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In situ observations including long-term moored meteorological and oceanographic measurements and
multi-year gulf-wide ship survey data are used to quantify interannual variability of surface wind, river
runoff, and hydrographic conditions in the Gulf of Maine during summers 2002–2011. The cumulative
upwelling index shows that upwelling (downwelling)-favorable wind conditions were most persistent
in 2010 (2005) over the 10-year study period. River discharge was highest in 2005; peak runoff
occurred in early April in 2010 as opposed to late April to middle May in other years. Moored time
series show that coastal water temperature was 0.5–2 1C warmer than average in summer 2010, and
about 2 1C colder than average in 2004. Coastal salinity in April 2010 was the lowest in the 10-year
study period. Both moored Acoustic Doppler Current Proﬁler (ADCP) current measurements and
dynamic height/geostrophic velocity calculations based on gulf-wide ship survey data show May–June
2010 had one of the weakest alongshore transports in the western Gulf of Maine during the 10-year
study period, likely associated with intrusions of warm slope water and fresher-than-usual Scotian
Shelf water. Comparisons of coastal currents to the Paralytic Shellﬁsh Poisoning (PSP) closure maps
resulting from Alexandrium fundyense blooms suggest a linkage between alongshore transport and the
downstream extent of toxicity.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
The Gulf of Maine (GOM) off the U.S. northeast coast is a
marginal sea (Fig. 1) having a large-scale cyclonic mean circulation (Bigelow, 1927; Brooks and Townsend, 1989; Lynch et al.,
1996, 1997; Pettigrew et al., 2005). The nearshore ﬂow known as
the Maine Coastal Current (MCC) ﬂows southwestward along the
coast from the Bay of Fundy. Downstream, one branch of this
current often veers offshore of Penobscot Bay. The remaining
portion continues southwestward, as it is fed by river runoff from
the Penobscot, Kennebec, Androscoggin, and Merrimack Rivers.
The current bifurcates further downstream, one branch ﬂowing
through the Great South Channel (GSC) toward the Middle
Atlantic Bight (MAB), and the other ﬂowing northeast to
Georges Bank.
While these mean circulation patterns are well known, signiﬁcant variability has been observed on synoptic to interannual
time scales. Both local forcing (i.e., tides, wind, heat ﬂux and
rivers) and upstream/deep ocean forcing contribute to such
hydrodynamic variability (e.g., He and McGillicuddy, 2008;
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Keafer et al., 2005; Lynch et al., 1997; Mountain and Manning,
1994; Pettigrew et al., 2005; Xue et al., 2000). Pettigrew et al.
(2005) showed that during a three-year study period (1998–
2000), there was signiﬁcant disconnection between eastern and
western segments of MCC in 1998, as compared to a more
connected coastal ﬂow in 2000, with 1999 being an intermediate
case. Further analysis of the kinetic structure of the ﬂow showed
such variability is an outcome of the modulation of both wind
forcing and river discharge. Moreover, eddies and meanders may
affect the near-shore current variance at times (Churchill et al.,
2005). The drifter study by Manning et al. (2009) suggested while
the mean coastal current is centered near 100-m isobath, its path
can deviate fairly frequently due to effects of wind forcing and
small-scale baroclinic structures. Modeling studies (Aretxabaleta
et al., 2009; Li et al., 2014) also revealed signiﬁcant interannual
variability in the strength and transport pathways of the coastal
current.
In addition to local forcing, inﬂows into the Gulf of Maine from
the Scotian Shelf and through Northeast Channel (NEC) have been
found to be highly effective in modulating the GOM interior
hydrography from time to time (e.g., Bisagni and Smith, 1998;
Brown and Irish, 1993; Houghton and Fairbanks, 2001;
McGillicuddy et al., 2011; Smith et al., 2001, 2012). Mountain
and Manning (1994) studied the seasonal cycle and interannual
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Fig. 1. Locations of the NERACOOS buoys (pink squares) and CTD stations (red dots) of gulf-wide ship surveys (A) Oceanus 412 in 2005, (B) Oceanus 425 in 2006,
(C) Endeavor 435/437 in 2007 and Oceanus (D) 460/465/467 and Endeavor 476 in 2010, respectively. Also shown is the 200-m isobath. The blue solid line indicates the
transect off Casco Bay that is used for computing alongshore transport shown in Table 1. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

variability in coastal hydrography. In the eastern Gulf the salinity
cycle is dominated by the winter inﬂux of low salinity Scotian
Shelf water, as opposed to that in the western Gulf, which is
heavily inﬂuenced by the local runoff in spring. Because of the
phase differences in temperature and salinity cycles, the western
GOM is more stratiﬁed in spring and summer. On decadal time
scales, there was less variability in temperature (1–2 1C) during
the period 1977–1987, compared to observed ﬂuctuations of
4–6 1C in 1960s. Further analysis conﬁrmed that the temperature
variability was driven by both local heat ﬂux and boundary
inﬂows with an advective origin (Mountain et al., 1996).
Townsend et al. (2010) found lower nitrate but higher silicate
concentrations in the GOM interior beginning in the 1970s, likely
due to increased freshwater inﬂow from the Scotian Shelf. As
such, the coastal current system in recent decades is comprised of
a greater portion of relatively nutrient-poor, cold shelf waters and
less of the nutrient-rich, warm slope waters that were previously
thought to dominate the nutrient ﬂux into the gulf.
Long-term moored meteorological and oceanographic observations (with hydrographic observations becoming available in
July 2001) taken by a regional marine buoy network, along with
multi-year gulf-wide ship surveys of the Gulf of Maine Toxicity
(GOMTOX) project and predecessor programs, have provided a
new opportunity to quantify the interannual variability of the
GOM hydrodynamics in recent years. Focusing on the late spring
and summer periods (April 1–August 1), we use these observations to investigate the interannual variations in local wind
forcing, river discharge, and the gulf-wide hydrographic

conditions during 2002–2011. One of our objectives is to provide
an updated knowledge of regional coastal hydrography that can
complement Pettigrew et al. (2005) and other earlier studies
(which were based on ship survey data and Gulf of Maine Ocean
Observing System observations prior to 2005), and discuss the
possible causes to such variability during the past 10 years. In
addition, a number of earlier studies have illustrated that changes
in atmospheric forcing, gulf hydrography and coastal circulation
have signiﬁcant impacts on the timing and magnitude of annuallyoccurring Alexandrium fundyense blooms and shellﬁsh toxicity in
the gulf (e.g., Anderson et al., 2005; He et al., 2008; Li et al., 2009;
McGillicuddy et al., 2011; Thomas et al., 2010). In this regard, a
particular motivation of this research is to better quantify the
seasonal and interannual variations in the Gulf of Maine hydrodynamics to provide a foundation for understanding the intrinsic
linkage between regional hydrodynamics, A. fundyense blooms, and
the distribution of the associated toxicity along the coast.

2. Methods
The majority of long-term time series observations used in this
study during 2002–2011 were obtained from moorings of the Gulf
of Maine Ocean Observing System (now part of the Northeastern
Regional Association of Coastal and Ocean Observation Systems
[NERACOOS], http://www.neracoos.org, e.g., Pettigrew et al.,
2011), including hourly observations of surface wind speed and
direction, ocean temperature, salinity and velocity. We focused on
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Cumulative Upwelling Index

temperature and salinity measured by buoys B and E in the
western GOM coastal region, and buoy I in the eastern GOM
coastal region. Both areas are primary habitats of A. fundyense
(Anderson et al., 2005; Stock et al., 2005) and where onshore
shellﬁsh bed closures regularly occur. Buoys M and N document
variability in Jordan Basin and the Northeast Channel, respectively, which provides important information about offshore
forcing that impacts the coastal region (Fig. 1A, pink squares).

The surface wind forcing was quantiﬁed using an Upwelling Index
(UI¼ tx =rf , i.e., the offshore component of the Ekman transport)
following the method of Schwing et al. (1996), where the alongshore
component of wind stress is calculated using the Large and Pond
(1981) formulation, and f is the local Coriolis parameter. Positive
(negative) UI represents upwelling (downwelling) favorable wind
conditions, respectively. The cumulative UI (CUI) was computed by
R
integrating the resulting UI over time (i.e., CUI ¼ UI dt) between
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Fig. 2. Time series of cumulative upwelling indices (CUI) for 2004–2011 at (A) WGOM buoy B and (B) EGOM buoy I. The unit for the indices is m2  86,400. At each station,
the long-term mean CUI is shown in dashed gray line.
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April 1 and August 1 of each year. The slope of CUI is particularly
informative, in that the most upwelling favorable wind conditions are
represented by the steepest rising trend in CUI. In contrast, a declining
trend in CUI indicates that downwelling favorable winds (negative UI)
become more dominant.
For ocean temperature and salinity observations and density
proﬁles, harmonic ﬁtting was applied to derive their seasonal
cycles. To deﬁne the mean seasonal cycles, a least-squares
harmonic ﬁtting method was applied to hourly surface (2 m)
temperature and salinity measurements at buoys such that
Sseasonal ¼ const þ a sin ðotÞ þ b cos ðotÞ,
1

where t is time in days, o ¼ 2p=365d , and a and b are ﬁtting
coefﬁcients of the harmonic signal.
Temperature and salinity observations collected during shipboard surveys in the summers of 2005, 2006, 2007, and 2010
were also used to provide quasi-synoptic, gulf-wide hydrographic
analyses (Fig. 1A–D). Additionally, river runoff time series collected from ﬁve major rivers in the GOM (i.e., St. John, Penobscot,
Androscoggin, Kennebec, and Merrimack rivers; Fig. 1A) were
considered. Daily discharge observations during 2002–2011 were
obtained from the United States Geological Survey (USGS) river
station and water survey of Canada.

3. Results
3.1. Seasonal and interannual variability in wind forcing
The long-term (2002–2011) seasonal mean wind ﬁelds over the
GOM exhibit a directional shift that typically occurs in April–May.
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Northwesterly winds generally dominate the gulf in April. Southwesterly winds then become prevailing starting in May, and
continue as the season progresses. Such southwesterly winds favor
coastal upwelling circulation near the Maine coast. Earlier studies
(e.g., Anderson et al., 2005; He and McGillicuddy, 2008) have
shown that outbreaks of consecutive strong northeasters can
reverse the monthly mean wind ﬁeld into downwelling favorable
in some years (e.g., May 2005; also see Butman et al., 2008).
Signiﬁcant interannual variability was revealed by CUI analyses on
wind time series between April and August of 2004–2011 at buoy B
in the western GOM (WGOM) and buoy I in the eastern GOM (EGOM)
(Fig. 2). Among all 8 years, 2010 strands out as the year with the most
persistent upwelling-favorable wind conditions, whereas 2005 had
the most downwelling-favorable wind. Indeed, a sharp decline in
2005 CUI was associated with a series of strong northeasters that
occurred in the month of May, as indicated earlier by He and
McGillicuddy (2008) and Butman et al. (2008).
Although the signals were not as strong as 2010, years 2004,
2008 and 2009 were also characterized largely by upwellingfavorable winds, as shown by a generally rising trend in their
respective CUI time series. CUIs for 2006, 2007, and 2011 were
relatively ﬂat for most of the time period examined, suggesting
the mean alongshore wind stress was signiﬁcantly weaker during
these three years compared to the other years. We note temporal
patterns of CUIs at buoys B and I were generally very similar
except during May–August of 2004 and June–July 2006. Some
sub-regional wind ﬁeld differences became apparent during these
two periods, such that surface winds were more downwelling
favorable in the EGOM than in the WGOM, as reﬂected in the
steeper declines in CUI at buoy I than buoy B. Such spatial
heterogeneity may be explained by differences in storm tracks.
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Fig. 4. Daily river discharge time series for the St. John, Penobscot, Androscoggin and Kennebec, and Merrimack rivers. Gray shaded areas indicate the spring and summer
months (February–August) of each year. Units: 103 m3 s  1.
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3.2. River discharge
River runoff is an important factor inﬂuencing the salinity and
density structure of the coastal GOM, especially in the spring and
summer seasons (Brooks, 1994; Geyer et al., 2004; Keafer et al.,
2005). Based on daily discharge observations of the St. John river,
the Penobscot river, the Androscoggin/Kennebec river, and the
Merrimack river (see Fig. 1 for their geographic locations), we
constructed monthly mean runoff time series in April, May, June
and July for 2002–2011. The cumulative monthly runoff from
these four rivers was also computed to represent the total freshwater discharge into the gulf in each corresponding month
(Fig. 3).
For each river, the runoff was the largest in April and May, and
generally declined by 40–70% by June and July. Signiﬁcant
interannual differences were seen in terms of monthly mean
and total river discharge. In April, the largest monthly runoff
(  7  103 m3 s  1) occurred in 2005, although the April runoff
was high in most other years. In May, the highest river discharge
took place in 2011, with the second highest in 2005. The largest
total river runoff in the months of June and July happened in 2006
and 2009, respectively. The total river runoff time series for the
entire season (April–July) (Fig. 3, bottom panel) displayed a
similar pattern as those in the individual months. For 6 years
(2005–2009 and 2011), the total river runoff was 50–100% larger
than those in 2002, 2003, 2004 and 2010.
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3.3. Coastal Hydrography and currents from moored observations
The 10-year (2002–2011) temperature and salinity time series
displayed variability on a wide range of scales from synoptic to
seasonal to interannual. To deﬁne the mean seasonal cycles, a
least-square harmonic ﬁtting method (see details in Section 2)
was applied to hourly surface (2-m) temperature and salinity
measurements at buoys B and E in the WGOM and buoy I in the
EGOM, respectively. Both hourly observations and ﬁtted seasonal
cycles were then time-averaged over each month from April to
July in 2002–2011. Comparisons of the resulting monthly means
indicate how different surface temperature (Fig. 5) and surface
salinity (Fig. 6) are from their corresponding seasonal cycles.
3.3.1. Temperature
In all years, surface temperature increased monotonically from
April to July. Two years stand out as having signiﬁcant anomalies
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A detailed examination of the daily runoff time series (Fig. 4)
shows that while the overall river discharge in spring and summer
2010 was relatively low, the peak runoff took place in the middle of
April, which was about 2–3 weeks earlier than when the peak
runoff occurred in other years (early-middle May). Such differences
in total discharge and timing of peak runoff can lead to the
interannual variability of coastal salinity, which in turn alters
water stratiﬁcation, and the associated baroclinic circulation.
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Fig. 5. Monthly mean near-surface (2-m) water temperature in April–July 2002–2011 observed at NERACOOS buoys B, E, and I. Also shown by black open circles and
corresponding error bars are the mean seasonal cycle and the associated standard deviations. Unit: 1C.
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corresponding error bars are the mean seasonal cycle and the associated standard deviations.

compared to the mean seasonal cycle. In 2004, the water was
about 2 1C colder than usual at all three coastal stations B, E, and I.
In contrast, in 2010, the water was signiﬁcantly warmer (1–2 1C)
than the mean seasonal cycle at the same three stations. The 50-m
temperature record (not shown) showed similar signals, suggesting
such interannual variability extended well below the surface.

3.3.2. Salinity
The salinity measured by the coastal buoys B, E, and I
exhibited pronounced interannual variations as well (Fig. 6).
We computed the salinity seasonal cycle and standard deviation
error with the same harmonic ﬁtting method used for the
temperature (note there is a data gap at buoy B in summer
2011 so no analysis was made). All three buoys showed the
coastal water in 2005 was the freshest in the 10-year record. At
buoy B for instance, the measured salinity was 2 units fresher in
April and May and 1 unit fresher in June than their corresponding
seasonal cycle values. Such freshening was consistent with 2005
having the largest runoff event in the time series (Fig. 3). Conditions were less variable in other years, with salinity values
generally falling within a standard deviation of the mean seasonal
cycle. We noted that salinity in April 2010 was highly anomalous.
At all three buoy locations (in both WGOM and EGOM), salinity
was 1–2.5 unit fresher than the seasonal cycle. This coincided
with the earlier freshening in April 2010 discussed in Section 3.2.

3.3.3. Stratiﬁcation
Temperature and salinity observations at 2-m and 50-m can be
used to compute the water column buoyancy (Väisälä) frequency
N2 following:
N2mid_depth ¼ 

g @r
g rð2mÞ rð50mÞ

,
r0 @z
r0 ð2mð50mÞÞ

where r0 ¼1027 kg/m3 and g¼9.8 m/s2.
The seasonal cycle, monthly and seasonal means were calculated for each year between 2002 and 2011 (Fig. 7). In most years,
the stratiﬁcation was dominated by temperature and increased
gradually as the seasonal warming progressed, reaching the
highest values of N2 in July. This was not the case in 2005 and
2010 at buoy B, when April had stronger stratiﬁcation than May.
Interannual variability is affected by the salinity anomaly introduced by larger (or earlier) than normal river discharge discussed
earlier (Section 3.2), resulting in lower salinity and density in the
upper ocean that enhances water column stratiﬁcation. Remote
forcing, such as advection of water mass anomalies from
upstream, can also play a role in stratiﬁcation (Section 3.3.4).
3.3.4. Hydrographic variability in Jordan Basin and the Northeast
Channel
Buoy M collects subsurface temperature and salinity data in
Jordan Basin (Fig. 8). In addition to the expected seasonal cycle
shown in the time series (between February and September)
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in each year, we also see signiﬁcant interannual variability at
depth ( 4100 m). For example, in February–April 2004, April–
August 2010, and February–May 2011, deep water temperature
was up to 1–2 1C warmer than during the same period in other
years. The concurrent salinity time series in February–April 2004
and February–May 2011 (Fig. 9) showed that deep water salinity
during these two periods was also slightly saltier than in other
years. To determine the source of water properties, we conducted
a water mass analysis based on the T–S data measured at buoy M
following Smith et al. (2001) and McGillicuddy et al. (2011).
Results (Fig. 10) clearly showed Warm Slope Water properties
(WSW) in 2011, 2010 and 2004, suggesting a bottom water
intrusion taking place prior to the summer season. In 2010 for
instance, a similar subsurface warming anomaly was also seen at
Buoy N in the Northeast Channel (not shown). The subsurface
water was 2–5 1C warmer in 2010 than in most of the years
(except for 2006).

3.3.5. Currents
We applied the same monthly/seasonal mean analysis on the
westward, alongshore surface (2-m) current measured by buoys
B, E and I (Fig. 11). Results showed the monthly variations were
smaller in the EGOM than in the WGOM. At buoy B (in WGOM),
the largest April-, May-, June- and July-monthly mean velocities
occurred in 2003, 2005, 2007, and 2009, respectively. In contrast,
the weakest April-, May-, June-, and July-monthly mean velocities
occurred in 2002, 2004, 2010, and 2006, respectively. In some
months, a reversed (i.e., eastward) alongshore current was seen,
such as in April 2004 at buoy E, and in July 2006 at buoy B. It is
also noted that while the alongshore current at buoy I (EGOM)
was normal in July 2007, the alongshore ﬂow at buoy E (WGOM)
was the weakest compared to ﬂows in July of other years. This
suggests that the western portion of MCC system might have been

decoupled in July 2007, a ﬁnding that is consistent with the
geostrophic calculations presented in Section 3.4.
From the summer mean perspective, in the WGOM (at buoy B)
2005 had the strongest (  12 cm s  1) westward alongshore
velocity in the 10-year study period, whereas 2002 and 2010
had the weakest (5 cm s  1). Similar features were observed at
buoys E and I, except that the coastal ﬂow in buoy E and I in 2010
was not as weak as downstream, again suggesting offshore
veering of the MCC. Similar features in other years have been
reported by Pettigrew et al. (2005) and Churchill et al. (2005).
Further analysis of the velocity time series at different depths (not
shown) indicates that the seasonal and interannual variations
described above extended to at least 60 m below the surface,
suggesting the overall transport in the upper water column would
follow the same seasonal and interannual variability.
3.4. Ship-based Hydrography and geostrophic current
Quasi-synoptic, gulf-wide hydrographic data collected by
GOMTOX ship surveys allowed us to examine the density structure and its corresponding dynamic height (DH) and geostrophic
ﬂow ﬁelds (Fig. 12). We calculated DH by integrating density
anomaly relative to the offshore starting point of each cross-shore
transect. Geostrophic velocity was computed to balance the local
depth-varying pressure gradient that gives zero pressure gradient
(and hence the level of no motion) at the seaﬂoor. The geostrophic
velocity can be calculated by
g @DH
g @DH
, v¼
f @y
f @x
R0
where DH ¼ h aðt,s,pÞdp is the dynamic height computed by
integrating the speciﬁc volume aðt,s,pÞ at each station over the
water column (e.g., Csanady, 1979; He and McGillicuddy, 2008;
Loder et al., 1997).
u¼
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Fig. 8. Time series of observed temperature at NERACOOS buoy M in Jordan Basin, February–September, 2004–2011. Black circles indicate the depths where observations
are available. A 7-day low-pass ﬁlter was applied to the time series to remove high-frequency noise.

In May 2005, a strong DH gradient induced by the anomalously large freshwater input (He and McGillicuddy, 2008) led to a
strong (20 cm s  1) geostrophic ﬂow, which was continuous from
the EGOM to the WGOM. The calculations showed that strong
geostrophic ﬂows were also present in 2006, although its ﬂow
pattern in the WGOM appeared to be more sluggish and less
organized than in the EGOM. In May–July 2007, the cross-shore
DH gradient and alongshore geostrophic current were strong in
the EGOM, but currents in the WGOM became weaker (especially
in late June, see EN437 in Fig. 12), which was consistent with
weak alongshore current measured in situ at buoy B and E (top
two panels, Fig. 11). The cross-shelf DH gradient in May–June
2010 was an order of magnitude smaller than that in 2005–2007.

As a result, the alongshore geostrophic currents were the weakest
among this set of comparisons.
We can estimate the upper water-column geostrophic transport (Table 1) by integrating the geostrophic current between 5
and 20 m along a transect off Casco Bay (blue line in Fig. 1D).
Alongshore transports were much larger in 2005 and 2006 than in
other years. In 2007, the transport decreased by nearly 70% from
May to June. Similarly, very weak alongshore transports were also
observed in May–June 2010. The ﬂow transport started to pick up
afterward, and transport doubled by the end of June. Analyses of
de-tided ship-board ADCP current data (Table 1) also suggest that
the alongshore transport across the same transect was much
weaker in 2010 than those in 2005 and 2006.
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Fig. 9. Time series of observed salinity at NERACOOS buoy M in Jordan Basin, February–September, 2004–2011. Black circles indicate the depths where observations are
available. A 7-day low-pass ﬁlter was applied to the time series to remove high-frequency noise.

4. Discussion
4.1. Interannual variability in hydrodynamics
As shown in previous sections, May–June 2010 had one of the
weakest alongshore transports in our 10-year study period. What
are the possible reasons? Mooring observations show that warmer and saltier than normal subsurface water ( b100 m) was
prominent in Jordan Basin during February–August, 2010 (Figs. 8
and 10). Based on the T–S properties, we infer the anomaly
originated from WSW (Houghton and Fairbanks, 2001) and a
warm water intrusion through the Northeast Channel that penetrated into the gulf interior. Indeed, such warm water was also

seen in the Northeast Channel and may be traced back to August–
September, 2009 (McGillicuddy et al., 2011). The distance
between buoys M (in Jordan Basin) and N (at the Northeast
Channel) is about 210 km. If the intrusion started in February
2010, the estimated speed of the warm water intrusion would be
 4 cm s  1. If the intrusion started around September 2009, then
the estimated intrusion speed would be  1 cm s  1. In either case,
it is conceivable that slow, but persistent bottom circulation
would be able to deliver warm slope water into Jordan Basin.
In average conditions, the Maine Coastal Current is largely
driven by the cross-shelf pressure gradient between the coast and
offshore basins (e.g., Fig. 12). In 2010, the anomalous warm water
in Jordan Basin increased the dynamic height in offshore water,
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Fig. 10. T–S diagrams for deep waters (depth 4 100 m) in Jordan Basin. Temperature and salinity data are from buoy M in February–September, 2004–2011. Vertices of
the mixing triangle are canonical end-member water-mass properties of Warm Slope Water (WSW), Scotian Shelf Water (SSW), and Labrador Slope Water (LSW) as
described by Smith et al. (2001). Dotted contour lines represent density anomalies.
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Fig. 11. Monthly mean alongshore velocity in April–July, 2002–2011 observed at NERACOOS buoys B, E, and I. The alongshore current is positive southwestward.
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decreasing the cross-shelf pressure gradient, and consequently
reduced the alongshore current.
In addition to the intrusion of WSW, the UI time series
between 2004 and 2011 indicates that 2010 had the most
upwelling-favorable wind condition. Southwesterly wind prevailed throughout April–July (Fig. 2), resulting in coastal divergence that also favored the reduction in the southwestward
alongshore transport (e.g., Fong et al., 1997; Churchill et al., 2005).
In 2010, strong stratiﬁcation developed in early April, which
was several weeks earlier than in other years (Fig. 7). This was
associated with freshening (Fig. 6) caused by the earlier peak of
river discharge (Fig. 4). In addition, the surface freshening further
offshore (e.g., Jordan Basin M, Fig. 9) suggested an advective

origin, associated with the antecedent anomalous warmer- and
fresher-than-usual inﬂow of SSW (McGillicuddy et al., 2011).
Thus, both earlier river runoff and upstream SSW inﬂow fostered
the early freshening and stronger stratiﬁcation in spring and
summer 2010.
4.2. Impacts on coastal PSP toxicity
Earlier studies have shown that hydrodynamic transport plays a
key role in determining the degree to which offshore blooms of A.
fundyense are exposed to coastal shellﬁsh beds (Franks and
Anderson, 1992a,b; He et al., 2008; Li et al., 2009; McGillicuddy
et al., 2005a; Stock et al., 2005). McGillicuddy et al. (2005b) showed
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Table 1
Geostrophic transports in 2005, 2006, 2007 and 2010. Each value is obtained by integrating the alongshelf geostrophic/ADCP de-tided velocities over the upper 5–20 m
along a transect off the Casco Bay (see blue line in Fig. 1a).
Cruise period

May
2005

Jun
2006

May
2007

Jun
2007

May 1–10
2010

May 27–Jun 3
2010

Jun 30–Jul 8
2010

Jul, 28–Aug 7,
2010

Geostrophic alongshore
transport(10  2Sv)
ADCP alongshore Transport(10  2Sv)

3.55

4.56

2.92

1.01

1.39

1.30

2.73

2.94

3.78

6.19

3.55

3.77

0.71

2.71

1.76

2.58

that the relationship between A. fundyense vegetative cell abundance and coastal shellﬁsh toxicity is not statistically signiﬁcant
during years of relatively low cell concentrations (1993, 1994, 2000,
2001 and 2002), suggesting that the interannual variability of
coastal toxicity during that time period was regulated more by
circulation and transport than the size of the populations themselves. Starting in 2005, the region was prone to more widespread
toxicity, especially in the western Gulf of Maine, Massachusetts and
Cape Cod Bays, and southern New England (Anderson et al., 2014a;

Kleindinst et al., 2014)). This ‘‘regime shift’’ has been attributed to
an overall increase in the abundance of resting cysts offshore of
mid-coast Maine, and interannual ﬂuctuations in toxicity extent
from 2005 to 2009 correlate strongly with cyst abundance
(McGillicuddy et al., 2011; Anderson et al., 2014b). A notable
departure from this pattern took place in 2010, when toxicity was
not nearly as extensive as what was expected based on the high
abundance of resting cysts in the fall of 2009. McGillicuddy et al.
(2011) hypothesized that poor growing conditions suppressed what
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otherwise would have been a large bloom, thereby preventing the
potential for widespread toxicity from being realized.
Our results suggest that hydrodynamics may have also played a
signiﬁcant role in diminishing the extent of toxicity in 2010. Both
moored observations (Fig. 11) and shipboard surveys (Fig. 12)
indicate that decreased alongshore ﬂow in the WGOM may have
reduced the transport of A. fundyense populations to the south and
west, thereby curtailing the alongshore extent of toxicity. This
effect may have been augmented by upwelling-favorable wind
conditions (Fig. 2), which not only tend to decelerate delivery of A.
fundyense cells to the WGOM, but also can spread the cells in the
offshore direction (Franks and Anderson, 1992b; Hetland et al.,
2002; McGillicuddy et al., 2003). Lastly, we note that the early peak
in river runoff (Fig. 4) may have contributed to the unusually fresh
(Fig. 6) and highly stratiﬁed (Fig. 7) conditions present early in the
season. Although these aspects of the oceanographic environment
were affected by large-scale water mass anomalies advected into
the region (McGillicuddy et al., 2011), local forcing also contributed
to the earlier-than-normal stratiﬁcation. In turn, this would favor
earlier-than-normal nutrient depletion, thereby negatively affecting the growing conditions for A. fundyense. Lower ambient
nutrient concentrations might also be part of long-term trend of
decreased inﬂow of nutrient-rich slope water through the NEC
(Pettigrew et al., 2011; Smith et al., 2012; Townsend et al., 2010),
and increased SSW inﬂow.
Another episode of reduced transport in the WGOM took place
in June–July 2007 (Fig. 12). Alongshore currents at buoys B and E
in July 2007 were among the weakest of all the Julys in the timeseries (Fig. 11). Possibly due to this sluggish transport, the
coincident PSP closures in 2007 were second only to 2010 in
their limited along-coast extent (McGillicuddy et al., 2011). In
contrast, the strong coastal ﬂow in 2005 (e.g., He and
McGillicuddy, 2008) coincided with one of the most extensive
toxicity closures in the last 30 years (Anderson et al., 2005).
Although hindcast simulations suggest increased cyst abundance
was the primary cause of the widespread bloom in 2005 (e.g., He
et al., 2008; Li et al., 2009), hydrodynamic conditions clearly
favored exposure of coastal shellﬁsh beds to the toxic algae.
In an effort to quantify these relationships, we tested several
linear regression models relating toxicity extent to alongshore
currents and cyst abundance. Although such relationships were
statistically signiﬁcant for subsets of the data, no robust relationship emerged from the complete time series (2004–2010). The
failure of these simple regression models is likely due to the
absence of other complex physical and biological factors, such as
pre-bloom nutrient conditions, delivery of offshore blooms
through cross-shelf transport, and other processes that are
difﬁcult to parameterize based on limited observations. Nevertheless, it is clear that the smaller alongshore toxicity extents
such as in 2010 and 2007 coincided with weakened alongshore
currents, and that the extensive toxicity closure in 2005 coincided
with strong alongshore ﬂow in the same year. Thus, there appears
to be some linkage between coastal circulation and the alongshore extent of toxicity in the WGOM.

5. Conclusions
In situ observations including long-term moored meteorological and oceanographic measurements and multi-year gulf-wide
ship survey data were used to quantify interannual variability of
surface wind, river runoff, and hydrographic conditions in the
Gulf of Maine during summers 2002–2011. Signiﬁcant interannual variability was found in the local forcing (i.e., wind and river
runoff). The CUI showed that the upwelling (downwelling)favorable wind conditions were most persistent in 2010 (2005)
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respectively over the 9-year study period. River discharge was
highest in 2005, whereas the peak runoff started in early April in
2010 as opposed to late April to mid-May in other years.
Coastal hydrography (temperature, salinity, stratiﬁcation)
inﬂuenced by both local and deep-ocean forcing also displayed
strong interannual variations. Coastal water temperature was
0.5–2 1C warmer than average in summer 2010, and about 2 1C
colder than average in 2004. Coastal salinity in April 2010 was the
lowest in the 10-year study period. Both moored ADCP current
measurements and dynamic height/geostrophic velocity calculations based on gulf-wide synoptic ship survey data show May–
June 2010 had weak alongshore transport in the western Gulf of
Maine. The reduction in alongshore current was likely inﬂuenced
by a combined effect of a subsurface warm water intrusion
through NEC, and anomalously warm and fresh SSW inﬂow
(e.g., McGillicuddy et al., 2011). However, our analysis showed
that upwelling-favorable wind conditions in 2010 also contributed to the decreased alongshore transport, further favoring the
reduced alongshore extent of toxicity. In contrast, widespread
coastal toxicity in 2005 was accompanied by strong alongshore
currents and downwelling-favorable winds, which tend to
increase the exposure of coastal shellﬁsh beds to offshore populations of A. fundyense. These observations suggest linkage between
coastal transport and the alongshore extent of toxicity in the
WGOM.
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