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North Atlantic ocean circulation and
abrupt climate change during the

last glaciation

L. G. Henry,' J. F. McManus,' W. B. Curry,>> N. L. Roberts,*

A. M. Piotrowski,* L. D. Keigwin®

The most recent ice age was characterized by rapid and hemispherically asynchronous
climate oscillations, whose origin remains unresolved. Variations in oceanic meridional
heat transport may contribute to these repeated climate changes, which were most
pronounced during marine isotope stage 3, the glacial interval 25 thousand to 60 thousand
years ago. We examined climate and ocean circulation proxies throughout this interval at
high resolution in a deep North Atlantic sediment core, combining the kinematic tracer
protactinium/thorium (Pa/Th) with the deep water-mass tracer, epibenthic §'3C. These
indicators suggest reduced Atlantic overturning circulation during every cool northern
stadial, with the greatest reductions during episodic Hudson Strait iceberg discharges,
while sharp northern warming followed reinvigorated overturning. These results provide
direct evidence for the ocean’s persistent, central role in abrupt glacial climate change.

nlike the relatively stable preindustrial cli-

mate of the past 10 thousand years, glacial

climate was characterized by repeated mil-

lennial oscillations (7). These alternating

cold stadial and warm interstadial events
were most abrupt and pronounced on Greenland
and across much of the northern hemisphere, with
the most extreme regional conditions during sev-
eral Heinrich (H) events (2), catastrophic iceberg
discharges into the subpolar North Atlantic Ocean.
These abrupt events not only had an impact on
global climate but also are associated with wide-
spread reorganizations of the planet’s ecosystems
(3). Geochemical fingerprinting of the ice-rafted
detritus (IRD) associated with the most pronounced
of these events consistently indicates a source in
the Hudson Strait (HS) (4), so we abbreviate this
subset of H events as HS events and their follow-
ing cool periods as HS stadials. During northern
stadials, ice cores show that Antarctica warmed,
and each subsequent rapid northern hemisphere
warming was followed shortly by cooling at high
southern latitudes (5). Explanations for the rapid-
ity and asynchrony of these climate changes require
amechanism for partitioning heat on a planetary
scale, initiated either through reorganization of
atmospheric structure (6) or the ocean’s thermo-
haline circulation, particularly the Atlantic me-
ridional overturning circulation (AMOC) (7-10).
Coupled climate models have successfully used
each of these mechanisms to generate time series
that replicate climate variability observed in pa-
leoclimate archives (9, 17). We investigated the
relationship between Northern Hemispheric cli-
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mate as recorded in Greenland ice cores and
marine sediments, along with isotopic deep-sea
paleoproxies sensitive to changes in North Atlan-
tic Deep Water (NADW) production and AMOC
transport during marine isotope stage three (MIS3).
Throughout that time, when global climate was
neither as warm as today nor as cold as the last
glacial maximum (LGM), ice sheets of interme-
diate size blanketed much of the northern hemi-
sphere, and large millennial stadial-interstadial
climate swings (6, 8) provide a wide dynamic range
that allows examination of the ocean’s role in
abrupt change.

Sediment samples were taken from the long
(35 m) core KNR191-CDH19—recovered from the
Bermuda Rise (33° 41.443’ N; 57° 34.559' W, 4541 m
water depth) in the northwestern Atlantic Ocean
(Fig. 1), near previous seafloor sampling at Inte-
grated Ocean Drilling Program (IODP) site 1063—
and coring sites KNR31 GPC-5, EN120 GGC-1,
MD95-2036, OCE326-GGC5, and others. Because
this region of the deep North Atlantic is charac-
terized by steep lateral gradients in tracers of
NADW and Antarctic Bottom Water (AABW),
the Bermuda Rise has been intensively used to
explore the connection between changes in ocean
circulation and climate (7, 12). In this study, we
measured the radioisotopes ?*'Pa and 2*°Th in
bulk sediment, age-corrected to the time of depo-
sition, along with stable carbon (8'C) and oxy-
gen (5'%0) isotope ratios in the microfossil shells
of both epibenthic foraminifera (Cibicidoides
wuellerstorfi and Nuttallides umbonifera) and
planktonic foraminifera (Globigerinoides ruber),
respectively, yielding inferences on relative resi-
dence times and the origin of deep water masses
on centennial time scales.

Isotopes of protactinium and thorium, **'Pa and
20Th, are produced from the decay of *°U and
2847, respectively, dissolved in seawater. This
activity of >*'Pa and **°Th in excess of the amount
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supported by the decay of uranium within the
crystal lattice of the sediment’s mineral grains is
denoted by **'P,, and ***Th,,. Because the parent U
isotopes have long residence times, U is well mixed
throughout the ocean. This yields a *'Pa,,/*°Thy
(hereafter Pa/Th) production ratio (Pa/Th = 0.093)
that is constant and uniformly distributed (13, 14).
Both daughter isotopes are removed by adsorp-
tion onto settling particles, with Th more effi-
ciently scavenged than Pa. The residence time
of 2®"Pa (Tres = ~200 years) in seawater is thus
greater than that of 2*°Thy (,es = ~30 years),
allowing >*'Pa to be redistributed laterally by
changes in basin-scale circulation before deposi-
tion (7, 14-16), with the additional potential in-
fluence of removal because of changes in particle
rain associated with biological productivity (7).
Settling particles (I18) and surface sediments
throughout the basin reveal a deficit in 2*'Pay
burial that is consistent with large-scale export
by the deep circulation (Fig. 1) (19).

The downcore Pa/Th in core CDH-19 ranges
from ~0.05 to slightly above the production ratio
of 0.093, with a series of well-defined variations
throughout MIS3 (Fig. 2). In sediments deposited
during Greenland interstadial intervals (), Pa/Th
ratios average 0.0609 + 0.0074 (2c), which is sub-
stantially below the production ratio (Fig. 2) and
only 10% higher than the mean value (Pa/Th =
0.055) of the Holocene, a time of relatively vig-
orous AMOC (7). Because 22 Thy is buried in near
balance with its production (20), the relatively low
Pa/Th indicates a substantial lateral export of

35

40

21pa,, ., which is consistent with relatively vigor-
ous AMOC during interstadials, although the ver-
tical integration through the water column of this
deficit does not distinguish whether this export
occurred at deep or intermediate levels. Epibenthic
8'%C (8"3Cgp) data allow discrimination between
these two possibilities and display increased values
during each interstadial, implying a greater con-
tribution of the isotopically more positive North
Atlantic end member (Fig. 2). During these in-
tervals, this positive isotopic signal suggests that
a deeper overturning cell was established, rather

than a shallower, yet more vigorous one. This con-
firms a previous suggestion of intervals of rela-
tively strong AMOC within the most recent ice
age (21, 22), although Pa/Th and §"*Cyy adjusted
for whole-ocean inventory changes (23) rarely
reach early Holocene values.

Pa/Th increases within each Greenland stadial
interval, for a mean duration of 0.531 + 0.303
thousand years to a Pa/Th value of 0.0797 + 0.0154,
which indicates decreased lateral export of >*'Pay
and is consistent with a shallower or reduced over-
turning cell in the North Atlantic. During these

Ocean Data View / DIVA

Fig. 1. Study core location and coretop distribution of Pa/Th. Location sediment core CDH19
indicated with a star (33°41.443' N; 57° 34.559" W, 4541-m water depth), with Pa/Th ratios (black
dots) in core top sediments used with Ocean Data View Data-Interpolating Variational Analysis
gridding to produce the color contours. White areas contain no data.
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Fig. 3. Detail of millennial cyclicity in glacial climate and the deep ocean. (A) through (E) are as in
Fig. 2, Ato E. (F) Simulated NADW (Sv) in a coupled ocean/atmosphere model (11), with (D) published Pa/
Th (gray squares) (21) and §°Cgr data (blue crosses) (12).

stadials, 8"Cgr decreases substantially to nega-
tive values [-0.2 per mill (%o) to —-0.5%o], suggest-
ing greater influence of the glacial equivalent of

472 29 JULY 2016 » VOL 353 ISSUE 6298

modern Antarctic Bottom Water (AABW), an iso-
topic result that is consistent with reduced AMOC
from a coupled climate model (70). Although the

northern and southern water mass end members
are not well known throughout the last glacia-
tion, deep waters in the Atlantic during the LGM
ranged from less than -0.5%o in the south to
greater than 1.5%o in the north (23). If these values
prevailed throughout MIS3, then the low §*Cgp
indicates a dominant stadial influence of south-
ern waters and substantial northward retreat or
shoaling of the AABW/NADW mixing zone,
which is consistent with the deep water mass con-
figuration that has previously been reconstructed
for the LGM (23, 24), although not for millennial-
scale stadial intervals within the glaciation.

The mean Pa/Th of both stadials and inter-
stadials is consistent with export of **'Pa,, from
the subtropical North Atlantic during most of
MIS3. During peak interstadials, when low Pa/Th
indicates the local burial of approximately half
of **'Pa, production, the remaining half would
have been exported. In contrast, the substantial
decrease in the lateral export of >*'Pa, evident
in higher Pa/Th, along with lower §'*Cgg dur-
ing each stadial interval, points to repeated re-
ductions in AMOC and its attendant northward
heat transport throughout MIS3. The contrast
between apparent deep, vigorous overturning
during interstadials and shallower (25), weaker
overturning during stadials is most pronounced
in conjunction with all HS stadials (Fig. 2), when
catastrophic discharge of melting icebergs from
Canada flooded the subpolar North Atlantic (4).

Sediments deposited during HS stadials are
characterized by a mean duration of 1.65 + 0.545
thousand years and an average Pa/Th of 0.095 +
0.016, which is indistinguishable from the pro-
duction ratio. These results therefore indicate no
net export of 2*'Pa, from the subtropical North
Atlantic during these events sourced from the
Hudson Strait. This balance between seawater
radiometric production and underlying sedi-
mentary burial would be expected under con-
ditions with a substantial reduction in AMOC
or other lateral transport and might imply a near
cessation of ?*'Pa, export through deep circula-
tion. Although variable scavenging may also con-
tribute to sedimentary Pa/Th, values throughout
MIS3 bear only a weak relationship with bulk
and opal fluxes [coefficient of determination (r2) =
0.19] (19), which therefore constitute secondary
influences.

These new results reveal that AMOC variations
were associated with every MIS3 stadial-interstadial
oscillation, with the largest reductions during HS
stadials. The well-resolved interval 35 thousand
to 50 thousand years ago provides a good ex-
ample (Fig. 3). This iconic interval contains H4,
H5, and the intervening series of oscillations that
have served as a basis for conceptual and com-
puter models seeking to explain such variability
(8-11, 26, 27). A previous Pa/Th record (21I) cover-
ing this interval captured much of the overall am-
plitude, and the new data resolve each stadial
increase in Pa/Th, indicating that only HS4 and
HS5 reach the production ratio of 0.093. Because
the interstadial values are similar to each other,
the subsequent abrupt increases in AMOC and
regional warming are also the greatest and occur
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for the mechanisms of abrupt
change, they have previous-
ly been difficult to document
and fully resolve.

Recent data from the
Western Antarctic ice sheet
provide compelling evidence
for a robust lead of Green-
land climate over Antarctica
(5). That analysis revealed a
Northern Hemisphere lead
of 208 + 96 years, indicating
that the interhemispheric
teleconnection propagates
from north to south on time
scales consistent with basin-
scale ocean circulation. To
ascertain whether Northern
Hemisphere climate is forced
or reinforced by changes
in AMOC, we investigated
the phase relationship be-
tween surface and deep-sea
properties. Cross-correlations
were performed on each
of 8"®Cgg, Pa/Th, sea surface

-1000 -500 0

Years

Fig. 4 Phasing lag correlations. Correlation of NGRIP ice core 520 with
CDH19 %CaCOs (orange), Pa/Th of bulk sediment from CDH19 (green),
§'3Cgr from CDH19 (purple), and SST °C from MD95-2036 (31) (red).

within the century-scale response time of Pa/Th.
Throughout the records, the Pa/Th and §“Cgyp
bear a striking similarity to model output forced
by freshwater anomalies (11).

Combined with previous investigations (7, 28),
these new results confirm that all HS events of
the past 60 thousand years were associated with
a dramatic increase in Pa/Th and are evidence
for major reduction in AMOC in association
with the largest IRD events (29). In contrast, H3,
the sole Heinrich event stadial that fails to reach
the production ratio (peak Pa/Th = 0.079), dis-
plays smaller IRD fluxes across the subpolar At-
lantic (29), with provenance inconsistent with
a Hudson Strait source (4). This muted result for
Ha3 is consistent with evidence from the Florida
Straits (30) showing a smaller reduction at that
time in the northward flow of near-surface waters
that feed the overturning circulation. As with all
stadials, the HS events are characterized by lower
5"3Cgg, suggesting diminished influence of NADW
and proportionately greater AABW on Bermuda
Rise. Combined Pa/Th and §"Cgr results there-
fore indicate a persistent pattern of stadial weak-
ening and interstadial strengthening, with a
repeatedly largest reduction in AMOC associated
with all HS events. Although these observations
are consistent with a number of numerical model
simulations (71, 27) as well as conceptual models
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500

Lag (negative) and Lead (positive)

[ temperature (SST), and
CaCO3 with North Green-
land Ice Core Project (NGRIP)
5'%0 from both sediment
cores CDH19 and MD95-
2036 from the Bermuda Rise.
The optimal correlation of
5"Cyr leads NGRIP §%0
by approximately 2 centu-
ries (Fig. 4). This lead is
corroborated by Pa/Th phas-
ing, which when consider-
ing the century-scale response time of the proxy
(13, 14) is consistent with AMOC changes indi-
cated by 8”Cgr. The SST reconstruction from
MD95-2036 was aligned with Greenland §'°0,
yielding a correlation of 7° = 0.83 (3I). SST and
Pa/Th are synchronous with NGRIP to within
the estimated bioturbation error of 8 cm within
the core, displaying correlations with Greenland
of 7 = 0.47 for Pa/Th and 7% = 0.65 for SST. The
optimal correlation of %CaCO;, 1> = 0.64, lags
NGRIP §'®0 by nearly 200 years.

The consistent lead of variations in §'>Cgr be-
fore SST and Greenland temperatures, repeated
over multiple millennial cycles, indicates the po-
tential influence of AMOC on NH climate and
confirms that the Bermuda Rise is exposed to
shifts in deep-water mass mixing. Initially, deep
circulation changes, which is evidenced overall
by the timing of 8'®Cyy. Pa/Th shifts are essen-
tially in tandem with regional temperature when
circulation accelerates, and soon thereafter as it
responds to weakening AMOC (19). Given the re-
sponse time of Pa/Th to instantaneous shifts in
North Atlantic overturning (13, 14), this also sug-
gests that changes in AMOC precede regional
temperature change, although the exact timing
may have differed during cooling and warming
phases. Both SST and Greenland temperature
proxies lag the ocean circulation in a consistent

1000

fashion, and in turn, these northern changes
have been demonstrated to lead Antarctic tem-
peratures (5). Calcium-carbonate concentration
is the last of the proxies to respond to AMOC
change, which is consistent with the longer time
scale of preservation, dissolution, and dilution
in the deep ocean.

The relative timing of the observed AMOC
changes has important implications for regional
and global climate. Whereas numerous compu-
ter simulations suggest that melting icebergs and
other freshwater input associated with H events
may have shut down NADW production (9, 17, 27),
recent results examining the phasing of North
Atlantic SST and IRD suggest that stadial con-
ditions began to develop before ice-rafting (32).
The evidence here nevertheless indicates that
the greatest AMOC reduction and the coldest
stadial intervals accompanied the largest iceberg
discharges. This suggests that the iceberg dis-
charges may have provided a positive feedback
mechanism to accelerate the initial cooling with-
in each multimillennial climate cycle. In addi-
tion, the extended H-stadial reductions in AMOC
observed in this study coincide with intervals
of rising atmospheric CO, (33), whereas CO,
declined when AMOC increased during the sub-
sequent sharp transitions to northern intersta-
dials, supporting a potential influence on the
atmosphere by the deep circulation on millen-
nial time scales (34).

The robust relationship of reductions in export
of northern deep waters evident in reduced **'Pa
export and decreased §"°Cyy before and during
stadial periods, and the dramatic increases in
both during interstadials, provide direct evidence
for the role of AMOC in abrupt glacial climate
change. The sequence of marked circulation
changes and northern hemisphere climate detailed
here, combined with the demonstrated lag of
Antarctic temperature variations (5), strongly im-
plicates changes in meridional heat transport by
the ocean as a trigger for abrupt northern hemi-
sphere warming and the tipping of the “bipolar
seesaw” (26).
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Teaching accreditation exams reveal
grading biases favor women in
male-dominated disciplines in France

Thomas Breda>*+ and Meélina Hillion™*+

Discrimination against women is seen as one of the possible causes behind their
underrepresentation in certain STEM (science, technology, engineering, and mathematics)
subjects. We show that this is not the case for the competitive exams used to recruit
almost all French secondary and postsecondary teachers and professors. Comparisons
of oral non—-gender-blind tests with written gender-blind tests for about 100,000
individuals observed in 11 different fields over the period 2006-2013 reveal a bias in favor
of women that is strongly increasing with the extent of a field’s male-domination. This bias
turns from 3 to 5 percentile ranks for men in literature and foreign languages to about
10 percentile ranks for women in math, physics, or philosophy. These findings have
implications for the debate over what interventions are appropriate to increase the
representation of women in fields in which they are currently underrepresented.

hy are women underrepresented in most

areas of science, technology, engineering,

and mathematics (STEM)? One of the

most common explanations is that a hiring

bias against women exists in those fields

(1-4). This explanation is supported by a few older

experiments (5-7), a recent one with fictitious

resumes (8), and a recent lab experiment (9), which
suggest that the phenomenon still prevails.

However, some scholars have challenged this

view (10, 11), and another recent experiment with

fictitious resumes finds a bias in favor of women

in academic recruitment (72). Studies based on

actual hiring also find that when women apply to

tenure-track STEM positions, they are more like-

ly to be hired (13-18). However, those studies do
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not control for applicants’ quality and a frequent
claim is that their results simply reflect that only
the best female Ph.D.’s apply to these positions,
whereas a larger fraction of males do so (11, 13). A
study by one of us did partly control for applicants’
quality and reported a bias in favor of women in
male-dominated fields (19). However, it has limited
external validity because it relies on only 3000
candidates who took the French Ecole Normale
Supérieure entrance exam.

The present analysis is based on a natural
experiment involving >100,000 individuals who
participated in competitive exams used to hire
French primary, secondary, and college or uni-
versity teachers over the period 2006-2013. It
has two distinct advantages over all previous
studies. First, it provides large-scale real-world
evidence of gender biases in evaluation-based
hiring in several fields. Second, it shows that
those biases against or in favor of women are
strongly shaped by the actual degree of female
underrepresentation in the field in which the
evaluation takes place, which partly reconciles
existing studies.

Carefully taking into account the extent of
underrepresentation of women in 11 academic
fields allowed us to extend the analysis beyond
the STEM distinction. As pointed out recently
(11, 12, 19, 20), the focus on STEM versus non-
STEM fields can be misleading for understand-
ing female underrepresentation in academia, as
some STEM fields are not dominated by men
[e.g., 54% of U.S. Ph.D.’s in molecular biology are
women (21)], whereas some non-STEM fields, in-
cluding humanities, are male-dominated [e.g., only
31% of U.S. Ph.D.s in philosophy are women (21)].
A better predictor of this underrepresentation,
some have argued, is the belief that innate raw
talent is the main requirement to succeed in
the field (20).

To study how female underrepresentation
can shape skills assessment, we exploit the two-
stage design of the three national exams used
in France to recruit virtually all primary-school
teachers, CRPE middle- and high-school teach-
ers, CAPES and Agrégation; as well as a large
share of graduate school and university teach-
ers, who also take the Agrégation (22). A college
degree is necessary to take part in those com-
petitive exams [table S1 in (22)]. Except for the
lower level (CRPE), each exam is subject-specific
and typically includes two or three written tests.
The best candidates after those written tests
(tables S2 and S3) are eligible for typically two
or three oral tests taken no later than 3 months
after the written tests (22). Note that oral tests are
not general recruiting interviews: Depending
on the subject, they include exercises, questions,
or text discussions designed to assess candi-
dates’ fundamental sKills, exactly as written tests.
Teachers or professors who have specialized
in the subject grade all the tests. At the highest-
level exam (Agrégation), 80% of evaluators are
either full-time researchers or university pro-
fessors in French academia. The correspond-
ing statistic is 30% for the medium-level exam
(CAPES).

Our strategy exploits the “blinding” of the writ-
ten tests (candidates’ name and gender are not
known by the professors who grade these tests),
whereas the oral tests are not blinded. If one as-
sumes that female handwriting cannot be easily
detected—which we discuss later—written tests
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North Atlantic ocean circulation and abrupt climate change during the last glaciation
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An ocean of climate impacts

Large decreases in Atlantic meridional overturning circulation accompanied every one of the cold Northern
Hemispheric stadial events that occurred during the heart of the last glacial period. These events, lasting on average
around 1000 years each, have long been thought to result from changes in deep ocean circulation. Henry et al. used a
suite of geochemical proxies from marine sediments to show that reductions in the export of northern deep waters
occurred before and during stadial periods (see the Perspective by Schmittner). This observation firmly establishes the
role of ocean circulation as a cause of abrupt glacial climate change during that interval.
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