
Harmful Algae 48 (2015) 1–11
Present-day and future climate pathways affecting Alexandrium
blooms in Puget Sound, WA, USA

Stephanie K. Moore a,*, James A. Johnstone b, Neil S. Banas b, Eric P. Salathé Jr.c
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A B S T R A C T

This study uses a mechanistic modeling approach to evaluate the effects of various climate pathways on

the proliferative phase of the toxin-producing dinoflagellate Alexandrium in Puget Sound, WA, USA.

Experimentally derived Alexandrium growth responses to temperature and salinity are combined with

simulations of the regional climate and Salish Sea hydrology to investigate future changes in the timing,

duration, and extent of blooms. Coarse-grid (100–200 km) global climate model ensemble simulations of

the SRES A1B emissions scenario were regionally downscaled to a 12-km grid using the Weather

Research and Forecasting model for the period 1969–2069. These results were used to: (1) analyze the

future potential changes and variability of coastal upwelling winds, and (2) provide forcing fields to a

Regional Ocean Model System used to simulate the circulation of the Salish Sea, including Puget Sound,

and the coastal ocean. By comparing circa-1990 and circa-2050 climate scenarios for the environmental

conditions that promote Alexandrium blooms, we disentangle the effects of three climate pathways: (1)

increased local atmospheric heating, (2) changing riverflow magnitude and timing, and (3) changing

ocean inputs associated with changes in upwelling-favorable winds. Future warmer sea surface

temperatures in Puget Sound from increased local atmospheric heating increase the maximum growth

rates that can be attained by Alexandrium during the bloom season as well as the number of days with

conditions that are favorable for bloom development. This could lead to 30 more days a year with bloom-

favorable conditions by 2050. In contrast, changes in surface salinity arising from changes in the timing

of riverflow have a negligible effect on Alexandrium growth rates, and the behavior of the coastal inputs

in the simulations suggests that changes in local upwelling will not have major effects on sea surface

temperature or salinity or Alexandrium growth rates in Puget Sound.

� 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Puget Sound is an estuary of 2230 km2 in Washington State,
USA, and is part of the Salish Sea. Puget Sound supports extensive
shellfish harvesting for commercial, recreational, and subsistence
purposes. The value of the shellfish industry in Washington State is
estimated at $108 million per year (based on 2008 and 2009 data
compiled by the Pacific Coast Shellfish Growers Association), and
approximately half of that value is from product grown in Puget
Sound. In fact, the economic value of shellfish aquaculture in
Puget Sound alone exceeds that for all other western USA states
* Corresponding author. Tel.: +1 206 860 3327; fax: +1 206 860 3335.
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combined (i.e., $16 million in California, $3 million in Oregon, and
$0.6 million in Alaska).

Puget Sound is also home to a number of harmful algal bloom
(HAB) species that can produce toxins and contaminate shellfish.
Arguably, the most concerning of these harmful algae are
dinoflagellates in the genus Alexandrium that produce a suite of
potent neurotoxins collectively called paralytic shellfish toxins
(PSTs). The most potent of the PSTs is saxitoxin (STX). When
Alexandrium blooms, PSTs can accumulate in shellfish to levels that
are unsafe for human consumption (>80 mg STX equivalents
100 g�1 shellfish tissue). If contaminated shellfish are consumed
by humans, gastrointestinal and neurological symptoms including
vomiting and muscle paralysis can develop and death can occur
in extreme cases (Quayle, 1969; Kao, 1993). The species of
Alexandrium thought to be responsible for the production of these
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toxins in Puget Sound has historically been identified as
Alexandrium catenella (Whedon & Kofoid) Balech. This is synony-
mous with Alexandrium tamarense Group I, a provisional species
name proposed by Lilly et al. (2007). However, the name
Alexandrium fundyense has recently been proposed to replace all
Group I strains of the A. tamarense species complex (John et al.,
2014). In light of the recent work by John et al. (2014) and to avoid
further confusion over Alexandrium species name designations, we
will refer here only to the genus name Alexandrium.

The life history of Alexandrium involves a benthic resting cyst
stage that is used to overwinter, and a proliferative planktonic
phase that is associated with blooms (Anderson, 1998). The typical
bloom season for Alexandrium in Puget Sound broadly spans from
July through November, but interannual variability is high (Moore
et al., 2009). To prevent contaminated shellfish from reaching the
market, public health managers conduct extensive monitoring to
ensure that shellfish are safe for consumption (Trainer et al., 2003).
This program is remarkably effective at preventing illnesses in WA,
especially illnesses arising from the consumption of commercial
shellfish, but it is time consuming and costly. Advanced warning of
the increased risk for Alexandrium blooms would allow managers
to efficiently target locations and time periods for monitoring. The
frequency of Alexandrium blooms appears to be sensitive to
environmental conditions in Puget Sound, with bloom onset
favored by a combination of variables that include warm surface
water and air temperatures, low stream flow, weak winds and
small tidal variability (Moore et al., 2009). When this combination
of environmental conditions occurs, a ‘window of opportunity’
presumably exists for Alexandrium growth, increasing the risk for
shellfish toxicity. Knowledge of when and where environmental
conditions favor bloom development in Puget Sound may inform
early warning capabilities and have considerable benefits for
public health and the Puget Sound shellfish industry.

During the typical annual bloom season for Alexandrium, the
hydroclimate of Puget Sound reaches annual extremes in several
related variables, complicating the isolation of specific environ-
mental mechanisms that increase risk for toxic bloom events. In
spring and early summer, Puget Sound is fed by freshwater flows
supplied by melting residual snowpack in the surrounding
mountain ranges hundreds of kilometers inland. Freshwater
inputs reach their annual minimum in early fall, approximately
coincident with the annual water and air temperature maximum
(Moore et al., 2008b). Note that Puget Sound has a robust estuarine
circulation, in which the upper, fresher layer generally exits
toward the ocean and colder, saltier, nutrient-rich water is drawn
in at depth, although the layer structure, strength of the
overturning circulation, and hence residence time vary signifi-
cantly among subbasins (Cokelet et al., 1991; Sutherland et al.,
2011; Banas et al., 2014). The deep inflow originates on the
continental slope of the Pacific Northwest upwelling zone, via the
Juan de Fuca Canyon, and its water properties are therefore set by a
combination of coastal wind-driven upwelling (Hickey, 1989),
enhancement of the upwelling circulation by canyon effects
(Alford and MacCready, 2014; Connolly and Hickey, 2014), and
tidal mixing over multiple entrance sills (e.g., Geyer and Cannon,
1982). Surface water properties in Puget Sound are thus influenced
by a range of factors both local (i.e., atmospheric heat fluxes,
nearby rivers) and remote (i.e., ocean influence via the overturning
circulation and mixing, wind-driven intrusions of the Fraser River
plume in summer) (Moore et al., 2008a,b; Banas et al., 2014).

PST concentrations in shellfish from inside Puget Sound first
exceeded the regulatory limit for human consumption in 1978
(Rensel, 1993). Since then, shellfish harvest closures have occurred
with increasing frequency and geographic scope (Trainer et al.,
2003). This increase in Puget Sound has occurred in conjunction
with an apparent global trend, attributed to various causes,
including increased nutrient loads and climatic changes (e.g.,
Hallegraeff, 1993, 2010; Anderson et al., 2002, 2012; Glibert et al.,
2005; Moore et al., 2008c). The sensitivity of Alexandrium blooms
to environmental conditions that are modulated by the local and
regional climate has led to the hypothesis that climate variability
and change may contribute to the interannual differences and
long-term increase in shellfish toxicity in Puget Sound. Moore et al.
(2010) investigated the influences of regional climate patterns on
PST accumulation in blue mussels from Puget Sound, finding that
annual toxicity increased with the number of days exceeding 13 8C,
a temperature threshold for accelerated growth and toxicity of
local Alexandrium (Norris and Chew, 1975; Nishitani and Chew,
1984). Warmer summers, and higher toxicity in shellfish, tended to
coincide with the positive phase of the Pacific Decadal Oscillation
(PDO), the predominant mode of North Pacific sea surface
temperature (SST) variability that correlates with warm anomalies
along the west coast of North America (Mantua and Hare, 2002).
No relationship was found between shellfish toxicity and the El
Nino-Southern Oscillation (ENSO), likely due to its predominant
influence on Puget Sound conditions in winter, outside of the
typical annual bloom season.

Long-term historical trends and future scenarios have also been
examined for the window of opportunity for Alexandrium in Puget
Sound (Moore et al., 2011). This analysis was based on the
environmental criteria that were found to increase the risk of
major toxic events during the period 1993–2007 (Moore et al.,
2009). The seasonal window of opportunity was found to increase
in duration over the 40-year study period from 1967 to 2006, with
notable step-like increases around 1978 and 1992. The 1978 in-
crease closely followed a major shift in regional climate associated
with the PDO and coincided with the first shellfish harvesting
closure inside Puget Sound from unsafe levels of PSTs (Ebbesmeyer
et al., 1995; Trainer et al., 2003). These climatic changes were most
evident by coastal sea surface warming in the northeast Pacific,
including the offshore regions near Puget Sound. Coastal SSTs also
exert a strong influence on air temperatures further inland
(Johnstone and Mantua, 2015), which correlate strongly with
surface water temperatures within the Sound (Moore et al., 2008a).
Future scenarios for the window of opportunity were evaluated
using global climate model (GCM) output. The duration of the
seasonal window was projected to increase by �13 d yr�1 by the
end of the 21st century, under the A1B scenario of moderate
greenhouse gas emissions (Moore et al., 2011). Of the environ-
mental conditions found to increase the risk of major toxic events
in Puget Sound, warmer SSTs appear to be a strong driver of both
the historical and projected increases.

The models described above that have been used to evaluate
the risk of Alexandrium blooms in Puget Sound are based on a
‘heuristic’ understanding of toxic events. Heuristic models, or
correlational approaches, look for common patterns in the
environment associated with past blooms to inform the prediction
of future blooms. This approach is particularly useful when long-
term time series of observations are available to develop and test
the model. However, the statistical relationships that heuristic
models are based on do not necessarily reflect the ecological and
oceanographic processes and interactions that are important for
toxic bloom development. Alternatively, mechanistic models
simulate these important processes and better explain the
dynamics of a system (modeling approaches for coastal marine
harmful algae are reviewed in Anderson et al., 2014). A notable
example of this kind of approach is the coupled biological–physical
model that is used to predict blooms of Alexandrium fundyense in
the Gulf of Maine (McGillicuddy et al., 2005). Mechanistic models
require specific knowledge of a number of physical and biological
rates that govern the movement, growth, and toxicity of blooms.
They can quantitatively evaluate the effects of changes in the
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environment on bloom dynamics and facilitate a deeper under-
standing of the system.

This study uses a mechanistic approach to model the potential
growth response (i.e., proliferative phase) of Alexandrium to
climate-driven changes in Puget Sound sea surface temperature
and salinity. We combine detailed experimentally derived
Alexandrium growth responses to environmental conditions with
regional atmosphere and ocean model simulations to investigate
future changes in the timing, duration, and extent of toxic blooms
in Puget Sound. By comparing present-day and future scenarios for
the environmental conditions that promote Alexandrium blooms,
we disentangle the effects of three climate pathways: (1) increased
direct heat input, (2) changing stream flow magnitude and timing,
and (3) changing ocean inputs (associated with upwelling winds).

2. Methods

2.1. Climate model simulations

Climate simulations for the U.S. Pacific Northwest (PNW) were
developed with a regional climate model using two different GCMs
to provide forcing at the boundaries. GCM resolution of 100–
200 km is too coarse to resolve important terrain features that
control the PNW and Puget Sound climate (Salathé et al., 2010). By
using a regional climate model to dynamically downscale the
global models, such features as coastally enhanced winds,
orographic precipitation, and air–sea interactions over Puget
Sound are represented. Both regional simulations use the Weather
Research and Forecasting (WRF; Skamarock et al., 2008) model
developed at the National Center for Atmospheric Research
(NCAR). This model includes advanced representations of cloud
microphysics and land-surface dynamics to simulate the complex
interactions between atmospheric processes like precipitation and
land surface characteristics such as snow cover and soil moisture.

The GCM simulations were performed as part of the Third
Climate Model Intercomparison Project (CMIP3). One simulation
is forced by the NCAR Community Climate System Model version
3 (CCSM3; Collins et al., 2006) and the second is forced by a
simulation of the fifth-generation Max Planck Institute, Hamburg,
GCM (ECHAM5/MPI-OM; Roeckner et al., 1999; Marsland et al.,
2003; Roeckner et al., 2003). For the present climate (1970–1999),
we used a simulation of the 20th century with historical forcing;
for the 21st century, we used a simulation with the Special Report
on Emissions Scenarios (SRES) A1B greenhouse gas emissions
scenario (Nakicenovic et al., 2000). The A1B is a medium-high
emission scenario reflecting ‘‘business as usual’’ in the first half of
the 21st century and greater mitigation in the second half
(Nakicenovic et al., 2000). Relative to the recent Representative
Concentration Pathways used in the Fifth IPCC Assessment, A1B
show similar temperature and precipitation changes to RCP6.0
(CIG Technical Report http://cses.washington.edu/cig/reports.
shtml#sok).

The two GCMs (CCSM3 and ECHAM5) are compared with a set
of 19 GCMs in Mote and Salathé (2009), who show that both
models yield relatively small temperature and precipitation bias
compared to observations for the 20th century climate of the PNW.
ECHAM5 in particular simulates atmospheric circulations patterns
over the North Pacific region quite well. Compared to the multi-
model average for the Pacific Northwest, ECHAM5 projects a low
temperature increase and a high precipitation increase while
CCSM3 projects a relatively warmer and drier future.

Downscaling simulations were performed using WRF with 12-
km grid spacing to simulate 6-hourly atmosphere and land-surface
parameters over the PNW as described in Salathé et al. (2015). The
regional model considerably improves the simulation of daily
and extreme weather as compared to the global model providing
boundary conditions (Zhang et al., 2009; Dulière et al., 2011).
Downscaled simulations of CCSM3 (CCSM3-WRF) and ECHAM5
(ECHAM5-WRF) were generated for the period 1969–2069.

2.2. Ocean model simulations

Output from the CCSM3-WRF simulation was used as input to a
three-dimensional numerical ocean model of the Salish Sea,
including Puget Sound, and the adjacent coastal zone (Fig. 1). The
ocean model, called MoSSea (Modeling the Salish Sea), was
implemented using the Regional Ocean Modeling System (ROMS;
Shchepetkin and McWilliams, 2005) following a framework
developed by the University of Washington Coastal Modeling
Group that was recently used for higher-resolution simulations of
Puget Sound (Sutherland et al., 2011) and the outer coast (Giddings
et al., 2015). The model includes realistic bathymetry; freshwater
inputs from the Fraser, Columbia, and 14 smaller Puget Sound
rivers; realistic tides; and is forced by surface fields from WRF
(wind, pressure, air temperature, relative humidity, rainfall, and
shortwave and longwave radiation). Open boundary conditions are
set by one-way nesting inside output from Global NCOM (Navy
Coastal Ocean Model; Barron et al., 2006) for the year 2006. The
model grid has 40 vertical layers using a stretched vertical
coordinate. Horizontal grid spacing is 700 m over Puget Sound,
stretching out to 3 km over the continental shelf and slope.

This horizontal grid is a compromise between the Sutherland
et al. (2011) design, which had variable grid cell resolution down to
280 m in Puget Sound and up to 3 km offshore, and the Giddings
et al. (2015) design, which had 1.5 km grid cell resolution over the
continental shelf and maintained this resolution (which barely
resolves the narrow channels of Puget Sound) throughout the
Salish Sea. On the shelf, the reduction in resolution does cause a
degradation of model skill relative to the Giddings et al. (2015)
hindcast of 2005, but the degradation is relatively small. Average
Willmott skill scores (Willmott, 1982) for comparisons with tidally
averaged temperature, salinity and major-axis velocity at coastal
mooring stations and sea level observations are 0.75, 0.68, 0.69 in
the present model, compared with 0.79, 0.68, 0.79 in the Giddings
et al. (2015) model (note that the Willmott skill score incorporates
both correlation error and bias, where 0 indicates no skill and 1 a
perfect model). The new model’s reduced resolution in Puget
Sound relative to Sutherland et al. (2011) likewise causes increased
biases in bottom-water properties (�1 salinity, 2 8C in summer in
Main Basin; approximately twice the error in Sutherland et al.,
2011), presumably a result of insufficiently resolved mixing at the
sills, together with inherited bias from NCOM. Nevertheless,
the model shows significant skill (�0.7) at reproducing the
near-surface fields most relevant to Alexandrium growth and
distribution, as detailed below.

2.3. Future scenarios

The two downscaled GCM projections described above (CCSM3-
WRF and ECHAM5-WRF) both project strong warming trends in
surface air temperatures over the Puget Sound basin throughout
the year (averaged 46.9–498 N and 122–123.258 W, 2 m above sea
surface; Fig. 2). Changes over the coastal ocean are more modest
(not shown). Model agreement and strong trends suggests that
warming is very likely to occur (i.e., 2–3 8C per century in CCSM3-
WRF). The two projections, however, do not present a consistent
picture of future trends in the winds that drive coastal upwelling
and hence ocean inputs to Puget Sound. CCSM3-WRF projects a
10–20% increase in the magnitude of May through September
upwelling-favorable (i.e., from the north) winds over the 100-y
period 1969–2069 (Fig. 3A). In contrast, changes in monthly mean
winds are more variable in ECHAM5-WRF and generally small,
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Fig. 1. (A) Ocean model domain encompassing the inland waters of the Salish Sea and the coastal ocean from Vancouver Island, British Columbia to central Oregon. (B) Map of

the southern Salish Sea showing the North, Hood Canal, Whidbey, Main and South Sound basins discussed in the text. The transect along which results are calculated in Figs. 5,

7, 8 is shown in blue, with distance markers every 50 km, reaching from the continental slope via the submarine Juan de Fuca canyon and the Strait of Juan de Fuca into Main

Basin and Sound. Distances are calculated from the middle of Admiralty Inlet, the double sill separating the Strait of Juan de Fuca from Puget Sound. The 100 and 200 m

isobaths are shown in gray.
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except for a strong trend toward increased upwelling in June
specifically (Fig. 3B), suggesting a change in the timing of the
upwelling season as opposed to its intensity. This inconsistency is
characteristic of the driving global projections as well. Among the
21 GCMs analyzed by Wang et al. (2010), 50-y trends in upwelling-
favorable winds for the PNW vary from a decline of �40% to an
increase of �60% relative to the 1980s mean (Fig. 3D). The mean
and standard deviation for this global ensemble is +8 � 17%.
Fig. 2. Trends in surface air temperature over the Puget Sound basin (46.9–498 N, 122–1

simulations.
Changes in upwelling, therefore, need to be treated not as a
prediction but as a sensitivity experiment. We constructed a
simple experiment by selecting individual years from CCSM3-WRF
whose seasonal cycle of wind stress were closest to decadal means
for the 1980s and the 2040s (1988 and 2047), which are shown in
Fig. 3C. By driving the regional ocean model with atmospheric
forcing from these years, we can assess whether the effect of a
moderate-to-high increasing trend in upwelling would be likely to
23.258 W) over 100 y (1969–2069) from the (A) CCSM3-WRF and (B) ECHAM5-WRF



Fig. 3. Trends in the north-south component of regional winds (45–488 N, 124–1278 W) during the upwelling season (April through October) over 100 y (1969–2069) from the

(A) CCSM3-WRF and (B) ECHAM5-WRF simulations. Negative values indicate upwelling-favorable wind from the north. (C) Monthly mean north-south winds for the years

selected from CCSM3-WRF to drive present-day (dashed) and future (dotted) simulations in ROMS. (D) Histogram of relative trends in upwelling over 50 y (change in

upwelling index relative to the present-day July mean) in the 21 GCMs (not downscaled) analyzed by Wang et al. (2010) (see Fig. 7 in that study, top panels, for source data).
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significantly affect the environmental conditions that promote
Alexandrium blooms in Puget Sound compared with the effects of
local heating and changing river inputs.

Seasonal cycles of riverflow for present-day and 2040s
conditions were constructed by synthesizing several existing
projections that used similar methods. Columbia River flow was
taken from the results in Elsner et al. (2010), Fraser River flow was
taken from Shrestha et al. (2012), and flows for 14 Puget Sound
rivers from Cuo et al. (2011). These studies were each based on an
ensemble of statistically downscaled CMIP3 global climate models
used as input to a hydrologic model. For all basins, the most
important projected change between the present day and 2040s is
a substantial reduction in mountain snowpack, which results in
higher precipitation-driven flows in winter and lower snow-melt-
driven flows in summer.

We combined the present day riverflow seasonal cycle
(interpolated from monthly means, without extreme events) with
CCSM3-WRF year 1988 to construct our ‘‘present day’’ ROMS
scenario, and the 2040s riverflow seasonal cycle with CCSM3-WRF
year 2047 to construct the future ROMS scenario analyzed below.
Open-ocean boundary conditions (1298W, 438N, 518N: see Fig. 1)
were taken from Global NCOM fields from 2006 and held constant
between the present-day and future scenarios, since downscaling
changes in the ocean on the Northeast Pacific or whole California
Current System scale was beyond the scale of this study.

2.4. Alexandrium bloom risk maps

Alexandrium bloom risk maps were produced using the
temperature and salinity fields from the present-day and future
climate simulations of the MoSSea ocean model. These fields were
applied to a growth function for Alexandrium that was developed
using two local strains from Puget Sound (Bill et al., in review).
Briefly, acclimated cells were incubated in small volume (30 mL)
batch cultures in a temperature gradient bar enclosed within a
controlled light box modified from Watras et al. (1982). Light was
set to a 14:10 h light:dark cycle. In vivo fluorescence was recorded
daily at 19 temperatures ranging from 5 to 28 8C and six salinities
ranging from 10 to 35. Specific growth rates (m) were calculated for
the exponential phase of growth for each temperature and salinity
treatment following the method of Brand et al. (1981). Since little
interaction was observed in the Alexandrium growth responses to
temperature and salinity, the growth function was calculated as a
fourth order polynomial fit to temperature with a variable
adjustment for the salinity response. The growth function was
fitted to the averaged growth rates of the two isolates. The
resulting function for Puget Sound strains of Alexandrium is shown
in Fig. 4 and indicates that growth is inhibited at temperatures
below 7–8 8C, but then increases with warmer temperatures.
Above 10 8C, the growth response is slightly less sensitive to
temperature and a broad range of temperatures between 10 and
24 8C support optimal growth. Growth is strongly inhibited at
temperatures above 25–26 8C, and growth ceases completely at
28 8C. In general, Puget Sound Alexandrium are euryhaline and
growth is sensitive to salinity changes only in the range of 10–15
salinity. Salinities below 10 prevent growth, while constant
maximum responses are seen between 20 and 35 salinity.

Alexandrium bloom risk maps were produced for the present-
day and future climate simulations in two ways: (1) by calculating
the mean of the maximum growth rates attained over the duration
of the bloom season using the growth function described in Bill
et al. (in review), and (2) by calculating the number of days
during the bloom season when a growth rate of 0.25 d�1 or
more was attained (approximately half of the maximum growth
rate attained by Puget Sound strains of Alexandrium; Bill et al.,
in review). The first map indicates potential changes to
Alexandrium growth rates during the bloom season as a function
of temperature and salinity, whereas the second indicates



Fig. 4. Alexandrium growth (m, day�1) as a function of temperature (8C) and salinity.

m = specific growth rate. [Bill et al., in reviewBill et al., in preparation]. The mean

and standard deviation of sea surface temperature and salinity in the North (*),

Whidbey (&), Main (~), and South (^) basins of Puget Sound from the present-day

(open symbols) and future (filled symbols) climate scenarios are plotted on the

growth function.
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potential changes to the seasonal duration of bloom-favorable
temperature and salinity conditions. Both maps assume no other
limitations to growth. Together these maps provide a powerful
assessment of potential changes in Alexandrium bloom risk in
space and time, because small changes in the growth rate may
still result in large changes in Alexandrium abundance depending
on the length of time that cells are exposed to more favorable
conditions.
Fig. 5. Present-day seasonal cycle of surface temperature and surface salinity in Main Bas

D) the model. Observations are a composite of sampling 1989–2012 as described in th
3. Results

3.1. Puget Sound water properties

Seasonal cycles of SST and salinity along a transect down the
length of Puget Sound’s Main Basin into South Sound (see map in
Fig. 1) are shown in Fig. 5 for the present-day scenario, in
comparison with observations composited from a number of
monitoring programs. CTD (conductivity–temperature–depth)
samples in the upper 5 m, within 5 km of the transect line, were
assembled from monitoring 1989–2012 by the Washington
Department of Ecology, King County Water and Land Resources
Division, and biannual PRISM (Puget Sound Regional Synthesis
Model) cruises. Observations are displayed as a composite seasonal
cycle (Fig. 5A and C). Some non-negligible model biases are evident
(particularly SST in winter), but the model reproduces along-
channel and seasonal variability with significant skill
(WS = 0.69 for temperature and 0.72 for salinity).

Seasonal cycles of SST and salinity, for the present and future
scenarios, averaged for the entire Puget Sound basin, are shown in
Fig. 6A and B. SST is projected to increase by 2 8C at the spring and fall
margins of the warm season and 3 8C at the peak of late summer
warmth (Fig. 6C). Projected changes in surface salinity (Fig. 6D) show
that the early summer minimum, produced by freshwater inputs,
occurs �20 d earlier due to earlier snow melt runoff (Fig. 6B). This
change in the timing of peak runoff leads to lower inputs later in
the summer, leading to more saline conditions in Puget Sound,
particularly in those areas fed by rivers originating in the Cascades.

Changes in deep water temperature and salinity are muted
relative to these changes in surface fields. The difference in depth-
resolved temperature between the present and future scenarios,
in and South Sound (see Fig. 1 for transect line) in (A and C) observations and (B and

e text.



Fig. 6. Daily mean values of (A) sea surface temperature (SST) and (B) salinity for the present-day (dashed) and future (dotted) climate scenarios from the CCSM3-WRF-

MoSSea simulation. The changes in present-day and future (C) SST and (D) salinity are also shown. Data are smoothed using a 31-day running mean (�15 d).
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averaged May–September, is shown in Fig. 7 for an extended
transect line reaching from the continental slope, via Juan de Fuca
canyon and the Strait of Juan de Fuca, into Main Basin and South
Sound (see Fig. 1). The �2 8C temperature increase discussed above
is strongest at the surface. The inflowing deep layer shows a
decrease of 0.1–0.2 8C in the future scenario, the signature of
intensified upwelling or upwelling drawing from a deeper offshore
source. The weak temperature increase at depth in Puget Sound
can be interpreted as the sum of these opposing trends: the
positive effect of local surface heating mixing down from above,
and the negative effect of increased upwelling transported in
through the Admiralty Inlet mixing zone.

Consistent with this vertical structure, changes in stratification
in the future scenario largely follow the surface fields (Fig. 8). In
both Main Basin and the Strait of Juan de Fuca, top-to-bottom
salinity stratification (Fig. 8A and B) increases November to May,
and decreases during early summer, the present-day riverflow
Fig. 7. Change in mean summer temperature (future scenario minus present-day scen
peak. Density stratification (Fig. 8C and D) largely follows salinity
stratification, except that in Main Basin, increasing surface
temperature cancels the salinity effect on stratification during
early summer (Fig. 8C).

3.2. Alexandrium bloom risk maps

The SST and salinity fields from the downscaled CCSM3-WRF-
MoSSea simulations were applied to the empirical growth function
derived by Bill et al. (in review) (see Fig. 4) and used to map
Alexandrium bloom risk in Puget Sound under present-day and
future climate conditions. The simulated changes in HAB-favorable
conditions were calculated over a conservatively longer than
normal Alexandrium bloom season (May–October) to capture any
changes that might arise from a temporal expansion of HAB-
favorable conditions (Moore et al., 2011). Relative to the present-
day, future conditions in Puget Sound are projected to support both
ario, averaged May through September) along the transect line shown in Fig. 1.



Fig. 8. (A and B) Top-to-bottom salinity stratification and (C and D) density stratification (kg m�3) over the seasonal cycle in present-day (dashed) and future (dotted) model

scenarios, averaged over (A and C) Main Basin and (B and D) Strait of Juan de Fuca along the transect line shown in Fig. 1.
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higher growth rates and a longer bloom season for Alexandrium

(Fig. 9). Increases in growth rates attained during the bloom season
were small (up to 0.05 d�1) but fairly uniform throughout all of
Puget Sound (Fig. 9A) and generally consistent throughout the
duration of the bloom season (not shown). Increases in the
duration of HAB-favorable conditions were more variable in Puget
Sound’s basins (Fig. 9B). The largest increases of up to 30 more days
of HAB-favorable conditions are projected to occur in North basin
(including the eastern end of the Strait of Juan de Fuca) and in the
finger inlets of South basin, with moderate increases in the Main
Fig. 9. Maps of the potential changes to (A) Alexandrium growth rates as a function of

temperature and salinity, and (B) the seasonal duration of bloom-favorable

conditions in Puget Sound. Changes are calculated as the difference between the

present-day and future scenarios over the duration of the bloom season (May

through October).
basin and Hood Canal. The duration of HAB-favorable conditions is
projected to remain unchanged or increase by only a few days in
most of Whidbey basin with the exception of Skagit Bay which is
projected to experience a large increase in HAB-favorable days.

Smoothed daily values of Alexandrium growth rates averaged
over the entire Puget Sound basin are shown in Fig. 10 for the
present-day and future climate simulations. Growth rates in
winter are similarly low (<0.2 d�1) for the two simulations, but
they begin to diverge early in the spring. Not only are growth rates
higher for the future climate simulation, but they begin to increase
�30 d earlier in the year. This is consistent with the findings from
the heuristic modeling approach of Moore et al. (2011), indicating
an earlier start to the bloom season in the future. This increase in
Alexandrium growth in the future is primarily driven by increasing
SST. The mean values of SST and salinity during the bloom season
in North, Whidbey, Main and South Basins of Puget Sound from the
Fig. 10. Daily mean growth rate of Alexandrium for the present-day (dashed) and

future (dotted) climate scenarios from the CCSM3-WRF-ROMS simulation. The

growth rate is averaged over the Puget Sound basin (122–123.258 W, 46.9–498 N)

and data are smoothed using a 31-day running mean (�15 d).
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present-day and future climate simulations mapped onto the
growth function for Alexandrium from Bill et al. (in review) in
Fig. 4. Increases in SST of �2 8C occur in each of the basins whereas
negligible or no changes are simulated for salinity. But more
importantly, the increases in SST occur in a region of the growth
function that is sensitive to change resulting in an increase in
Alexandrium growth rates. The negligible changes in salinity
combined with the euryhaline nature of Puget Sound Alexandrium

result in the simulated growth rates from this study being
insensitive to projected changes in salinity.

4. Discussion

We have conducted an analysis of regional atmosphere and
ocean modeling simulations to understand the linkages among
regional climate and Puget Sound oceanography in projected
climate change. By focusing on a reduced set of climate pathways
that are most likely to impact Alexandrium in Puget Sound, we
mechanistically evaluate the relative importance of greenhouse
gas driven changes to warming, stream flow, and upwelling on
the timing, duration, and extent of toxic HABs. Future warmer SST
due primarily to increased direct heat input is the strongest driver
of increased Alexandrium bloom risk in Puget Sound. Because
Alexandrium are euryhaline, changes in salinity arising from earlier
snow melt runoff contribute far less to projected changes in bloom
risk. However, the empirical growth model for Alexandrium that we
use is a function of SST and salinity values only and does not
consider changes to stratification. Increased stratification of the
water column may indirectly favor swimming dinoflagellates such
as Alexandrium because reduced vertical mixing decreases the
nutrient supply to the surface waters, reducing the overall growth
and biomass of phytoplankton in the surface waters (Behrenfeld
et al., 2006). The ability to vertically migrate to deeper nutrient-
rich waters may provide these species with a competitive
advantage (Tozzi et al., 2004). More work is needed to quantita-
tively evaluate the response of Puget Sound Alexandrium to
stratification in relation to the rest of the phytoplankton
community so that the potential effects of future changes can
be simulated.

Similarly, it is likely that changes in the timing of spring
stratification will lead to changes in the timing of the spring
phytoplankton bloom throughout Puget Sound, with unknown
consequences for total primary production and seasonal succes-
sion. Spring stratification affects bloom timing by partially
regulating the degree of light limitation that phytoplankton
experience, but light limitation is controlled by other, potentially
variable factors as well. Changes in dissolved and particulate
matter concentrations in the rivers could change the underwater
light field. Changes in cloud cover could affect surface light
availability, and indeed, data from moored Oceanic Remote
Chemical Analyzer (ORCA) buoys in Puget Sound (not shown:
http://orca.ocean.washington.edu/data.html) suggest that vari-
ability in surface light in February–March may be important to
interannual variability in bloom timing at some stations. These
interannual observations do not address, however, the question of
whether we should expect climate-timescale trends in spring light
availability in this region. The climate model scenarios evaluated
here show no change in the seasonality of surface light (i.e.,
downward shortwave radiation) over the Puget Sound basin (46.9–
498 N, 122–123.258 W), as opposed to the strong shift in the
seasonality of stratification documented above (Fig. 8).

Present-day bloom season SSTs in Puget Sound lie in the range
of 12–20 8C (Moore et al., 2008b). This is within the zone of
sensitivity for Alexandrium growth, such that an increase in
temperature results in an increase in growth rate. This is in
contrast to the salinity range of 20–30 which lies considerably
above the zone of sensitivity for Alexandrium growth. And because
Puget Sound Alexandrium are euryhaline, growth is relatively
insensitive to changes in salinities except for changes that occur in
the fresher range of �10–20 (Fig. 4). Hence, the changes in
Alexandrium bloom risk shown in Fig. 9 are almost entirely driven
by changes in SST. Warming of SSTs in the basins of Puget Sound is
fairly consistent at �2 8C, producing a similarly consistent average
increase in Alexandrium growth rates of �0.05 d�1 over the
duration of the bloom season (Fig. 9A). This is a relatively small
increase in growth rate. In the context of the simulated changes in
SST and salinity in Whidbey basin (Fig. 4), an increase in growth
rate from 0.25 to 0.30 d�1 translates into a decrease in generation
time from 2.77 to 2.31 d. The simulated increase in the duration of
HAB-favorable conditions of up to 30 d may be more important
than the relatively small changes in growth rate for Alexandrium

bloom development in the future. Assuming no other limitations to
growth, this could allow blooms to develop earlier in the year
compared to the present-day, and the longer period of time that
cells are exposed to more favorable SST conditions may result in
higher magnitude blooms. The biggest increase in the duration of
HAB-favorable conditions occurred in North basin and the Strait of
Juan de Fuca. Even though SST warmed by approximately the same
amount in North basin compared to the other basins of Puget
Sound, present-day values of SST were relatively cooler. Therefore,
the increase in SST in this basin resulted in considerably more days
when growth rates could exceed the optimal growth threshold
of 0.25 d�1 for Alexandrium.

It is important to remember that this assessment of Alexandrium

bloom risk considers temperature and salinity conditions only.
Other aspects of Alexandrium bloom ecology and oceanography,
such as the location of cyst ‘seed beds’, the timing of cyst
germination, physical transport of cells via mixing and currents,
nutrient availability, competition with other phytoplankton
species, grazing, and infection by parasites, are not considered.
With this in mind, the occurrence of a temperature and salinity
window in space and time that is favorable for Alexandrium growth
does not necessarily mean that Alexandrium blooms will occur.
Rather, that the potential exists for bloom conditions to develop.
Further, this assessment assumes that the growth response of
Alexandrium to temperature and salinity will remain unchanged
and does not consider the potential for Alexandrium to adapt to
changing ocean conditions over long time-scales. This means that
the growth response measured in present-day Alexandrium might
be different from the growth response of Alexandrium in the future.
Nevertheless, because temperature is such a strong determinant of
many biological rates, this initial assessment of greenhouse gas-
driven changes in Alexandrium bloom risk provides insight into
potentially important climate pathways that are relevant for
Alexandrium bloom development in Puget Sound.

An increase in upwelling intensity, of a magnitude close to
the median of existing GCM projections (Fig. 3), does not appear
to have a major direct effect on Puget Sound surface water
temperatures compared with concomitant changes in local
atmospheric heat fluxes (Fig. 7). Likewise, the direct effect of
increased upwelling on salinity (on the order of 0.1) is small
compared with the changes that accompany the projected shift in
the timing of local river inputs, and smaller still in comparison with
the salinity sensitivity of Alexandrium. Still, this does not mean that
we should discount changing ocean inputs as a potential driver of
future change in Puget Sound more generally, for two reasons.
First, even small variations in temperature and salinity at depth
may indicate large changes in biogeochemical properties. For
example, Davis et al. (2015) summarized the observed deep
nitrate-salinity relationship in Washington coastal waters with a
piecewise-linear fit that suggests 0.1–0.2 change in salinity near 34
(i.e., matching the scale of change below 50 m in Juan de Fuca

http://orca.ocean.washington.edu/data.html
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canyon and Strait of Juan de Fuca in our model) is loosely
equivalent to a change of 3–7 mmol N m�3 in incoming nitrate
concentration, if the salinity change is interpreted as a change in
the depth from which incoming water is drawn. This is on the order
of 10–20% of the total nutrient supply in the Salish Sea (Mackas and
Harrison, 1997), potentially enough to have effects on primary
production as a whole.

Second, remote upwelling-favorable winds farther south in the
California Current System are responsible for a first-order fraction
of summer upwelling in the PNW, and for setting seasonal water
properties at slope depth via the California Undercurrent (Battisti
and Hickey, 1984; Connolly et al., 2014). Likewise, modulations
of gyre-scale transport patterns such as the North Pacific Gyre
Oscillation (NPGO; Di Lorenzo et al., 2008) are known to be
important to interannual and decadal variation in source water
properties as well. These processes occur on scales not resolved by
the nested model setup used in this study. If future change in
upwelling-favorable winds are coherent between the PNW and the
rest of the California Current System, then the fact that our model
setup neglects remote wind effects means that we have likely
underestimated the effect of changes in the winds on incoming
water properties. Still, our conclusion that changes in the ocean are
likely to have only minor impacts on surface temperature and
salinity within Puget Sound, but potentially much greater impacts
on estuarine biogeochemistry, is unchanged.

The results from this study have allowed us to mechanistically
examine the potential climate pathways that are most likely to
influence HABs of Alexandrium in Puget Sound in the future. Future
warmer Puget Sound SSTs clearly increase the maximum growth
rates that can be attained by Alexandrium during the bloom season
as well as the number of days with conditions that are favorable
for bloom development. Changes in surface salinity arising from
changes in the timing of riverflow have a negligible effect on
Alexandrium growth rates; however, the resulting shift toward
earlier stratification has strong potential to alter the seasonal cycle
of phytoplankton in Puget Sound as a whole, with unknown
consequences for Alexandrium. The behavior of the coastal inputs
in the simulations suggest that changes in local upwelling will
not have major effects on SST and surface salinity in Puget Sound,
although changes in the nutrient supply delivered to Puget Sound
from upwelled waters are likely, with unknown effects on
Alexandrium growth. Changing nutrient concentrations may affect
Alexandrium growth directly, or changes in the relative concentra-
tions of nutrients, such as the nitrogen to silica ratio, may influence
the structure of the phytoplankton community with implications
for Alexandrium.
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Salathé Jr., E.P., Hamlet, A.F., Mass, C.F., Stumbaugh, M., Lee, S.-Y., Steed, R., 2015.
Estimates of 21st century flood risk in the Pacific Northwest based on regional
scale climate model simulations. J. Hydrometeorol. 15, 1881–1899, http://
dx.doi.org/10.1175/JHM-D-1113-0137.1171.
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