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Atlantic overturning responses to Late Pleistocene

climate forcings

Lorraine E. Lisiecki'f, Maureen E. Raymo' & William B. Curry”

The factors driving glacial changes in ocean overturning circula-
tion are not well understood. On the basis of a comparison of 20
climate variables over the past four glacial cycles, the SPECMAP
project' proposed that summer insolation at high northern lati-
tudes (that is, Milankovitch forcing) drives the same sequence of
ocean circulation and other climate responses over 100-kyr eccen-
tricity cycles, 41-kyr obliquity cycles and 23-kyr precession cycles.
SPECMAP analysed the circulation response at only a few sites in
the Atlantic Ocean, however, and the phase of circulation response
has been shown to vary by site and orbital band. Here we test the
SPECMAP hypothesis by measuring the phase of orbital responses
in benthic 8"°C (a proxy indicator of ocean nutrient content) at 24
sites throughout the Atlantic over the past 425 kyr. On the basis of
8'3C responses at 3,000-4,010 m water depth, we find that maxima
in Milankovitch forcing are associated with greater mid-depth
overturning in the obliquity band but less overturning in the pre-
cession band. This suggests that Atlantic overturning is strongly
sensitive to factors beyond ice volume and summer insolation at
high northern latitudes. A better understanding of these processes
could lead to improvements in model estimates of overturning
rates, which range from a 40 per cent increase to a 40 per cent
decrease at the Last Glacial Maximum® and a 10-50 per cent
decrease over the next 140 yr in response to projected increases
in atmospheric CO, (ref. 4).

Different modes of Atlantic overturning appear to be coupled with
widespread climate change on both orbital** and millennial”® time-
scales. Today, North Atlantic Deep Water (NADW) fills most of the
Atlantic at 2,000-4,000 m water depth, above deep water of Southern
Ocean origin. During the Last Glacial Maximum (LGM), nutrient-poor
NADW shoaled to less than 2,000 m and was replaced by nutrient-rich
Southern Ocean Water (SOW), according to Atlantic transects of the
8"°C and Cd/Ca ratio of LGM benthic foraminifera®'. Although these
two proxies can be influenced by several biogeochemical factors unre-
lated to ocean circulation®"!, independent estimates of overturning
since the LGM are consistent with these tracer changes””. Com-
parisons of Pleistocene Atlantic 8'°C records with the ice-volume proxy
benthic §'®0 show that the presence of NADW below 2,000m is
strongly correlated with the size of northern ice sheets'>'*. However,
important differences between §'>C and §'%0 suggest that ice volume is
not the only factor controlling NADW circulation>".

In the sequence of circulation responses described by SPECMAP',
lower NADW formation, the ‘Nordic heat pump’, responds rapidly
to Milankovitch forcing, and mid-depth (~3,400 m) overturning in
the North Atlantic responds later, slightly lagging ice volume. (This
mid-depth response is not equivalent to the ‘boreal heat pump’,
which is the mechanism SPECMAP proposed for the production of
Glacial North Atlantic Intermediate Water (GNAIW)®.) We analyse
benthic §'°C records of the past 425 kyr from 24 Atlantic sites and 5

Pacific sites (Supplementary Table 1 and Supplementary Fig. 1) to
evaluate the SPECMAP hypothesis that circulation response has the
same phase relative to ice volume in all three orbital bands. We focus
on mid-depth sites because circulation responses at these sites are
more easily distinguished from changes in the §'°C composition of
NADW and SOW.

We place all benthic 5'°C records on the same age model
(Methods) and calculate A3'>C by taking the difference between each
Atlantic 8"°C record and a record of mean ocean 5'°C, estimated by
averaging five Pacific 8'°C records (Fig. 1). Figure 2 shows the phase
of A5'"C at each site relative to obliquity and precession (June peri-
helion). (See Supplementary Information for eccentricity phases.)
Also shown is the phase of benthic §'*0 (times — 1), which we refer
to as minimum ice volume for simplicity but which also contains a
significant deep water temperature component (Supplementary
Information).

The orbital phases of Atlantic A3'>C can be well described by
dividing the sites into three groups according to water depth. On
the basis of modern and LGM §'C transects’, we interpret the A§'>C
of sites at 1,100-2,301 m depth as primarily recording the §'°C com-
position of NADW, sites from 3,000 to 4,010 m as primarily record-
ing changes in the mixing ratio of NADW and SOW, and sites from
4,035 to 4,620 m as primarily recording the 8'*C of SOW. The con-
sistency of phase relationships within these depth intervals, despite a
wide range of latitude and longitude, strongly suggests that these
responses are basin-wide and that the 8'*C of deep water is accurately
recorded.

At all three frequencies, most sites above 2,300 m have large phase
lags (140°-260°), consistent with increases in GNAIW and the ASPC
of upper NADW during glacial conditions®’. However, at most sites
from 3,000 to 4,010 m, A§'"’C leads minimum ice volume in the
obliquity band but lags it in the precession band. Mid-depth lags
relative to Milankovitch forcing, which we define to be 21 June
insolation at 65°N (Supplementary Information), are 3°-26° (0—
3 kyr) in the obliquity band and 100°-176° (6-11kyr) in the preces-
sion band. This represents a significant challenge to the SPECMAP
hypothesis that circulation responds with the same phase in all orbital
bands'. Evidence that benthic 5'*0 change can differ from ice volume
change by 2.2 kyr (ref. 15) cannot account for the ~6-kyr shift in §'°C
phase between the obliquity and precession bands.

The difference between obliquity and precession responses was not
observed by SPECMAP because they analysed mid-depth §'°C only
at ODP site 607 (ref. 16), which has atypical obliquity and precession
phases in comparison with most other mid-depth sites. However, our
results are consistent with previously reported phases at several west-
ern equatorial Atlantic sites®. Mid-depth sites in the Atlantic western
boundary current (squares in Fig. 2) tend to have strong precession
and obliquity power and large precession lags. Eastern Atlantic sites
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Figure 1| Comparison of benthic 5"3C, orbital forcing, ice volume and SST.
a, Regional stacks (averages) of benthic 8'C (%o VPDB) from shallow North
Atlantic sites (red; mean from sites DSDP552, ODP980, ODP982, ODP983),
selected mid-depth Atlantic sites (green dashed; ODP925, ODP927,
ODP928, GeoB1214), deep Atlantic sites (blue; ODP929, ODP1089,
GeoB1041, GeoB1211), and Pacific sites (purple; ODP677, ODP846,

with less precession power and smaller precession lags could be less
sensitive to circulation change because they are farther from the main
path for meridional deep water transport.

To investigate the differences between precession and obliquity
responses, we calculate AS"’Cy,i4 by averaging the four mid-depth
sites with the greatest precession lags (Fig. 1c). ASC i displays
significantly different phases with respect to ice volume in the obli-
quity and precession bands (Fig. 3). In the obliquity band, A§"*C i
is nearly in phase with Milankovitch forcing, suggesting a rapid res-
ponse to obliquity-driven insolation change. In the precession band,
AS8"C, 4 is not easily interpreted as a response to Milankovitch
forcing or ice volume because it lags June perihelion by 170°
(11 kyr) and minimum ice volume by 100° (6.4 kyr). Because circula-
tion is unlikely to lag its forcing by more than 90°, we discuss the
alternative possibility that the insolation forcing at June perihelion
produces a minimum in A§'"’C,,;4 with very little lag.

Is the minimum in A3"*C,,,;q at June perihelion caused by a change
in circulation? Mid-depth A§'C is affected by the mixing ratio of
NADW and SOW and by the A§'*C composition of each water mass.
However, the A3">C of NADW as recorded by shallow North Atlantic
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ODP849, RC13-110, V21-146). b, Benthic 5'%0 (%0 VPDB; black, ref. 14) as a
proxy for ice volume. ¢, North Atlantic summer SST* (‘607 SST’, orange)
and A3"Cppiq (green, §"°Cpniqg — 8"*Cpye). d, Caribbean SST?' (‘999 SST’,
pink) and A8'C,;q (green, y-axis reversed). Triangles mark SST peaks
preceding glacial maxima. e, Precession index (thick) and obliquity (thin),
plotted such that greater Milankovitch forcing is up.

sites has much less precession power than A8'*C,;4 (Supplementary
Fig. 2), and the A8"’C of SOW as recorded by deep South Atlantic
sites has a significantly different phase from A8"’Cpq (Fig. 3b).
Therefore, the minimum in A8">C,;q at June perihelion must pri-
marily reflect a reduction in the mixing ratio of NADW at these sites,
probably due to weaker and/or shallower North Atlantic overturning.

Although §'°C gradients cannot unequivocally constrain the rate
of meridional overturning'’, changes in meridional heat transport,
inferred from Atlantic sea surface temperature (SST) records, may
provide indirect evidence for changes in overturning rate®. For
example, during stadial events of the last glacial cycle, reduced over-
turning is associated with cooling at high northern latitudes” and
warming at low latitudes®'®, consistent with a decrease in meridional
heat transport. If A3">C ;4 records orbitally driven changes in over-
turning rate, we expect A3'*Cpniq to be in phase with North Atlantic
SST and antiphased with low-latitude SST (Supplementary
Information).

In the precession band, we find that SST estimates based on for-
aminiferal species counts at ODP Site 607 (Fig. 1c, ref. 19) and other
North Atlantic sites™* are nearly in phase with AS'’C,iq (Fig. 3d),
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Figure 2 | Phases of orbital responses of benthic A3'>C in the Atlantic.
Symbols mark the phase of each site, with 2¢ error bars, relative to a, 41-kyr
obliquity and b, 23-kyr precession (June perihelion). The vertical line in each
panel marks the phase of minimum ice volume from benthic §'®0 (ref. 14).
Squares denote western Atlantic Ceara rise sites; circles, all other sites. The

consistent with a change in overturning rate and out-of-phase with
local summer insolation. A Caribbean foraminiferal Mg/Ca record of
SST?' (Fig. 1d) is antiphased with A8'>C,,;q (Fig. 3d), consistent with
the proposed overturning changes, but also in phase with local sum-
mer insolation forcing®'. We suggest that the effects of overturning can
be distinguished from insolation forcing during prominent SST peaks
preceding glacial maxima (marked by triangles in Fig. 1d). This low-
latitude warming is consistent with the reduced overturning suggested

Obliquity (41-kyr)

Precession (23-kyr)

Figure 3 | Comparison of A3"3C and SST phases. a, b, The phases for
obliquity (a) and precession (b) of minimum ice volume from benthic 5'%0
(black, ref. 14) and regional stacks of Atlantic A8"3C for shallow North
Atlantic sites (red), selected mid-depth sites (green) and >4,010 m sites
(blue). ¢, d, The phases for obliquity (c) and precession (d) of benthic 3180
(black, ref. 14), A8"*C,niq (green), North Atlantic SST" (orange) and
Caribbean SST?' (pink). In this phase wheel representation, vectors in the 12
o’clock position are in phase with maximum Milankovitch forcing, and
phase lags increase in the clockwise direction (for example, 3 o’clock
represents a 90° lag relative to Milankovitch forcing, 6 o’clock represents an
antiphased response, and 9 o’clock represents a 90° lead). Vector length
(from circle centre to middle of arc) represents coherence, and the associated
arc denotes the 2¢ phase error. Circles mark 100% (solid), 95% (dashed) and
80% (dotted) coherence.

100 200 300
Precession phase (degrees)

0

size of each symbol is proportional to the coherent amplitude of the
response. Dotted lines separate different depth ranges; grey symbols denote
mid-depth sites. (Site 502 at a depth of 3,051 m in the Caribbean basin is
plotted at the sill depth of 1,800 m.)

by A8"C,iq but difficult to explain otherwise, given relatively weak
precession forcing, high ice volume and low atmospheric partial pres-
sure of CO, (pco,; ref. 22). Therefore, Atlantic SST responses appear
consistent with reduced overturning rates during June perihelion, as
suggested by AS'"Cia.

In the obliquity band, the phases of Atlantic SST at both high and
low latitudes are similar (Fig. 3c) rather than antiphased and, thus,
provide no constraints on the phase of overturning response. The fact
that both SST records are approximately in phase with ice volume
and pco, (Supplementary Table 2) suggests that these factors may
overwhelm any SST signal due to obliquity-driven overturning
changes. In contrast, ice volume and pco, (ref. 22) have less power
in the precession band, which may explain why the effects of over-
turning on SST are visible for precession but not obliquity.

Can modelling studies be used to provide another test of circula-
tion responses to obliquity and precession? It seems not; at present,
the response of North Atlantic overturning to orbital forcing or even
LGM boundary conditions® is highly model-dependent. Increasing
Milankovitch forcing decreases NADW formation in some mod-
els*** and increases it in others®>*°. One study that varied obliquity
and precession separately found that greater Milankovitch forcing
from either precession or obliquity increased overturning.
However, another found that greater Milankovitch forcing decreased
overturning in the obliquity band but increased it in the precession
band”. Additionally, neither of these models included a Laurentide
ice sheet. In fact, given the wide range of model results, our results
may provide an important metric against which future models could
be evaluated; our results could be further tested with additional SST
records and other circulation proxies.

The phases of A3">C,piq place constraints on the forcing mechan-
isms important for mid-depth overturning. Greater Milankovitch
forcing decreases ice volume in both the obliquity and precession
bands but corresponds to different A3'’C,;q responses. Therefore,
mid-depth overturning must also be sensitive to factors other than
Milankovitch forcing and ice volume. The different seasonal and
spatial insolation anomalies associated with precession versus obli-
quity provide many mechanisms by which the two orbital cycles
could produce different overturning responses.

The strongest insolation forcing that is antiphased with
Milankovitch forcing in one orbital band but not the other occurs
at high southern latitudes in summer. Weaker forcing occurs over
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southern mid-latitudes in summer, southern low- and mid-latitudes
in winter, and high northern latitudes in late summer (Supplementary
Fig. 7). Perhaps cooler southern summers during June perihelion,
obliquity minima, and glacial maxima reduce mid-depth NADW by
enhancing SOW formation®®. However, Antarctic temperature
appears to be in phase with Milankovitch forcing rather than local
summer insolation®. Alternatively, reduced insolation in late summer
at high northern latitudes® might decrease NADW formation by
altering North Atlantic sea ice extent, salinity or temperature. The
different phases of circulation response relative to Milaukovitch for-
cing associated with obliquity and precession may produce different
climate feedbacks, which may affect the amplitude of ice volume
response at the two frequencies.

METHODS SUMMARY

The 8'°C records in this study are collected from previous studies
(Supplementary Information) and primarily measured from the epibenthic
taxon Cibicidoides wuellerstorfi. All records are placed on a common age model
by aligning their benthic §'®0 records to the LR04 benthic §'%0 stack'®. (Site
ODP999 (ref. 21) was aligned using planktonic 5'%0.) See ref. 14 for detailed
alignment methodology.

We reconstruct circulation changes at mid-depth sites using the AS'*C instead
of percentage NADW' because we wish to avoid the assumption that the 5'°C of
SOW and NADW are consistently recorded by any of the available sites. In
particular, many of our deep Atlantic (SOW) sites have a non-negligible per-
centage NADW today. However, the phases of percentage NADW for mid-depth
sites (Supplementary Fig. 3) are not significantly different from those of AS'*C.
Additionally, the phases of A3'’C are not significantly different from §'"°C
(Supplementary Fig. 4), except at several shallow Atlantic sites.

Before spectral analysis, all records are interpolated to an even 1-kyr time step
from 15 to 425 kyr ago. Spectral analysis was performed with the ARAND soft-
ware package (P. Howell, N. Pisias, J. Ballance, J. Baughman and L. Ochs, Brown
University), which uses the Blackman—Tukey technique. Phases were calculated
by cross spectral analysis with ETP (the sum of normalized eccentricity plus
obliquity minus the precession index) using a maximum lag of 150 kyr. Error
bars on phase estimates do not include the age model uncertainty of ~4 kyr. This
uncertainty affects phases relative to Milankovitch forcing but not relative to
benthic §'%0, and may explain why Caribbean SST and minimum ASCoia
appear to lead June perihelion slightly.
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