 2015). Histograms for trajectories starting and ending inside
the bloom using (a) U = Ur or b) U = Ur + u′ in 3. Histograms for trajectories starting inside and ending outside the
bloom using (c) U = Ur or (d) U = Ur + u′. Histograms for trajectories starting outside and ending inside the
bloom using (e) U = Ur or (f) U = Ur + u′. Black segments of histogram bars indicate trajectories that ended outside
the bloom. Bold text indicates overall means, standard deviations, and total numbers inside and outside the bloom
of D (PICrs)/Dt values. Means, standard deviations, and numbers of positive (negative) D (PICrs)/Dt values are shown
in upper right (left) of each panel.
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of gross calcification rates measured during an E. huxleyi bloom along the Patagonian Shelf (0.2 to 7.3
μmol·L−1·day−1) by Poulton et al. (2013). They are also consistent with a Lagrangian study in the North
Sea where gross calcification rates within a water parcel tracked over six days ranged from 1.18 to 11.54
μmol·L−1·day−1 (Rees et al., 2002).

Our approach of estimating D (PICrs)/Dt could lead to improved quantification of the CaCO3 budget as this
quantity can be obtained over wide areas of developing blooms. Furthermore, estimating rates of PIC pro-
duction in the euphotic zone and its changes over bloom development with high temporal resolution and
broad coverage will enable capturing transitions through bloom development associated with shifts in calci-
fication. This is a critical step needed to reduce current uncertainties in the CaCO3 budget (Iglesias‐
Rodriguez et al., 2002). An example of such a transition is suggested in our study by the differing D
(PICrs)/Dt distributions between the tracking periods. It is known that PIC production and particulate
organic carbon (POC) production are decoupled during population development in E. huxleyi. Specifically,
nutrient limitation appears to stimulate calcification (Berry et al., 2002; Riegman et al., 2000), resulting in
an increase in PIC production with respect to POC (typically PIC:POC over 1 and up to 2.3), toward the
end of blooms, in contrast with nutrient replete conditions, with PIC:POC generally below unity
(Paasche, 2002). Also, at the end of blooms, populations have been shown to shift from calcifying vegetative
cells to noncalcifying gametes bearing organic scales instead of coccoliths (Klaveness, 1972). Therefore, cap-
turing different stages of calcification by observing changing D (PICrs)/Dt during bloom development will
likely be an important step in estimating regional calcium carbonate budgets.

4.4. Summary

This study reports on the first coastal E. huxleyi bloom known to have occurred along California. The bloom
likely resulted from the rare cooccurrence of multiple environmental conditions (highly stratified water col-
umn, low inorganic nitrate, potentially elevated organic nitrogen following a widespread diatom bloom)
during 2015. It is also the first study to track the population dynamics of a coastal coccolithophore bloom
based on a combination of in situ observations of coccolithophore populations using flow cytometry, surface
current data derived from HF radar, and satellite ocean color imagery. The use of D (PICrs)/Dt allowed us to
estimate how PIC production by this coastal coccolithophore bloom varied during bloom phases. Only a few
other remote sensing studies have assessed the role of circulation on coccolithophore bloom dynamics such
as those of Cokacar et al. (2001) and Balch et al. (2009). One study that used an approach somewhat similar
to ours was that of Schofield et al. (2012) who determined that nearshore upwelling, rather than input from
the Hudson River, was the nutrient source for a shelf‐wide dinoflagellate bloom along the New Jersey coast,
a conclusion based on ocean color satellite imagery and HF radar‐derived trajectories.

Our approach of combining sequences of satellite ocean color images with HF radar‐derived surface currents
enabled us to retrospectively identify locations of developing bloom populations prior to satellite detection
(e.g., green areas, Figures 7a and 8a). Such knowledge may help explain environmental characteristics that
drive developing blooms. We speculate that this approach can be applied toward tracking development of
harmful algae blooms, which occur seasonally in the SBC (Anderson et al., 2006; Anderson et al., 2016;
Sekula‐Wood et al., 2011), and in coastal regions worldwide where they threaten ecosystem health and food
security (Anderson et al., 2002).
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