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ABSTRACT

Reconstructing late Holocene sea-surface temperature (SST) establishes a
baseline for preindustrial climate change, which has important applications for climate
models and forecasts to predict current anthropogenic influences. The Medieval Warm
Period (MWP) (~900 to 1300 AD) and Little Ice Age (LIA) (~1400 to 1800 AD) are the
two most recent preindustrial climate change extremes. Mean-annual SST changes in the
northern Gulf of Mexico (GOM) during this time period are well known, but the seasonal
distribution of these changes are not. This study presents the first paired record showing
seasonal distribution of temperature changes over the past millennium in the northern
GOM. Mg/Ca derived from planktonic foraminifera species Globigerinoides ruber (white
and pink varieties) and Globorotalia truncatulinoides (non-encrusted) yield a record of
mean-seasonal (winter and summer) and mean-annual sea-surface temperature (SST)
from the northern GOM. During the MWP, all three records of mean-annual and meanseasonal (winter and summer) SST were within error of modern observed SSTs, with a
difference between summer and winter SSTs of ~3ºC. During the LIA, the difference
between summer and winter SSTs was large (~8ºC), with mean-winter and mean-annual
SST consistently colder than modern observed SSTs. The data presented clearly show
muted summer SST changes coupled with enhanced winter and mean-annual SST
changes during the LIA, indicating that winter seasonality drove the observed meanannual record and dominated the observed LIA cooling in the northern GOM. These
results also indicate that enhanced winter seasonality plays an important role in the
climate of the GOM region.
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INTRODUCTION
The Medieval Warm Period (MWP) (~900 to 1300 AD) and Little Ice Age (LIA)
(~1400 to 1800 AD) are the two most recent preindustrial climate change extremes.
During the MWP, many regions exhibited temperature excursions that were as warm as,
if not warmer than, modern times (e.g., Bradley et al., 2003). During the LIA, many
regions exhibited colder than modern temperature excursions; it was one of the coldest
time periods since the Last Glacial Maximum ~20,000 years ago (e.g., Lamb, 1995).
While effects of the MWP and LIA have been reported throughout the globe, they
significantly vary by region and proxy type. Furthermore, seasonality of temperature
changes during this climatically important time period is not well understood. Regional
reconstructions of seasonal sea-surface temperature (SST) can potentially reveal
important influences on seasonal variability and natural forcing mechanisms, provide
insight into modern climate change, and improve climate models and forecasts (Jones et
al., 2001; Cane, 2010).
There is evidence that the MWP and LIA may have been global climate extremes.
(e.g. Broecker, 2001). Ice core studies based on stable isotope ratio data from the
Antarctic Ross Sea region in the southern hemisphere determined that air temperatures
warmed and cooled concurrently with the northern hemisphere during the MWP and LIA
(Kreutz et al., 1997; Bertler et al., 2011). Bertler et al. (2011) determined air temperatures
were ~0.35°C warmer during the MWP and ~2°C cooler during the LIA in the McMurdo
Dry Valleys compared to modern times. This evidence contradicts the bipolar see-saw
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hypothesis, which would predict asynchronous climate change between the northern and
southern hemispheres, and indicates that MWP and LIA climate changes were likely
linked to a ubiquitous global-forcing mechanism (Kreutz et al., 1997; Broecker, 2001;
Bertler et al. 2011).
Although evidence shows the MWP and LIA as global events, they significantly
vary in timing and extent depending on location and proxy type (Table 1). Recent records
in low-latitude regions show the MWP and LIA climate extremes during similar time
periods, with MWP SSTs similar to observed modern SSTs (e.g., Newton et al., 2006;
Richey et al., 2007). However, the extent of LIA cooling significantly varies. For
example, based on Mg/Ca in planktonic foraminifera, Richey et al. (2007) found LIA
cooling to be ~2 to 3ºC in the northern GOM, while deMenocal et al. (2000) found it to
be ~3 to 4ºC based on faunal analysis off of the west coast of Africa.
Recent studies in low-latitude regions have also revealed unusually large
temperature fluctuations over the past millennium in comparison to composite meanhemispheric temperature reconstructions that suggest a <0.5ºC change (e.g., Mann et al.,
2009). However informative, hemispheric studies systematically remove low frequency
regional changes due to data processing techniques. Researching regional changes in
temperature leads to better understanding of past climate change and potential natural
sources influencing the region.
Currently, there are several records of mean-annual SST changes over the past
millennium in the GOM region. Richey et al. (2007) determined a ~3°C range between
maxima and minima mean-annual SSTs over the past 1400 years in the northern Gulf of
Mexico (GOM), which corresponds to 75% of the glacial-interglacial range in this region.
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While few SST reconstructions in the GOM region extend back into the MWP, Richey et
al. (2007) also showed mean-annual SST was within error of modern temperatures based
on Mg/Ca in planktonic foraminifera. Multiple proxy-based foraminiferal and coral SST
records in this region showed SST cooling of ~2 to 3°C during the LIA (Winter et al.,
2000; Watanabe et al., 2001; Black et al., 2007; Kilbourne et al., 2008; Richey et al.,
2009). Richey et al. (2009) suggested that a reduced Atlantic Warm Pool (AWP) linked
to sunspot minima and associated positive feedbacks caused the dramatic LIA cooling of
this region. However, solar forcing alone can only explain SST excursions of <1°C,
suggesting other forcing mechanisms at work (Richey et al., 2009).
Previous studies have not investigated the seasonality of SST variability within
this climatically important time period in the GOM, missing potentially important
influences of seasonal variability. The goal of this study is to determine whether or not
SST variability in the GOM region is seasonally biased. Here we present the first paired
records of mean-annual and mean-seasonal (winter and summer) SST in the northern
GOM that extend through the last 1000 years, capturing the MWP and LIA.
Regional setting
The GOM is greatly influenced by the Loop Current and Atlantic Warm Pool
(AWP). The Loop Current is the main current in the GOM and carries warm waters up
from the Caribbean Sea through the Yucatan Strait into the GOM, then leaves through the
Florida Straits into the North Atlantic Ocean (Poore et al., 2004). The AWP is comprised
of GOM, Caribbean Sea, and western tropical North Atlantic waters warmer than 28.5°C
(Wang and Enfield, 2001; Wang et al., 2006). The AWP significantly varies in size,
extent, and SST, both seasonally and inter-annually on multidecadal time scales (Wang et
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al., 2006). During boreal summer, the AWP reaches its maximum size and extent by
expanding through the GOM along with deeper Loop Current penetration into western
and northern GOM and northward migration of the Intertropical Convergence Zone
(ITCZ) (Wang and Enfield, 2003; Poore et al., 2004). During boreal winter the AWP
disappears, the Loop Current does not extend into western and northern GOM, and the
ITCZ lies near the equator (Wang and Enfield, 2003; Poore et al., 2004). The AWP is
greatly influenced by ocean-atmosphere dynamics such as the El Niño-Southern
Oscillation, the North Atlantic Oscillation, the Atlantic Multidecadal Oscillation, and
migration of the ITCZ (Poore et al., 2004). The AWP is also a major moisture source to
the North American continent (Wang et al., 2008; Wang et al., 2011).
During boreal summer, the AWP and Loop Current are the main sources of warm
waters in the northern GOM. The SST can also be uniform throughout the GOM during
the summer months (Dowsett et al., 2003). During boreal winter, the AWP is minimal in
extent, and the Loop Current generally does not penetrate in the northern GOM; however,
variations can have potential affects on winter seasonality in the northern GOM (Poore,
2008).
Planktonic foraminifera
Mg/Ca as a proxy for sea-surface temperature (SST)
Planktonic foraminifera are single-celled eukaryotes ideal for SST
reconstructions. They are a primary contributor of biogenic calcite to marine sediments
due to their high abundance and short life cycles of approximately two to four weeks
(Spero, 2001). The chemical composition of planktonic foraminiferal tests is ~99%
calcium carbonate. However, as ocean SST increases, the minor element Magnesium
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(Mg) substitutes for Calcium (Ca); thus, the amount of Mg substituted for Ca is a
function of temperature (Chave, 1954; Wefer et al., 1999; Dowsett, 2007). Anand et al
(2003) determined that for every 1°C increase in temperature, Mg/Ca increases 9%.
Therefore, Mg/Ca in calcite tests of planktonic foraminifera can serve as a SST proxy
(Dekens et al., 2002; Anand et al., 2003).
Seasonal habitat of Globigerinoides ruber (pink and white varieties)
The tropical to subtropical planktonic foraminifera species, Globigerinoides ruber
(pink and white varieties), is a reliable recorder of past oceanic conditions and is
commonly used as a proxy for SST reconstructions (Dekens et al. 2002; Anand et al.,
2003). A global study of 20 sediment trap samples determined optimum SST ranges for
G. ruber, pink and white, separately, as 23 to 30°C and 22 to 31°C, respectively (Žarić et
al., 2005), with a salinity tolerance range of 22 to 49 psu (Bijma et al., 1990; Ferguson et
al., 2008). Plankton tow data from the subtropical Sargasso Sea show that the highest
concentrations of G. ruber (pink and white) are found between 23 and 27°C (Bé and
Hamlin, 1967; Tolderlund and Bé, 1971).
Photoautotrophic dinoflagellate symbionts confine G. ruber (pink and white) to
the euphotic zone of the ocean. Plankton tow data from the Sargasso Sea show that G.
ruber is most abundant in the upper 10 m of the water column (Bé and Hamlin, 1967).
Calcification depths estimated from δ18Ocalcite formed in equilibrium with seawater
revealed depths of 0 to 50 m for G. ruber (white) and 0 to 25 m for G. ruber (pink)
(Anand et al., 2003). Furthermore, plankton tow studies from the Western North Atlantic
show distinct differences in seasonal fluxes between G. ruber (pink and white), where G.
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ruber (pink) is most abundant in summer months and absent during colder months (Bé
and Hamlin, 1967; Tolderlund and Bé 1971; Deuser and Ross, 1989).
Five years of weekly resolution sediment trap data from the GOM (25.7°N
latitude and 90.3°W longitude) (see Figure 3) show seasonal fluxes in G. ruber (pink and
white) consistent with Sargasso Sea data. G. ruber (pink) maximum fluxes occur between
April-October and are nearly non-existent during the colder months of December-March,
while G. ruber (white) occurs year-round (Reynolds et al., 2013; Richey et al., 2012;
Figure 1). Because G. ruber (white) precipitate year-round in the GOM, G. ruber (white)
may be interpreted as a mean-annual signal. Several studies have already done so with
success (see Table 3). Because G. ruber (pink) precipitate mainly during the warmer
months, G. ruber (pink) may be interpreted as a mean-summer signal.
Seasonal habitat of Globorotalia truncatulinoides (non-encrusted)
The subtropical species, Globorotalia truncatulinoides, exhibits two distinct test
morphologies with significant offsets in shell chemistry related to depth: one with a
primary calcite layer (non-encrusted) and one with a secondary calcite layer (encrusted)
(McKenna and Prell, 2004). Plankton tow studies suggest depth differences are due to
complex migration related to reproduction, where juveniles ascend to the euphotic zone
to secrete a primary calcite layer and mature before sinking down into colder, deeper
waters to secrete a secondary calcite layer and reproduce (Hemleben et al., 1985). Based
on plankton tow data from the Sargasso Sea, the non-encrusted tests are produced in the
upper 200 m of the water column, and represent specimens that were eaten or otherwise
died without reproducing. Prior to reproduction, the shell encrustation occurs in depths
deeper than 800 m (Hemleben et al., 1985). In the Western North Atlantic, plankton tow
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data show Gl. truncatulinoides is found in surface temperatures ranging from 10.5 to
28.1°C with optimum temperatures between 15.2°C and 22.0°C, and a salinity tolerance
of 35.75 to 36.63 psu (Tolderlund and Be, 1971). Plankton tow data show Gl.
truncatulinoides abundance peaks in December in the subtropical Sargasso Sea, and in
January off the coast of Bermuda, when the water is well mixed and deep convection is
greatest (Tolderlund and Be, 1971; Hemleben et al., 1985).
In the GOM, the Gl. truncatulinoides population peaks in winter months as well,
with 90% of the flux occurring in January and February (Spear et al., 2011; Figure 2).
Based on Mg/Ca and δ18O analyses, Spear et al. (2011) determined significant offsets
between the shell chemistry of Gl. truncatulinoides non-encrusted and encrusted tests in
the GOM: the encrusted tests calcify in deep, cold waters whereas the non-encrusted tests
calcify within the winter surface-mixed layer (no deeper than 120±14 m). The fact that
90% of Gl. truncatulinoides (non-encrusted) precipitates during January and February,
coupled with the fact that the non-encrusted tests precipitate within the surface-mixed
layer, reveals the strong potential of Gl. truncatulinoides (non-encrusted) as a proxy for
winter SST in the GOM.
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METHODS
Study location
The Fisk Basin is located on the continental slope in the northern GOM
approximately 250 km from the modern Mississippi River delta (Figure 3). High
sedimentation rates (20 to 40 cm/kyr) due to terrigenous input from Mississippi River
transport, allow for high multidecadal resolution (Richey et al., 2009). Minimal calcite
dissolution, documented by the presence of aragonitic benthic foraminifers and pteropod
shells, indicates good preservation of planktonic foraminifers down-core. Furthermore,
the calcite compensation depth (CCD) in the Atlantic Ocean, defined as the depth at
which dissolution rate is higher than the calcium carbonate accumulation rate, is well
below the Fisk Basin depth at approximately 4-5 km (Pinet, 2009). The 35.5 cm long
boxcore, 2010-FB1-BC1, was extracted at 27°33.0N, 92°10.1W, from 817 m water depth
by U.S. Geological Survey researchers on the R/V Cape Hatterras during a cruise in the
Spring of 2010.
Age model
The age model for boxcore 2010 FB1-BC1 is based on five accelerator mass
spectrometry (AMS) 14C dates based on mixed planktonic foraminifers (Table 2).
Samples were processed at the 14C laboratory of the U.S. Geological Survey in Reston,
Virginia and analyzed at the Center for Accelerator Mass Spectrometry, Lawrence
Livermore National Laboratory in Livermore, California. 14C dates were calibrated to
calendar years using the MARINE09 14C calibration data set (Figure 4) (Reimer et al.,
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2009). The calibrated age model shows a linear sedimentation rate of 18.9 cm/kyr
(R2=0.99) with an age resolution of 26.5 years per half-centimeter sample.
Sediment sampling and processing
Core 2010-FB1-BC1 was extruded at 5mm increments and freeze-dried. Samples
were placed in beakers filled with tap water and Calgon© solution, and placed on a shaker
plate for one hour in order to break up clays and muds. Samples were then washed over a
63 μm sieve for 5 to 20 minutes. Once fine grain material was removed, samples were
dried, weighed, and sieved over 150 μm.
G. ruber (pink and white varieties, separately) and Gl. truncatulinoides (nonencrusted) were picked from the 250 to 355 μm and 300 to 500 μm size fractions,
respectively. Only pristine foraminifers with whole tests were included. Ideally, at least
60 foraminifers are picked for analysis; but due to low foraminiferal abundance in some
intervals, a minimum of 20 individuals for G. ruber (pink and white varieties) and 10
individuals for Gl. truncatulinoides (non-encrusted) was allowable.
Stable isotope and Mg/Ca analyses
Once picked, samples were sonicated in methanol for 5 seconds to remove
particles from within tests. Samples were then allocated for Mg/Ca and δ18O analysis
based on the number of individuals. Due to low abundance of non-encrusted Gl.
truncatulinoides in all samples, only Mg/Ca analyses were performed. For G. ruber (pink
and white), only Mg/Ca analyses were performed on samples with fewer than 20
individuals. Samples with 20 to 60 individuals were crushed for Mg/Ca analyses, while
taking a ~50 to 80 μg aliquot for isotopic analyses. Samples with 60 or more individuals
were evenly divided for both Mg/Ca and δ18O analyses. Half of each sample was gently
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crushed between two glass plates for Mg/Ca analyses, while the other half was pulverized
and homogenized for δ18O analyses. Samples with 90 or more individuals were separated
into different aliquots for replicate analysis to assess cleaning proficiency and analytical
error. δ18O analyses were performed on a ThermoFinnigan Delta Plus XL dual-inlet mass
spectrometer at the Analytical Laboratory for Paleoclimate Studies at the Jackson School
of Geosciences, University of Texas in Austin, Texas.
Foraminiferal trace metal cleaning steps followed protocols suggested by Barker
et al. (2003). Clay particles were brought into suspension during milliQ water and
methanol rinses, and siphoned off after foraminifer tests settled on the bottom of a
microcentrifuge tube. Organic matter was removed through oxidation using a heated
buffered peroxide solution for 10 minutes. Any remaining adsorbed contaminants were
removed through a weak acid (0.001N HNO3) leach. Lastly, samples were dissolved in
0.075 HNO3 immediately before Mg/Ca analysis on a Perkin Elmer Optima 7300 dualview inductive coupled plasma-optical emission spectrometer (ICP-OES) at the U.S.
Geological Survey, St. Petersburg Coastal Marine Science Center in Saint Petersburg,
FL.
Sea-surface temperature (SST) estimates
SSTs were calculated using the Anand et al. (2003) calibration equations:
Mg/Ca = [0.449 × exp (0.09 · SST)] – G. ruber (white)
Mg/Ca = [0.381 × exp (0.09 · SST)] – G. ruber (pink)
Mg/Ca = [0.359 × exp (0.09 · SST)] – Gl. truncatulinoides
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The species-specific equations are based on Mg/Ca data from 6 years of sediment trap
material from the Sargasso Sea combined with a long time series of hydrographic data
(April 1978 through May 1984; temperature and salinity 0 to 2600 m).
While temperature is the main control on Mg uptake, salinity may be a secondary
controlling factor, thus skewing calibrated SST values. For example, a culturing study of
G. sacculifer found that a 10 psu salinity increase also increased Mg/Ca values by 110%
(equivalent to ~8°C change), while changes less than 3 psu had no affect on Mg uptake
(Nürnberg et al., 1996). A recent culturing study of G. ruber (white) showed that Mg/Ca
values increase 5±3% per psu increase in salinity, while G. ruber (white) core-top
measurements show a significantly higher dependence of 27±4% (Kisakürek et al., 2008;
Arbuszewski et al., 2010). Currently, there is no evidence that salinity affects Mg/Ca
values at salinities less than 35 psu (Arbuszewski et al., 2010). Since the average salinity
of the GOM is 35 psu, with a seasonal range of 34 to 36 psu, salinity is likely a minimal
controlling factor on Mg uptake in the GOM (Levitus, 2003).
Existing calibration equations are not specific to the hydrologic conditions of the
northern GOM; therefore the calibration and validation step is very important to reduce
uncertainty in the results. However, previous studies in the GOM have used these
equations with success (LoDico et al., 2006; Nürnberg et al., 2008; Richey et al., 2009;
Williams et al., 2010; Spear et al., 2011; Richey e al., 2011; Richey et al., 2012),
including a study from within the Fisk basin (Richey et al., 2007). For example, with 17
replicates for G. ruber (pink) and 13 replicates for G. ruber (white), both with more than
60 individuals in each sample, Richey et al. (2012) calculated core-top temperatures that
corresponded to modern summer (27°C) and mean annual (25.4°C) SST (Table 3).
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RESULTS
Mg/Ca data
Mg/Ca instrumental precision was 0.36% root-mean standard deviation based on
a calibrated ICP-OES solution. The average analytical precision for G. ruber (pink)
Mg/Ca was ±0.10 mmol/mol based on 56% replicate sample measurements (n=23), and
±0.14 mmol/mol based on 44% replicate sample measurements for G. ruber (white)
(n=18). Due to extremely low Gl. truncatulinoides (non-encrusted) abundance, no Mg/Ca
replicate measurements were made. Mean core-top Mg/Ca values for G. ruber (white)
and G. ruber (pink) were 3.98 (±0.16) and 3.96 (±0.09) mmol/mol, respectively (Figure
5a, 5b). For Gl. truncatulinoides (non-encrusted), the core-top value was 2.21 mmol/mol
(Figure 5c).
Mean-seasonal (winter and summer) and mean-annual calculated SSTs over the
past millennium, based on Mg/Ca data, are provided in Figure 6. The main features of
the paired records include a distinct shift from warmer to cooler SSTs and from low to
high SST variability coupled with large divergences between the mean-seasonal and
mean-annual SST records ca. 1250 CE. Average winter SST excursions are much larger
than average summer SST changes; the total amplitude of SST variability, from maxima
observed between 900 and 1300 CE and minima observed between 1600 and 1900 CE, is
~4°C for the average summer record and ~7°C for the average winter record. The average
mean-annual SST range from maximum to minimum is ~7ºC, the same as the mean-
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winter SST range. An overall cooling trend is seen in each SST record since 1250 CE,
where winter SST cooling is more dramatic than summer.
δ18O data
Paired Mg/Ca and δ18Ocalcite measurements are used to calculate the oxygen
isotope composition of seawater (δ18Oseawater) which can reveal salinity changes in the
record. Because SST estimates based on Mg/Ca measurements and δ18Ocalcite
measurements come with uncertainties in absolute values, only δ18Oseawater trends are
illustrated. Raw G. ruber (white) δ18Ocalcite show an overall trend toward more positive
values from ca. 900 to 1700 CE, followed by a large abrupt shift (~1.00 VPDB) towards
more negative values ca. 1750 to 1810 CE (Figure 7a). In comparison, raw G. ruber
(pink) δ18Ocalcite exhibit relative stability over the past millennium except for a similar but
smaller shift (~0.70 VPDB) ca. 1675 to 1850 CE (Figure 7b). Gl. truncatulinoides (nonencrusted) δ18Ocalcite were not analyzed due to lack of material. The main features of the
G. ruber (white) δ18Oseawater are two maxima centered around 1400 to 1500 CE and 1750
CE representing periods of increased salinity (Figure 8a). G. ruber (pink) δ18Oseawater
show a shift to decreased salinity ~1700 CE (Figure 8b).
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DISCUSSION
Seasonality of the MWP and LIA in the northern GOM
The MWP and LIA occurred between 900-1250 and 1250-1850 CE, respectively.
The MWP may have begun earlier, but interpretations are limited to the time frame of
this study. The MWP exhibited relatively constant and sustained warm sea-surface
temperatures (SSTs) in all three records until 1250 CE when SST variability significantly
increased (Figure 6). The LIA consisted of a dramatic drop in both mean-winter and
mean-annual SSTs, while mean-summer SSTs dropped slightly in comparison. The
paired records of mean-seasonal (summer and winter) and mean-annual SST show that
the northern GOM exhibited high winter SST variability coupled with muted summer
SST changes during the LIA. The records also suggest that winter variability essentially
drove the observed mean-annual SST changes during the LIA in the northern GOM.
The magnitude of change between summer and winter SST (ΔTsummer-winter) is
shown in Figure 9. During the MWP, the ΔTsummer-winter range was ~3ºC, which is 2ºC
smaller compared to modern (~5ºC). During the LIA, the ΔTsummer-winter range was ~8ºC,
which is much larger than both the MWP range and modern ΔTsummer-winter. After the LIA,
ΔTsummer-winter remains larger than that of the MWP. These results show that enhanced
seasonality, defined by colder winters, dominated the LIA time period and has continued
into the present.

14

GOM regional comparison
Previously reconstructed GOM records are mostly mean-annual weighted SST
records; therefore, seasonal comparisons are extremely limited in this region. However,
the mean-annual data presented here follow similar trends to other records in the region.
SSTs based on G. ruber (white) Mg/Ca from the Fisk, Garrison, and Pigmy basins in the
northern GOM (see Figure 3) show similar LIA cooling of ~3°C, with minima centered
around 1750-1850 CE (Richey et al., 2007; 2009) (Figure 10). SSTs derived from
sclerosponge Sr/Ca in Jamaica also show similar LIA cooling of ~3°C, with maximum
cooling centered on 1700 CE (Haase-Schramm et al., 2003). Furthermore, SSTs based on
Mg/Ca in the planktonic foraminifer Globigerina bulloides show a similar LIA cooling of
~2°C (Black et al., 2007; Richey et al., 2007).
While seasonal comparisons in the GOM region are extremely limited, a regional
European study based on a compilation of both instrumental and proxy data representing
seasonal and annual air temperature changes over the past ~500 years exhibited similar
trends to our record (Luterbacher et al., 2004). The study determined winter seasonality
as more variable with minima centered ca. 1700 CE, while summers showed insignificant
variation. However, the degree of temperature changes was minimal compared to the
GOM region, with winter cooling of 0.5°C and annual cooling of 0.25°C. This can be
explained by the fact SST and air temperature changes are affected differently by natural
variations in climate.
Global comparison
Global composite air temperature records show the MWP and LIA generally
occurred around 900-1300 and 1400-1800 CE, which is within chronological uncertainty
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of this study. However, the composite air temperature records show temperature
excursions occurring on a much smaller scale, likely due to data processing techniques
that remove regional low frequency temperature changes. Moberg et al. (2005)
determined a temperature range of 0.65°C based on a multi-proxy approach on Northern
hemisphere data. Mann et al. (2009) utilized a global multi-proxy compilation of data and
determined temperatures ~0.2 °C warmer during the MWP and ~0.4°C cooler during the
LIA, a change of ~0.6°C. Both studies attribute radiative forcing as the main driver of
these temperatures changes. Because radiative forcing alone can only explain temperature
excursions of <1ºC, additional factors must be influencing the GOM region.
Various factors attributed to MWP and LIA climate
The MWP and LIA may be attributed to extreme temperature anomalies occurring
every ~1500±500 (Bond et al., 1997; deMenocal et al., 2000); however, this pattern has
not been resolved on a global scale (Bond et al., 1997). While Crowley (2000)
determined that solar forcing and volcanism explain 41-64% of preindustrial climate
change, Bond et al. (2001) claimed that changes in surface winds and hydrography
triggered by minor changes in solar irradiance can explain the temperature anomalies.
Ruddiman (2007) attributed early anthropogenic forcing through actions such as
deforestation and rice irrigation as the main driver for Holocene climate variability
despite natural forcing mechanisms. Debate also revolves around the role of
thermohaline circulation and whether it influenced MWP and LIA climate change
(Broecker, 2001; Bertler et al., 2011). While these factors are all potential sources for the
MWP and LIA climate events, regional as well as seasonal factors are also important to
consider.
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Richey et al. (2009) speculated that a reduced AWP was the main influence on the
dramatic cooling evidenced in the GOM during the LIA. Since the AWP mainly develops
during the summer without influencing winter SSTs, it is not a likely source for the
dramatic cooling evidenced in this region. However, natural variations in the size and
extent of the AWP could potentially influence our winter SST record.
Solar minima took place during the LIA roughly around the same time SST
minima occurred in the GOM (Richey et al., 2009). It is possible that associated
feedbacks, such as atmospheric circulation changes as a result of solar variation, could
amplify cooling due to solar minima and explain the >1°C cooling in the region. For
example, cooling in the northern hemisphere due to solar minima could result in
migration of the ITCZ further south during the winter, allowing cold northerly winds to
influence GOM winter SSTs. Further research is needed to better understand associated
feedbacks that could affect the seasonality of the region.
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CONCLUSION
This study showed the first paired records of mean seasonal (winter and summer)
and mean-annual SST over the past thousand years in the northern GOM. Mg/Ca data
measured from three planktic foraminifera species were used to obtain the paired records.
Globigerinoides ruber (pink) represented summer SST, Globigerinoides ruber (white)
represented mean-annual SST and Globorotalia truncatulinoides (non-encrusted)
represented mean-winter SST. During the MWP (930 to 1250 CE), all three records
showed SSTs within error of modern observed SSTs for their respective seasons. The
MWP ΔTsummer-winter was also small (~3ºC) relative to modern ΔTsummer-winter (~5ºC).
During the LIA (1250 to 1850 CE), mean-winter and mean-annual SSTs were
consistently colder than modern observed SSTs while mean-summer SSTs were not. The
LIA ΔTsummer-winter was large (~8°C) compared to modern. Enhanced seasonality, defined
by colder winters, clearly dominated the LIA cooling in the northern GOM. The causes of
these recent pre-industrial climate trends are still unknown. Teasing out seasonal signals
from SST records during the MWP and LIA climate events can potentially improve
climate modeling, reveal climatic influences associated with these events, and improve
climate forecasts.
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TABLES
Table 1: MWP and LIA regional variability
Proxy

MWP (CE)

ΔT °C1

LIA (CE)

ΔT °C2

Source

Makassar Strait, Indonesia

Paired δ18O and
Mg/Ca foraminifera

1000-1400
1000-1250

+0 to +1
W.E.*

1400-1850
1550-1850

-1.5
-0.5 to -1

Newton et al. (2006)
Oppo et al. (2009)

Northern Gulf of Mexico

Mg/Ca foraminifera

1000-1400

W.E.

1400-1850

-2 to -3

Richey et al. (2007, 2009)

West Africa

Faunal analysis

800-1200

+0 to +1

1300-1850

-3 to -4

deMenocal et al. (2000)

Ross Sea, Antarctica

Ice core

1100-1300

+0.35

1300-1850

-2

Bertler et al. (2011)

High-latitude Europe

Proxy fusion of
pollen and tree ring
data

900-1200

+1.02 to
+1.19

1300-1800

-1.14 to
-1.39

Helama et al. (2010)

Western Central Asia

Tree ring data

900-1300

-0.07

1200-1850

-0.2

Esper et al. (2002)

Northern Hemisphere

Multi-proxy
approach

950-1250

+0.2

1400-1700

-0.4

Mann et al. (2009)

Northern Hemisphere

Multi-proxy
approach

N.D.**

+0.4

N.D.

-0.7

Moberg et al. (2005)

Study Location
Low-Latitude Regions

High-Latitude Regions

Hemispheric Compilations

1Temperature

change relative to modern temperatures during MWP
change relative to modern temperatures during LIA
*Within error of modern temperatures
** Not defined in paper
2Temperature
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Table 2: 14C results for 2010 Fisk Basin boxcore
Sample ID

Material

Region

δ13C

14

C
Age*

±

Calibrated
Calendar
Year**

Error

2010-FB1-BC1
Gulf of
forams
0.74
>Modern
1950
0-0.5cm
Mexico
2010-FB1-BC1
Gulf of
forams
0
900
30
1441
53
10.5-11cm
Mexico
2010-FB1-BC1
Gulf of
forams
0
1380
30
1027
88
20-20.5cm
Mexico
2010-FB1-BC1
Gulf of
forams
0
1885
30
521
85
28-28.5 cm
Mexico
2010-FB1-BC1
Gulf of
forams
1.49
2245
30
103
93
34.5-35cm
Mexico
*14C dates are based on the Libby half-life of 5568 years
14
** Based on MARINE09 C calibration data set using 2σ average age with a 1.0 probability.

Table 3: Core-top calibrations from GOM using Anand et al. (2003)
Mg/Ca

Mg/Ca-derived

(mmol/mol)

SST (°C)

*Observed
seasonal
SST (°C)

Source

G. ruber (white): Mean-Annual weighted SST
4.86

26.5

25.4

4.43

25.4

25.4

4.31

25.2

25.4

LoDico et al. (2006)
Richey et al. (2007, 2009,
2011)
Richey et al. (2012)

3.44

24.5

25.4

Nurnberg et al. (2008)

G. ruber (pink): Mean-Summer weighted SST
4.36

27.1

27

Richey et al. (2012)

Gl. truncatulinoides (non-encrusted): Mean-Winter weighted SST
2.93
22.7
22.2
Spear et al. (2011)
*Observed values are based on National Oceanographic Data Center World Ocean Atlas 1994
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FIGURES

Figure 1: Globigerinoides ruber (white and pink) average flux data from the northern
GOM from 2008 to 2012 (Reynolds et al., 2013).
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Figure 2: Flux of Globorotalia truncatulinoides encrusted (black shaded areas) and nonencrusted (gray shaded areas) in the northern GOM (Spear et al., 2011).
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Figure 3: Locations of the Fisk Basin (this study; star), Garrison Basin (square), Pigmy
Basin (circle), and the sediment trap mooring in the northern Gulf of Mexico (inverted
triangle).
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Figure 4: Age model for boxcore 2010 FB1-BC1 based on five accelerator mass
spectrometry (AMS) 14C dates that were based on mixed planktonic foraminifers.
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Figure 5: Raw Mg/Ca plotted against core depth for (A) G. ruber (white) (B) G. ruber
(pink) (C) Gl. truncatulinoides (non-encrusted). Error bars represent environmental error
between replicated samples.
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Figure 6: Mean seasonal (summer and winter) and mean-annual Mg/Ca data. Error bars represent environmental error between
replicated samples. Gray line represents 1250 CE. Dashed lines represent trends from 900 to 1250 CE and 1250 to 2000 CE.

26

A

-2.00
-1.80
-1.40
-1.20
-1.00

-0.80

δ18Ocalcite (VPDB)

-1.60

-0.60
-0.40

-2.00

B

-1.80

-1.40
-1.20
-1.00
-0.80
-0.60
900

-0.40
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Calendar Year (CE)

Figure 7: Raw δ18Ocalcite (VPDB) for (A) G. ruber (white) and (B) G. ruber (pink).
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Figure 8: Calculated δ18Oseawater for (A) G. ruber (white) and (B) G. ruber (pink) based
on paired Mg/Ca SST estimates and δ18Ocalcite using the Orbulina universa high-light
equation [SST(ºC) = 14.9-4.8(δc – δw)] (Bemis et al., 1998). Resulting δ18Oseawater was
converted from Vienna Peedee belemnite to Vienna standard mean ocean water
(VSMOW) by adding 0.27‰.
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Figure 9: The difference between summer (April-October) and winter (DecemberFebruary) SST. The dashed line represents modern summer-winter SST (~5ºC) based on
the National Oceanographic Data Center World Ocean Atlas 1994. The black arrows
show maximum summer SST ca. 980 CE and minimum winter SST ca. 1680 CE.
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Figure 10: GOM SST data comparison with (A) Pigmy Basin (Richey et al., 2007); (B)
Garrison Basin (Richey et al., 2009); and (C) Fisk Basin (Richey et al., 2009). All data
are based on G. ruber (white) Mg/Ca calibrated to SST using the equation: Mg/Ca =
[0.449 × exp (0.09 · SST)] (Anand et al., 2003). Dashed lines represent modern meanannual SST of 25.4ºC (Leviticus, 2003).
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