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Coupled North Atlantic slope water forcing on Gulf of Maine
temperatures over the past millennium
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Abstract To investigate ocean variability during the last
millennium in the Western Gulf of Maine (GOM), we
collected a 142-year-old living bivalve (Arctica islandica
L.) in 2004, and three fossil A. islandica shells (calibrated
14Cams = 1030 £ 78 ap; 1320 + 45 ap; 1357 + 40 ADp)
for stable isotope and growth increment analysis. A statis-
tically significant relationship exists between modern GOM
temperature records [shell isotope-derived (30 m) (r =
—0.79; P < 0.007), Prince 5 (50 m) (r = —0.72; P < 0.019),
Boothbay Harbor SST (r = —0.76; P < 0.011)], and Lab-
rador Current (LC) transport data from the Eastern
Newfoundland Slope during 1993-2003. In all cases, as LC
transport increased, GOM water temperatures decreased the
following year. Decadal trends in the North Atlantic
Oscillation (NAO) and the Atlantic Multidecadal
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Oscillation (AMO) influence GOM water temperatures in
the most recent period, with water temperatures decreasing
during NAO and AMO negative modes most likely linked
to LC transport and Gulf Stream interaction. Mean shell-
derived isotopic changes (5'%0.) during the last 1,000 years
were +0.47%o and likely reflect a 1-2°C cooling from 1000
AD to present. Based on these results, we suggest that
observed cooling in the GOM during the last millennium
was due to increased transport and/or cooling of the LC, and
decreased Gulf Stream influence on the GOM.

1 Introduction

The oceanography along the slope of the Eastern Canadian
coast and the deep Gulf of Maine (GOM) is strongly
influenced by the position, strength, and properties of the
Labrador Current (LC) (Fig. 1). The LC has two distinct
branches of flow: the principal branch that flows generally
southward along the continental slope, and an inner branch
that flows over the Labrador and Newfoundland conti-
nental shelf regions (Lazier and Wright 1993). At times,
water of LC origin extends from the western Labrador Sea
to the Middle Atlantic Bight (e.g., Petrie and Drinkwater
1993; Loder et al. 2001), and has a net cooling effect on
both air and coastal water temperatures along the Canadian
Atlantic provinces (e.g., Drinkwater et al. 1999). Han and
Li (2004) estimated an annually averaged flow of ~6 Sv
(1 Sv=10° m*® s7!) for the LC along the Eastern New-
foundland Slope (200-3,000 m) using TOPEX/Poseidon
satellite altimeter data (Fig. 1). Gatien (1976) identified
two types of slope waters outside the GOM and along the
Scotian Shelf, Labrador Slope Water (LSW) and Warm
Slope Water (WSW). From the Labrador Sea, the cold,
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Fig. 1 The general bathymetric map and surface circulation for the
Gulf of Maine (GOM) region (fine black line within the GOM) and
Eastern Canada, noting long-term climate stations [Portland (air
temperature); Boothbay Harbor (SST)] and the shell collection
location in the Western Gulf of Maine (fop) are shown. Within the
Northeastern Gulf of Maine (bottom) is the Prince 5 station (50 m
water temperature and salinity data; filled star). The approximate
Labrador Current transects (NE Track 096; Track 024; Track 113;
SW Track 096) located along the Newfoundland Slope of Han and Li
(2004) are illustrated. The locations for the studies of Keigwin et al.

relatively fresh and nutrient-poor water masses of the
southward flowing LSW mix with the warm, relatively
saline and nutrient-rich waters of the WSW (Gulf Stream-
derived) moving northward (Lazier and Wright 1993;
Drinkwater et al. 1999; Petrie and Yeats 2000). Further,
Gatien (1976) suggested that the slope water properties for
the region depend upon whether the LSW or WSW com-
ponent is dominant. Petrie and Drinkwater (1993)
postulated that oceanographic conditions in the GOM and
along the Scotian Shelf partly reflect the penetration of
slope waters onto the shelf in the deep layers through
gullies and channels, related to meteorological events, Gulf
Stream activity (rings), or gravitational flows generated by
differences in the density of the water on and off the shelf.
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(2003) (Emerald Basin, off Nova Scotia; filled circle) and Marchitto
and deMenocal (2003) (located south of Newfoundland and the Grand
Banks; filled square) are shown. Major ocean currents and water
masses for the region are shown with their approximate locations and
patterns [Labrador current (LC; gray line and arrow), Scotian Shelf
Water (SSW; gray line with black arrow), Labrador Slope Water
(LSW; gray with black circle), Warm slope water (WSW; black line
and circle with gray arrow), Gulf Stream (black line and arrow)].
Map was modified from Keen and Piper (1990)

In addition to several large rivers (St John, Penobscot,
Kennebec, and Androscoggin), the freshwater budget for
the GOM is significantly controlled by the inflow of Sco-
tian Shelf Water (SSW) (Smith 1983; Brown and Irish
1993), a water mass that is characterized as relatively cold
and with low salinity (e.g., Pettigrew et al. 1998). Scotian
Shelf Water is a mixture of water from the Labrador and
Newfoundland shelf regions, as well as water from the
Gulf of St. Lawrence (e.g., Houghton and Fairbanks 2001).
Scotian Shelf Water flows southward along the continental
shelf of Nova Scotia and into the GOM.

Dominant modes of atmospheric and oceanic variability
such as the North Atlantic Oscillation (NAO) and the
Atlantic Multidecadal Oscillation (AMO) have been linked
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to environmental change in the North Atlantic and sur-
rounding regions (e.g., Hurrell 1995; Enfield et al. 2001;
Drinkwater et al. 2003; Sutton and Hodson 2003, 2005;
Knight et al. 2005, 2006). North Atlantic Oscillation forcing
has been linked to LC transport variability (e.g., Myers et al.
1989; Dickson et al. 1996; Marsh et al. 1999), the position
of the northern Gulf Stream wall (Taylor and Stephens
1998), and certain zooplankton levels in the Gulf of Maine
(e.g., Conversi et al. 2001; MERCINA 2001; Greene and
Pershing 2003). In an NAO low mode (weaker westerlies
over the Labrador Sea and North Atlantic) there is
decreased winter heat loss, decreased winter storminess,
and suppressed ocean convection in the Labrador Sea
(rarely reaching deeper than 1,000 m) (Dickson et al. 1996).
These conditions, along with a greater input of relatively
fresh polar waters via the East Greenland Current, are
thought to lead to an increased buildup of fresh surface
water in the Labrador Sea, and increased buoyancy-driven
LC transport (Dickson et al. 1996). A persistent NAO low
pattern may cause GOM water temperatures to decrease for
two reasons: (1) increased LSW water would likely enter
the GOM (e.g., MERCINA 2001), and (2) a southward
displacement of the northern wall of the Gulf Stream would
allow decreased transport of WSW to enter the GOM.

The AMO is a measure of SST temperature anomalies in
the North Atlantic in part related to thermohaline circulation
(THC) with a periodicity of ~70 years (e.g., Delworth and
Mann 2000; Sutton and Hodson 2005). The AMO has been
associated with precipitation patterns in the United States
and Western Europe (e.g., Enfield et al. 2001), winter air
temperatures in Europe (Folland et al. 1986), and Atlantic
hurricane formation (Goldenberg et al. 2001). Dima and
Lohmann (2007) recently suggested that the dynamics of the
AMO are governed by interactions and feedbacks among the
ocean, atmosphere, and sea ice. In the mechanistic model of
Dima and Lohmann (2007), increased THC strength induces
North Atlantic and North Pacific SST anomalies, which in
turn impact sea level pressure (SLP) fields in the North
Atlantic and North Pacific. The resulting SLP fields and
associated wind stress modifies the export of sea ice and
freshwater from the Fram Strait into the North Atlantic,
ultimately affecting meridional overturning circulation
(MOC) (see Dima and Lohmann 2007 for a detailed
description). Although the relationship between Gulf Stream
transport and the AMO is still poorly understood, it is
plausible that decadal-to-multidecadal changes in the MOC
and Gulf Stream transport would cause SST anomalies in the
North Atlantic (e.g., Delworth and Mann 2000), and possibly
within the GOM. However, the relationships among domi-
nant climate modes (NAO and AMO), slope water currents,
and water temperatures in the GOM are poorly understood
over the past millennium. Because observational records of
temperature and salinity for the GOM are spatially and

temporally limited, marine-based proxy records can signif-
icantly extend our knowledge of past ocean conditions.
Oxygen isotopes (6'%0,) from the shells of the bivalve
A. islandica (Linnaeus 1767) (ocean quahog) have been
used extensively in paleoceanography (Weidman and Jones
1993; Weidman et al. 1994; Marsh et al. 1999; Schone
et al. 2004; 2005a, b). Weidman et al. (1994) concluded
that A. islandica precipitates its aragonitic shell (6'%0,) in
isotope equilibrium with ambient seawater, thus water
temperature estimates can be made when the isotopic
composition of the water (5180W) is known or can be
estimated (6'%0,—related to salinity). The ocean quahog
is a slow-growing bivalve that commonly lives more than
100 years (e.g., Ropes and Murawski 1983; Forsythe et al.
2003; Schone et al. 2005a) with a sub-arctic to mid-latitude
distribution in the North Atlantic (Cargnelli et al. 1999).
Because A. islandica deposits distinct annual lines in its
shell, it is possible to reconstruct past ocean environments
at sub-annual to annual resolution (Thompson et al. 1980;
Jones 1983; Ropes et al. 1984), and if the collection date is
known, paleoenvironmental reconstructions with an abso-
lute chronology can be constructed (e.g., Jones 1983). Our
goals in this paper are to (1) use both modern and 4Cams
dated fossil A. islandica shells to document ocean vari-
ability during the late Holocene in the Western Gulf of
Maine, (2) identify possible local and regional scale
mechanisms responsible for the shell-derived isotope time-
series based on comparisons with instrumental data from
the GOM and the North Atlantic, and (3) estimate the
influence of North Atlantic atmospheric and oceanic vari-
ability on GOM oceanography over the past millennium.

2 Experimental methods
2.1 Sample collection

One specimen of A. islandica was collected alive in the
Western Gulf of Maine, USA (43° 39’ 22.14" N, 69° 48’
6.01” W), in 30 m water depth via the fishing vessel FV
Foxy Lady on March 14, 2004 during a Maine Department
of Marine Resources dredge survey (Fig. 1). Three well-
preserved articulated fossils of A. islandica were collected
3 km away (43° 41’ 13.14" N, 69° 47’ 56.34” W) in 38 m
water depth via a Rossfelder vibracore (SBVC-9609) on
September 29, 1996 (Fig. 1). There was no evidence of
diagenesis (e.g., opaque rims or alteration from aragonite to
calcite) in any shell used in this study.

2.2 Sclerochronological and isotope analyses

In preparation for sclerochronological and isotope analy-
ses, we used methods outlined by Schone et al. (2005a).
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The left valve from each shell was mounted on a plexiglass
block, and a quick-drying metal epoxy resin (JB KWIK-
Weld) was then applied to the surface (inside and out).
Two thick sections (3 mm) of shell were cut from the valve
along the axis of maximum growth, and perpendicular to
the annual growth lines with a Buehler Isomet low-speed
saw using a 0.3 mm thick diamond wafering blade. Each
section was mounted on a glass slide, ground with 800 and
1,200 SiC grit, polished with 1 um Al,O; powder and
cleaned with dehydrated ethyl alcohol. Further, to resolve
annual growth patterns (sclerochronology), one polished
section from each shell was immersed in Mutvei’s solution
for 20 min at ~38°C. The treated shell was immediately
rinsed with demineralized water and air-dried. The growth
patterns of the etched shell were viewed under a reflected
light stereomicroscope (Leica Wild M3Z) and digitized
using a Nikon Coolpix 995 camera. Annual growth widths
were determined to the nearest 1 pm with Scion Image
(version 1.63). Measurements were conducted on the outer
shell surface.

Carbonate samples were micromilled along annual
growth increments from the untreated shell section after
Schone et al. (2005a). Annual oxygen isotope values
(6'®0,) (autumn to autumn) were calculated by averaging
sub-annual 'O, samples for each year. Based on
approximately 3,000 6'%0. analyses on the four shells,
the average number of sub-annual §'*0, samples per year
was ~ 8 (range 1-54). Each aragonitic carbonate sample
weighed ~50 pg. The samples were reacted with 99%
anhydrous phosphoric acid at 72°C in an automated
carbonate preparation device (Gas Bench II) coupled to a
Finnigan MAT-253 continuous-flow mass spectrometer at
the University of Frankfurt, Germany. Oxygen and car-
bon isotope ratios of the samples are reported in per mil
units (%o) relative to the VPDB (Vienna Pee-Dee Bel-
emnite) carbonate standard based on a NBS-19 calibrated
Carrara marble value of —1.76%o (3'%0.) and +2.02%o (&
13Cc). Precision of the instrument determined from rep-
licate analyses was +0.07%o for 6'*0 and 40.05%o for
sPc.

2.3 Calculation of sea water temperatures and shell
14CAMS dating

We used the modified Grossman and Ku (1986) aragonite
equation (Eq. 1) with the Houghton and Fairbanks (2001)
GOM isotope/salinity mixing line from the Northeast
Channel (Eq. 2) to calculate annual water temperatures,
which are shown below [6'%0.%0 (VPBD); 680, %o
(Vienna Standard Mean Ocean Water; VSMOW)]:
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T(°C) = 20.60 — 4.34 x (8"0.(6'"0,, —0.20)), and
(1)
080, (VSMOW) = (0.57 x Salinity) — 19.50. (2)

Salinity values were available (see below) from 1928-
present (Fig. 2). Prior to 1928, salinity (practical salinity
units; PSU) was estimated based on the long-term mean at
the Canadian Prince 5 station (32.1 & 0.22 PSU) to cal-
culate annual water temperatures. ' “C s dating was used
to determine the approximate calendar age of the ventral
margin (oldest part of the shell, but youngest with respect
to 14C). Calibrated C ages (cal year ap) were calculated
using Calib 5.01 (Stuiver and Reimer 1993) using a
regional GOM marine reservoir effect of AR =39 + 40
(Tanaka et al. 1990), which included quahog shells
(A. islandica and Merceneria mercenaria) from museum
collections. The calendar age assigned to the entire shell
resulted from counting the annual growth layers (Jones
1983) from the ventral margin back to the umbo region.
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Fig. 2 Top Annual shell isotope-derived (30 m) water temperature
(plus sign) and annual BBH SST record (open circles) (Lazzari 2001)
are illustrated. The annual linear correlation (r) between the records
from 1905 to 2003 is r = 0.71 (P < 0.0001). Shell-derived water
temperature estimates from 1928 — 2003 are based Prince 5 (50 m)
salinity values (bottom). Prior to 1928, shell-derived water temper-
ature estimates are based on the long-term mean salinity values
(32.1 £ 0.22 PSU) from Prince 5. The salinity trend at Prince 5
(50 m) is not statistically significant
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2.4 Instrumental data

Instrumental data used in this paper includes air tempera-
tures from Portland, Maine (National Climate Data Center;
1895—present), SST from Boothbay Harbor (Lazzari 2001)
(1905—present), and 50 m water temperature and salinity
values from Prince 5 station (1928—present) (Fig. 1). It
should be noted that monthly, long-term (>50 years)
salinity measurements in the GOM are only available from
the Prince 5 station. We used a winter (DJFM) NAO index
(NOAA Climate Prediction Center), an AMO index
(Enfield et al. 2001), and Labrador Current (LC) volume
transport data (1992-2003) (Han and Li 2004) to assess the
influences of NAO, AMO and LC variability on instru-
mental and shell-derived water temperatures in the GOM.

3 Results and discussion

3.1 Relationships between air temperatures, SSTs,
and shell-derived water temperatures
in the Western Gulf of Maine (GOM)

There is a significant relationship (r = 0.59; P < 0.0001)
between annual air temperatures from Portland, Maine and
the annual SST record at Boothbay Harbor from 1905 to
2003. Further, there is a relatively weak but statistically
significant (r = 0.33; P < 0.0003) relationship between
local air temperatures (Portland) and the shell-derived
water temperature in the Western GOM during the same
time interval. These results suggest that local air tempera-
ture in the GOM region are strongly linked to SST at
Boothbay Harbor, and local air temperatures are weakly
linked with water temperatures at 30 m in the Western
GOM. However, it is difficult to determine if water
temperatures are driving air temperatures along the coast,
or if water temperatures are strongly influencing air
temperatures.

A strong negative relationship (r = —0.79; P < 0.0001)
exists between annual SST at Boothbay Harbor and the
annual shell-derived 6'%0, values in the Western GOM at
30 m water depth from 1905 to 2003. The robust rela-
tionship noted here demonstrates that shell 9'*0, from A.
islandica is a valid seawater temperature proxy. In order to
calculate seawater temperatures from shell-derived 6'%0,
values the isotopic composition of the seawater (6'%0y;
related to salinity) must be known or estimated (see
sect. 2.3 for details). After considering regional salinity/
6'®0,, changes, a comparison between annual SST at
Boothbay Harbor and the annual shell-derived water tem-
perature yielded a strong relationship (r =0.71;
P < 0.0001) in the Western GOM at 30 m water depth
during 1905-2003 (Fig. 2). The correlations between the

annual shell-derived water temperature record and seasonal
SSTs at Boothbay Harbor are r=0.57; P < 0.0001
(spring), r=0.49; P <0.0001 (summer), r = 0.66;
P < 0.0001 (fall), and r = 0.57; P < 0.0001 (winter). It is
interesting to note that the strength of correlations between
the shell-derived annual water temperatures with seasonal
SSTs at Boothbay Harbor are nearly equal. Further, the
strongest correlation is between the annual shell-derived
and annual SST record at Boothbay Harbor. Although there
has been some debate about the length of the growing
season for A. islandica, these results demonstrate that A.
islandica appears to deposit shell aragonite nearly
throughout the entire year, and thus we infer that there is
not a substantial “shut-down” temperature (below ~ 6°C)
previously described by Weidman et al. (1994). However,
intra-annual shell §'%0, patterns do reveal an incomplete
sinusoidal pattern, thus there is likely a period of “slow”
growth in A. islandica. Recently, Schone et al. (2005a),
using high-resolution micromilling procedures (>1,050
carbonate samples in 38 years), concluded that one
A. islandica specimen collected in Icelandic waters pre-
cipitated shell material in water temperatures ranging from
4.5 to 9.3°C, and the previously noted incomplete sinu-
soidal shell "0, pattern was present. Although more work
is needed to better constrain “slow growth” periods in
A. islandica with shell (5180C patterns, based on the data
presented here, the annually derived water temperatures
from A. islandica do not appear to be biased to a particular
season in the Western GOM. On average the SST at
Boothbay Harbor is 2.2°C warmer than water temperatures
at 30 m, which is consistent with recent buoy data (surface
and at 20 m) from in the Western GOM. Shell-derived
water temperatures (corrected for 6'%0,, —related to
salinity) share ~50% variance with SSTs from Boothbay
Harbor, suggesting that SSTs are a key factor influencing
shell 6'%0,. The common variance between salinity and
shell 5'%0, values is less than 7% (r = 0.26; P < 0.025)
from 1928 to 2003 (Fig. 2), indicating that salinity varia-
tions at 30 m in the Western GOM only impacted shell
6'®0, in a minor way during the twentieth century. The
remainder of the variance in the shell 6'%0, record not
explained by SSTs (at Boothbay Harbor) and 50 m salinity
variations (at Prince 5) likely include analytical errors, and
“local” effects from where the shells were collected
(Fig. 1), which may not be captured by the Boothbay
Harbor and Prince 5 records. Based on a comparison with
SST at Boothbay Harbor, the shell-derived water tempera-
ture record (Fig. 2) illustrates the capability of A. islandica
to accurately incorporate environmental variability on
interannual-to-decadal timescales. This finding supports
previous studies that used A. islandica to monitor basic
hydrographic conditions (e.g., Weidman et al. 1994; Marsh
et al. 1999; Schone et al. 2004; 2005a, b, c¢). However, to
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test if the strength of correlation is driven by long-term
variations between the shell-derived water temperature
record and SST record at Boothbay Harbor, we used a low-
pass filter (Savitzky-Goley; window length = 5; second
degree) to remove the high frequency bands from the shell-
derived time series. We found that the annual correlation
from 1905 to 2003 remained robust using this method
(r =0.70; P < 0.0001). We then subtracted the low-passed
data from the original time series to isolate the high fre-
quency bands (i.e. high-pass filter) and then compared the
two time series again. This method yielded a relatively
weaker correlation (r = 0.44; P < 0.0001) compared to the
low-passed data. We conclude that the strength of the
original correlation (Fig. 2) is primarily due to lower fre-
quency components (near-decadal) of ocean variability,
however high frequency components (interannual) con-
tribute significantly to the overall correlation. This result
offers insight into the mechanisms that may be driving
water temperatures in the GOM.

3.2 NAO and AMO forcing of GOM water
temperatures

The relationships between water temperatures in the GOM
and the winter NAO and AMO are illustrated (Fig. 3). We
used unsmoothed values for the winter NAO to assess the
role of this climate mode on GOM water temperatures. The
unsmoothed NAO correlations with GOM water tempera-
tures were statistically significant with the highest
correlations occurring with a 2-year lag (Fig. 3). Further, to
assess decadal influences of North Atlantic SSTs on GOM
water temperatures we used the AMO index of Enfield
et al. (2001). Using this method, the AMO accounts for
about 6-19 % (0 year lag) of water temperature variability
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Fig. 3 Linear correlations between annual Gulf of Maine tempera-
ture records [Shell; BBH Boothbay Harbor; Prince 5 (50 m)] and
dominant modes of North Atlantic climate [NAO (black) and AMO
(gray)] with various lags from 1950 to 2003. Gray dashed line
represents significance at the 95% confidence interval (r > 0.26)
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in the GOM from 1950 to 2003, and the NAO accounts for
approximately 11-18% (2-year lag) of water temperature
variability during the same time interval (Fig. 3). Each of
these climate modes separately influences water tempera-
tures in the GOM, as the AMO and NAO are not correlated
at a statistically significant level [r = —0.18 (no lag),
r =0.05 (1-year lag, AMO lags the NAO), r = —0.09 (2-
year lag), r = 0.01 (3-year lag)]. Because the AMO index is
a homogenized (0°-70°N) North Atlantic SST anomaly
pattern the best correlation at each site location is without
any temporal lag. However, the highest correlations
between the NAO and GOM water temperatures occur with
a 2-year lag. Changes in LC transport associated with the
NAO take approximately 1.5-2 years to reach the GOM
(see Drinkwater et al. 1999 for a detailed description).
These results suggest that decadal patterns of the AMO and
the NAO significantly impact water temperatures in the
GOM. Although there is common variance between inter-
annual water temperatures in the GOM and the NAO/AMO
time series it is relatively low (~12-15%), thus other
mechanisms must be primarily responsible for the shell-
derived isotope record and water temperatures in the GOM
since the 1950s. Although the impacts of the NAO and
AMO are relatively minor, they are still important com-
ponents in understanding regional climate forcing
mechanisms in the GOM, especially on decadal time
scales. We emphasize that we did not smooth either the
NAO or AMO dataset, and this in part may explain the
relatively low correspondence between GOM water tem-
peratures with the NAO and AMO. The combined effects
of the NAO and AMO modify GOM water temperatures on
decadal-to-multidecadal timescales by modifying the rela-
tive amounts of each water mass (LSW and WSW) that
enters the GOM. Persistent negative (positive) modes of
the NAO and AMO would lead to colder (warmer) GOM
water temperatures, thus changes in either of these climate
modes during the late Holocene should be reflected by
concurrent changes in the GOM.

Although there is not a clear dynamical link between the
AMO and Gulf Stream activity, there is significant rela-
tionship (r = 0.54; P < 0.001) between the northernmost
position of the Gulf Stream wall (Taylor and Stephens
1998) and the AMO index (Enfield et al. 2001) from 1966
to 1999, with the Gulf Stream position leading the AMO
index by 4 years. This relationship merits further investi-
gation, because hydrographic conditions in the GOM
region are sensitive to the AMO and to changes in Gulf
Stream activity (e.g., Petrie and Drinkwater 1993). Dima
and Lohmann (2007) suggested that the positive phase of
the AMO results from enhanced THC, which generates
uniform positive SST anomalies in the North Atlantic. In
the conceptual model of Dima and Lohmann (2007), SST
increases in the North Atlantic are then followed by



A. D. Wanamaker Jr et al.: Coupled North Atlantic slope water forcing on Gulf of Maine temperatures

decreased SLP in the North Atlantic and the multidecadal
pattern is transferred in the Pacific via the tropics. Further,
Dima and Lohmann (2007) claimed that an atmospheric
teleconnection gives rise to a weakening Aleutian Low, and
the resulting SLP fields in the North Atlantic and North
Pacific enhance the export of Arctic sea ice and freshwater
from the Fram Strait due to increased wind stress. The
export of Arctic sea ice and freshwater into the North
Atlantic would inhibit MOC, thus acting as a negative
feedback mechanism regulating the phase of the AMO
(Dima and Lohmann 2007). It is unclear if associated
changes in MOC and associated feedbacks described by
Dima and Lohmann (2007) would lead to modifications in
the Gulf Stream properties (i.e. path or heat flux). This
potential relationship may be important because, variability
in Gulf Stream strength during the late Holocene may be
linked to abrupt climate change in the North Atlantic (e.g.,
Lund et al. 2006; Lund and Curry 2006). The Gulf Stream
is a great regulator of climate along the eastern North
American coast because it transports ~31 Sv of water in
the Straits of Florida and exports ~1.3 x 10'> W of heat
into the North Atlantic (Larsen 1992; Leaman et al. 1995;
Baringer and Larsen 2001). Lund et al. (2006) concluded
that the Gulf Stream transport in the Straits of Florida
decreased during the Little Ice Age (LIA), and may in part
be responsible for cooling in Europe. This seems to be
consistent with previous work by Keigwin (1996) from the
Sargasso Sea in the North Atlantic. In addition, recent
studies (Keigwin et al. 2003; Marchitto and deMenocal
2003; Keigwin et al. 2005; Sachs 2007) have suggested that
the slope and shelf waters in the Northwestern Atlantic
have been cooling during the late Holocene, possibly
related to THC variability and/or a southward migration of
the Gulf Stream.

3.3 Shell-derived isotope record and reconstructed
GOM water temperatures during the last
millennium

The reconstructed water temperatures (using a fixed
salinity) for intervals during the late Holocene from the
Western GOM in 30-38 m of water are illustrated in
Fig. 4a. The rationale for fixing salinity to reconstruct
temperature prior to 1928 is based on the modern 75-year
salinity mean (32.1 £ 0.22 PSU) at the Prince 5 (50 m)
station, which shows no significant long-term trend
(Fig. 2). Because shell 8180, is a function of water tem-
perature and the isotopic composition of the water (8'%0;
related to salinity) (e.g., Epstein et al. 1953), we considered
the possible effects of changing salinity assuming a con-
stant water temperature. The reconstructed water salinities
for intervals during the late Holocene from the Western
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Fig. 4 a Late Holocene shell-derived water temperatures (after 1928;
with long-term mean 50 m salinity values from Prince 5) and §'%0,
record (indicates a maximum cooling), b and late Holocene shell-
derived salinity values with fixed mean water temperatures (indicates
a maximum salinity increase) are shown. The data in both a and b
estimate maximum end-member conditions for the GOM. Long-term
changes in 5180w from the Florida Straits (Lund et al. 2006) are
shown for comparison (c¢). We fit the Lund et al. (2006) data using a
fifth order polynomial model to capture the rapid changes noted in
5'%0,, values. Higher 6'®0,, values would correspond to higher
salinity values

GOM in 30-38 m of water are illustrated in Fig. 4b.
Salinity values were calculated using the 6'%0. long-term
means for each of the intervals and fixing mean water
temperatures. The salinity change during the record was
modeled by a second-order polynomial (salinity =
[—4 x 1077 x x? + 0.0022 x x + 29.44]) to estimate a
gradual change in salinity. Alternatively the salinity change
could have happened in a step-like function. Both the
estimated temperature and salinity changes in Fig. 4a and b
are maximum end-member conditions (cooling of 2°C or
an increase in salinity of 0.82 PSU at 30 m). Although
modern 50 m salinity values in the GOM are relatively
constant at the Prince 5 station, we have no evidence to
support that long-term changes in salinity did not occur
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during the past millennium. Further, there were significant
shifts in (3180W during the last 1,000 years in the Florida
Straits (Lund et al. 2006) (Fig. 4c), which may have
impacted higher latitude 6'®0,, conditions. These noted
shifts in 6'%0,, are important because water from the
Florida Straits flows northward along the Eastern United
States as the Gulf Stream and mixes outside the GOM with
LSW. Unfortunately, the proxy records from the GOM and
Florida Straits are not equivalently resolved. Therefore,
changes in 6'%0,, conditions from the lower Gulf Stream
can only be used qualitatively when estimating GOM water
temperatures. Given the uncertainty associated with con-
straining 6'%0,, and salinity in the GOM during the last
1,000 years, we estimate that the Western GOM cooled by
a maximum of 2°C. Alternatively, if the influence of Gulf
Stream derived water (higher 8'®0,, and salinity values)
was enhanced while the influence of LC derived water
(lower 6'%0,, and salinity values) was diminished, then a
reduced cooling (~1°C) and an increase in salinity
(~0.4 PSU) would be possible in the GOM.

Using a fixed 6'%0,, /salinity model (Fig. 4a), mean
annual water temperatures from 1030 to 1078 £ 78 ap
(Medieval warm period) were 8.5°C (1 ¢ = 1.0°C) based
on the 46-year mean of shell %0, = 1.24% (1
0 = 0.23%0). From 1321 to 1470 % 45 ap (early Little Ice
Age) mean annual water temperatures were 7.5°C (1
g = 1.0°C) based on the combined 143-year mean of two
shells §'%0, = 1.47%, (1 o =0.23%), while modern
(1864-2003 Ap) mean annual water temperatures were
6.4°C (1 0 =0.8°C) based on the 140-year mean shell
60, = 1.71 (1 o = 0.19%0) (Fig. 4a). Because the cali-
brated "“Cams ages for two shells used in this study
(1320 £+ 45 ap; 1357 + 40 ap) were so close, we used
cross-matching techniques (sclerochronology) to determine
if the two shells overlapped. This method yielded no sig-
nificant correlation in growth histories between the two
shells. Interannual variability of shell 'O, from 1030 to
1078 £ 78 ap and 1321-1470 =45 ap was equal (1
0 = 0.23%0), and only slightly less during the modern
record (1 ¢ = 0.19%0). This suggests that the forcing
mechanisms controlling interannual oceanographic condi-
tions for the GOM region have been relatively similar and
persistent at least during these intervals.

3.4 Labrador Current influence on GOM water
temperatures

The relationship between annually averaged LC transport
(NE Track 096 [transect length = 243.6 km], Eastern
Newfoundland Slope) (Fig. 1) and the shell-derived tem-
perature with a 1-year lag is shown in Fig. 5. Labrador
current transport variability at this location explains most
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Fig. 5 The relationship between Labrador Current (LC) transport
(Han and Li 2004) from the Eastern Newfoundland Slope (NE Track
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Each correlation between LC transport and water temperatures in the
GOM is statistically significant (r > 0.63) at the 95% confidence
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(r=—0.79; P <0.007) of the temperature variability at
30 m in the Western GOM from 1993 to 2003. In addition,
LC transport variability explains ~51% (r=—0.72;
P < 0.019; [1993-2003]) of the Prince 5 (50 m) water
temperature record, and ~58 % (r = —0.76; P < 0.011;
[1994-2004]) of SST variability at Boothbay Harbor with a
1-year lag (Fig. 5). The strength of the correlations, and the
slopes between LC transport and GOM water temperatures
are very similar for all three site locations, suggesting that
LC transport modifies water temperatures in the entire
GOM basin through deep water mixing processes. This
result highlights the importance of LC variability on the
modern oceanography in the GOM, and appears to be
consistent with previously proposed mechanisms (e.g.,
Petrie and Drinkwater 1993; Drinkwater et al. 1999;
MERCINA 2001; Loder et al. 2001). However, estimated
LC transport data from locations along the Southern
Newfoundland Slope [tracks 024 (transect length = 75.4
km), 113 (transect length = 98.6 km), and SW 096 (tran-
sect length = 69.6 km)] (Fig. 1), have substantially lower
correlations [r = -0.19 (track 024), r = -0.25 (track 113),
r=-0.44 (SW track 096)] with the GOM shell-derived
water temperature record (with a 1-year lag) that are not
statistically significant (r > 0.63; P < 0.05). The correla-
tions are weak, because a substantial portion of the LC
flows across the Grand Banks south of NE track 096 (see
Han and Li 2004), thus these southerly transects do not
fully capture primary LC variability. Using the modern and
relatively short 10-year relationship between LC transport
variability and the shell-derived and instrumental water
temperatures in the GOM (Fig. 5), we tentatively propose
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that either the LC cooled or LC transport increased during
the late Holocene, resulting in an overall decrease in GOM
water temperatures of 1-2°C. While the general 6'%0,
trend indicates decreasing water temperatures for the past
1,000 years, there are significant multi-decadal warming
intervals throughout the record, most notably around 1400
AD and 1940 ap. This information is extremely valuable in
assessing the natural range of water temperature variability
in the GOM, and it appears that the recent warming (1940—
present) (Fig. 2) is currently within the range of normal
variability.

3.5 Independent evidence for late Holocene cooling
in the Northwestern Atlantic based on multiple
marine records

We compare our shell-derived water temperature record
from the Western GOM with a select group of paleoce-
anographic records outside the GOM for the late
Holocene (Fig. 6a). Marchitto and deMenocal (2003)
showed a cooling of ~1°C of deep bottom water
(1,854 m) from the Laurentian Slope, south of New-
foundland using Mg/Ca ratios derived from benthic
foraminifera from ~900 ap to 1800 ap (Fig. 6b). Because
the Mg/Ca ratio temperature estimations of Marchitto and
deMenocal (2003) are independent of salinity values, they
provide a relatively pure temperature signal. It is inter-
esting to note that the deep bottom water site from the
Laurentian Slope and the “relatively” shallow GOM site
(Fig. 1) both show a similar magnitude cooling (Fig. 6a,
b). Perhaps the observed cooling from both locations are
dynamically linked. The GOM cooling trend is indicative
a more negative NAO pattern during the late Holocene,
and may have led to decreased Labrador Sea Water
production, and increased LC flow. Although Marchitto
and deMenocal (2003) suggested that either increased or
decreased production of Labrador Sea Water could result
in the noted cooling along the Laurentian Slope, there are
other plausible hypotheses that may link the two sites in a
mechanistic way. Decreased northern hemisphere summer
insolation (e.g., Sachs 2007) during the Holocene may
have cooled surface waters in the Labrador Sea, and thus
water exported from the Labrador Sea was colder.
Alternatively, a southward migration of the Gulf Stream
during the late Holocene (Sachs 2007) and/or major
changes in Gulf Stream transport (Lund et al. 2006) may
explain the cooling from both locations.

The alkenone-based SST reconstruction of Keigwin
et al. (2003) for Emerald Basin along the Scotian Shelf
showed a cooling of ~0.8°C from ~400 to 1900 Ap
(Fig. 6¢), which is likely a reflection of St. Lawrence
outflow and possibly a minor contribution from the inshore
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Fig. 6 a Late Holocene shell-derived 6'%0, record and maximum
water temperature change estimates are shown (Fig. 4a). b Part of the
Mg/Ca ratio derived bottom water temperatures from the Laurentian
Slope (1854 m) (Marchitto and deMenocal 2003), ¢ part of the
alkenone-based SST record (Keigwin et al. 2003) from Emerald Basin
(Scotian Shelf), and d estimated Gulf Stream Transport in the Straits
of Florida with 95% confidence intervals (dashed lines) (Lund et al.
2006) are shown for comparison

branch of the LC. The data of Keigwin et al. (2003) provide
an independent measure of SST along the Scotian Shelf,
which is fairly consistent with other marine-based studies
in the region (e.g., Keigwin et al. 2005; Sachs 2007).
Although there are considerable differences in the Emerald
Basin and the GOM shell-derived water temperature
records during the last century, sampling resolution and
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data smoothing differences between the GOM and Emerald
Basin records make comparing relatively short-term
changes (decadal to centennial) problematic. A plausible
explanation for the cooling noted in the GOM, Emerald
Basin, and Laurentian Slope records (Fig. 6 [panels A, B,
C]) during the last millennium may be due to large changes
in the slope water properties. Proxy data by Lund et al.
(2006) suggested that the transport of the relatively warm
Gulf Stream water decreased by 2-3 Sv (6-10%) from
~ 1000 to 1800 ap (Fig. 6d). Thus a coupled increase of
LC transport or LC cooling and a corresponding decrease
in Gulf Stream-derived water (WSW) entering the GOM is
a likely explanation of the shell-derived water temperature
record from 1000 Ap to the early 1900s. The general
cooling trends during the last millennium are coincident
with slowly decreasing Florida Straits transport estimates
until ~ 1800 ap. Because we do not have any shell-derived
temperature data ca. 17001850 ap (late Little Ice Age) in
the GOM, we are unable to determine if GOM water
temperatures were lower toward the end of the Little Ice
Age compared to the modern shell-derived water tempera-
ture record (Fig. 2). From ~ 1900 to 1940 AD, SSTs at
Boothbay Harbor and 30 m water temperature estimates
from the shell-derived record (Fig. 2) indicate variable but
non-trending water temperatures in the Western GOM.
Both records from the Western GOM demonstrate a strong
warming signal during the 1950s with a slight cooling in
the early 1960s.

Keigwin et al. (2005) and Sachs (2007) concluded that
slope waters in the Northwestern Atlantic have cooled
dramatically (4-10°C) from Virginia to Nova Scotia during
the Holocene possibly related to decreased summer solar
insolation (at 65°N) or THC variability, specifically a
southward migration of the Gulf Stream. Based on the
marine proxy records (Fig. 6), we suggest that the LC
cooled or LC transport increased and the influence of the
Gulf Stream on GOM water temperatures during the late
Holocene was diminished. We propose that slope water
dynamics were the primary control on GOM water tem-
peratures, with shell-derived water temperatures in 30—
38 m of water in the Western GOM decreasing by 1-2°C
during the last millennium.

4 Conclusions and future work

In this paper we present an annually resolved shell-
derived §'%0, record in the Western GOM for intervals of
the past 1,000 years that demonstrates major shifts in
mean isotopic values likely related to slope water circula-
tion. In either end-member configuration, the oceanic
conditions in the Western GOM have changed considerably
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(maximum —2°C or +0.82 PSU at 30 m) during the late
Holocene. Although the shell 6'®0. record can be
explained by changes in water temperature, 6'%0,, (related
to salinity), or both, we believe that the most plausible
explanation of the 8'®0, record is represented by a cooling
of GOM waters by 1-2°C during the past 1,000 years. The
magnitude and rate of cooling in the GOM is consistent
with other paleoceanographic estimates from regions
located outside the GOM. A substantial portion (51-62%)
of modern temperatures (with a 1-year lag) in the GOM are
explained by LC transport variability along the Eastern
Newfoundland Slope. We suggest that coupled slope water
dynamics are the primary control on GOM water tempera-
tures during the late Holocene. Specifically, we propose
that LC transport increased or the LC cooled and the
influence of the Gulf Stream on GOM water temperatures
during the late Holocene was diminished. The NAO and
AMO significantly impact interannual water temperatures
in the GOM, however these modes explain less than 15%
of the water temperature variability in the GOM since the
1950s. However, persistent modes of NAO or AMO may
be more important on the oceanography in the GOM on
decadal to centennial time scales. The inferred shell-
derived cooling in the GOM during the last millennium is
consistent with a persistent NAO negative mode. Over the
last millennium, on decadal to centennial timescales water
temperatures in the GOM primarily appear to reflect con-
ditions in the North Atlantic. Future work will include
independently constraining temperature or salinity condi-
tions (e.g., alkenones, Sr/Ca ratios) in the Western GOM
and developing a continuous shell-derived 6'®0, record
during the late Holocene to assess interannual-to-millennial
scale oceanographic changes.
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