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PUBLIC SUMMARY
■   We present a high-resolution speleothem δ18O record from southeastern Alaska covering the past 13,500 years.

■   The record shows an equatorial Pacific climate pattern and is at odds with North Atlantic climate patterns, questioning the bipolar
seesaw mechanism as the source of global climate variability.

■   We propose a new climate mechanism originating in the equatorial Pacific that could explain millennial-scale climate variability on
Earth.
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A  key  goal  of  paleoclimate  science  is  to  identify  the  source  of  millennial-
scale climate fluctuations. Although long-term changes in the Earth’s posi-
tion relative to the Sun are the driver of climate change on timescales of ≥
19  thousand  years  (ka),  it  is  still  incompletely  understood  what  causes
rapid sub-orbital changes in climate that were common during glacial peri-
ods.  Here,  we  provide  a  continuous,  precisely  dated  speleothem  record
from southeastern Alaska that spans the last 13.5 ka. Despite its location in
the high latitudes of the Northern Hemisphere, this record shows an equa-
torial  Pacific  climate  pattern  during  the  end  of  the  last  deglaciation  and
Holocene,  and  is  at  odds  with  North  Atlantic  climate  patterns,  calling  into
question the bipolar  seesaw mechanism for  the Pacific  realm. Because of
this,  we  propose  a  new  mechanism  to  account  for  sub-orbitally  forced
climate  changes.  The  mechanism,  termed  the  Walker  switch,  is  forced  by
insolation  and  results  in  rapid  zonal  sea-surface  temperature  changes  in
the equatorial Pacific. The climatic effects of the Walker switch are propa-
gated across the globe, including the high northern latitudes.
 

INTRODUCTION
Understanding  the  origin  of  millennial-scale climate  change,  which  domi-

nates the climate variability during the long glacial periods, has been a long-
standing challenge in paleoclimate science.1 Most efforts to solve this prob-
lem have focused on the circum-North Atlantic realm, because abrupt shifts
in climate during the past 115 ka are known to have been closely linked with
abrupt transitions in the Atlantic Meridional Overturning Circulation (AMOC).2

This  has  led  to  the  development  of  the  bipolar  seesaw  concept.3–4 This
concept postulates that an AMOC collapse would block northward heat flow,
with heat left to accumulate in the Southern Hemisphere. As AMOC stabilizes,
northward flow would resume, causing cooling in the Southern Hemisphere.
Unless  this  mechanism  is  strictly  an  Atlantic  phenomenon,  then  all  proxy
records of last glacial age in the Northern Hemisphere, including Termination
I, should display internal consistency and be in-phase with the Greenland ice-
core  record.5 Therefore,  North  Pacific  climate  should  be  in-phase  with  the
Greenland ice-core record to further validate the bipolar seesaw concept.

Sea-surface temperature (SST) reconstructions in the North Pacific can be
used  to  examine  the  potential  phase  relationships  with  the  Greenland  ice-
core record. However, the results are varied, with some SST records showing
an  out-of-phase  relationship6 and  others  indicating  an  in-phase
relationship.6,7 Some SST records also show a mixture of in-phase and out-of-
phase relationships.6,8 Mismatches between SST records in the North Pacific
are  most  notable  during  the  late  glacial  between  ~15  and  ~11.7  ka,6 when
meltwater  discharge events from ice sheets were abundant.9 If  we consider
North Pacific SST proxies to be robust,  then this would imply that ice-sheet
meltwater forcing may result in a substantial bias in SST records during the
Late Glacial. It is therefore necessary to compliment SST records in the North
Pacific with terrestrial  proxies that record atmospheric processes. Along the
North  Pacific  coast  of  Alaska,  there  are  currently  no  non-biogenic, indepen-
dently dated terrestrial records that extend into the Late Glacial. This leaves a
major knowledge gap in the understanding of North Pacific climate. In partic-
ular, it remains unclear whether the climate in the North Pacific realm was in-
phase or  out-of-phase with  the climate in  the North  Atlantic  area (including
Greenland) during the Late Glacial.

Here,  we  report  an  independently  dated  high-latitude  speleothem  proxy
record  from  Alaska,  which  provides  valuable  insights  into  the  North  Pacific
climate.  Our  findings  reveal  that  this  speleothem  record  is  not  in-sync  with
the Greenland ice-core record, which challenges the bipolar seesaw hypothe-
sis.  Interestingly,  our  speleothem record aligns with  the  tropical  Pacific  SST

during Termination I (Figure 1). While the bipolar seesaw hypothesis is well-
supported for the Atlantic sector, its relevance for worldwide millennial-scale
climate change remains uncertain.1 In light of this, we propose a mechanism
that could explain millennial-scale climate variability originating in the Pacific
realm.

For  our  reconstruction,  we  combined  oxygen  isotope  results  (δ18O)  from
four  different  speleothems  (see  supplemental  material)  that  were  retrieved
from caves on Prince of Wales Island in southeastern Alaska (Figure S1). The
combined  δ18O  reconstruction  provides  a  continuous  reconstruction  from
~13.5  ka  to  modern  day  (Table  S1),  herein  referred  to  as  AK-1.  This  record
incorporates  and  extends  the  El  Niño-Southern  Oscillation  (ENSO)  record
from Wilcox.10

ENSO is linked to southeastern Alaska through a well-known atmospheric
bridge,11 which strongly influences the strength of the Aleutian Low and asso-
ciated  precipitation  amounts  in  the  region.  The  La  Niña-like  mean  state  in
southeastern Alaska is characterized by a weaker Aleutian Low, causing dryer
conditions and increased δ18O values. The El Niño-like mean state is charac-
terized by a stronger Aleutian Low, causing wetter conditions and decreased
δ18O values.10

Our  study  suggests  that  the  centennial-scale  ENSO-like  response
proposed  by  Wilcox  et  al.,10 which  is  controlled  by  the  ocean  thermostat
mechanism,12 could  be  also  applicable  to  millennial  timescales.  The  ocean
thermostat  mechanism infers  that  if  there  is  heating over  the  entire  tropics,
then  the  Pacific  will  warm  more  in  the  west  than  the  east  because  strong
upwelling and surface divergence in the east moves some of the heat pole-
ward. Therefore, the east-west temperature gradient will strengthen, causing
easterly winds to intensify, further enhancing the zonal temperature gradient.
This  process  leads  to  a  La  Niña-like  mean  state  in  response  to  increased
solar  forcing.12 We  surmise  that  the  same  mechanism  may  explain  the
millennial-scale  climate  variability  observed  in  the  Pacific  realm.  Therefore,
we might expect to find a La Niña-like mean state during periods of increased
insolation, and vice-versa for El Niño-like mean state on millennial timescales
if ENSO is controlled by the ocean thermostat mechanism alone.

We  describe  ENSO  events  over  the  past  ~13.5  ka  in  terms  of  the  SST
difference  (ΔSST)  between  the  eastern  and  western  equatorial  Pacific,13

which are known to be tightly linked.14 La Niña-like mean states correspond
to increased ΔSST,  while  El  Niño-like mean states correspond to decreased
ΔSST.  We  demonstrate  that  tropical  Pacific  SST  variability  is  an  important
driver of climate variability on millennial timescales over the past ~13.5 ka, as
originally postulated by Cane.15
 

RESULTS
Between ~13.5  and ~12.5  ka,  the  AK-1 record  shows a  rapid  rise  in  δ18O

that  correspond  with  high  ΔSST  and  a  La  Niña-like  mean  state  (Figure  1).
This  implies  a  strengthened  atmospheric-oceanic  thermodynamic  feedback
during cool glacial  background conditions,  and is associated with the ocean
thermostat  mechanism.12 Therefore,  any  increase  in  insolation  during  this
period  would  rapidly  increase  ΔSST  and  drive  eastern  Pacific  upwelling,
thereby  releasing  enormous  amounts  of  CO2 (Figure  1).  Evidence  for
increased  upwelling  causing  CO2 outgassing  during  La  Niña-like  conditions
has  been  previously  shown  during  the  last  deglaciation.16 Additionally,  the
process  of  La  Niña  releasing  CO2 to  the  atmosphere  is  well  documented
during  the  instrumental  period,  while  the  opposite  is  found  for  El  Niño
events,17,18 with  the  equatorial  Pacific  representing  the  largest  global  CO2

source.19

As  the  AK-1  δ18O  values  peaked  at  ~12.5  ka,  an  El  Niño-like  mean  state
with  low ΔSST was established (Figure  1).  Interestingly,  this  is  the  opposite

REPORT

2  　　　The Innovation Geoscience 1(2): 100026, September 19, 2023 www.the-innovation.org/geoscience

mailto:paul.wilcox@uibk.ac.at
mailto:paul.wilcox@uibk.ac.at
https://doi.org/10.59717/j.xinn-geo.2023.100026
https://doi.org/10.59717/j.xinn-geo.2023.100026
https://doi.org/10.59717/j.xinn-geo.2023.100026
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience


ENSO phase as would be expected if a strong atmospheric-oceanic thermo-
dynamic feedback were driving ENSO variability and, therefore, not in agree-

ment  with  the  ocean  thermostat  mechanism.
This possibly indicates that the thermodynamic
coupling  weakened  after  a  certain  insolation
threshold was  crossed.  A  weakened  thermody-
namic  feedback  between  the  atmosphere  and
the  ocean  would  be  associated  with  a  weaker
Walker  mechanism,20 and  would  correspond
both  to  a  decrease  in  ΔSST,  a  halt  of  CO2

increase after deglaciation,  and a low-variability
ENSO.  The  presence  of  a  weakened  Walker
circulation  during  increased  insolation  is
supported by modern observations and coupled
ocean-atmosphere  model  simulations.21 The
shift  to  an  El  Niño-like  mean  state  at  ~12.5  ka
caused progressively  wetter  conditions  as  indi-
cated  by  the  gradual  decrease  in  AK-1  δ18O
values (Figure 1). The lack of AK-1 δ18O variabil-
ity during this time implies near constant El Niño-
like  conditions  as  δ18O  variability  would  be
expected to increase with the added influence of
La  Niña-like  conditions.  An  El  Niño-like  mean
state  with  low  variability  persisted  for  several

thousand  years,  resulting  in  a  net  reduction  of  CO2 release  between  ~12.5
and ~8 ka (Figure 1).

Between ~8 and  ~2 ka,  the  AK-1  record  shows increasing  δ18O values  in
conjunction  with  increased  ΔSST  and  a  La  Niña-like  mean  state  (Figure  1).
The increased ΔSST implies a strengthened atmospheric-oceanic thermody-
namic  feedback  and  the  re-establishment of  the  ocean  thermostat  mecha-
nism.12 We  suggest  that  the  decrease  in  insolation  (Figure  1)  eventually
crossed a threshold that amplified the atmospheric-oceanic thermodynamic
feedback.  The  switch  between  the  weaker  Walker  and  ocean  thermostat
mechanism  caused  a  rapid  shift  in  both  ENSO  phase  and  variability,  with
increased  ΔSST  initiating  a  La  Niña-like  mean  state  and  increased  CO2

outgassing  (Figure  1),  but  with  a  large  variability  and  often  strong  El  Niño
events as seen in AK-1 (Figure 1). The increased ENSO variability at ~8 ka is
consistent with several equatorial proxy records.22–24
 

DISCUSSION
Our speleothem δ18O data from southeastern Alaska shows that the ocean

thermostat  mechanism12 does  not  act  alone  in  controlling  millennial-scale
climate variability in the tropical Pacific. We suggest that both the ocean ther-
mostat  and  the  weaker  Walker  mechanism20 affect  the  ENSO  response  to
insolation  at  different  times.  Essentially,  the  weaker  Walker  mechanism
dominates  when  insolation  rises  above  a  critical  threshold,  weakening  the
atmospheric-oceanic thermodynamic feedback. This initiates a weakening of
the  equatorial  trade  winds,  causing  reduced  zonal  SST  variability  and  an  El
Niño-like  mean  state  with  low  ENSO  variability.  However,  when  insolation
decreases  beyond  a  critical  threshold,  the  ocean  thermostat  mechanism
becomes  dominant,  with  a  strong  atmospheric-oceanic  thermodynamic
feedback,  driving  rapid  changes  in  zonal  SST  variability,  even  with  subtle
changes in insolation. We call this mechanism the Walker switch mechanism
(Figure  2),  and  argue  that  it  is  important  driver  of  millennial-scale  climate
change during both glacial and interglacial periods.
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Figure 1.  Proxy  comparisons  between (A)  AK-1
(this  record),  (B)  Antarctica Dome C CO2,30 (C)  June
insolation at 0° latitude,31 (D) equatorial Pacific zonal
SST  gradient  anomaly,14 (E)  eastern  equatorial
Pacific  SST  anomaly,14 and  (F)  El  Niño  events  as
recorded  by  the  Pallcacocha  lake  sediments.22

Shaded  bars  represent  periods  of  reduced  SST
difference between the eastern and western equato-
rial Pacific, and El Niño -like mean climate states. AK-
1 δ18O correlates significantly with Antarctica Dome
C CO2 after  12  ka  at r =  0.66  with  a  95% calibrated
bootstrap  confidence  interval  of  [0.29;  0.86].  The
time periods of the Holocene and Termination 1 (T1)
are provided at the top of the figure.

 
 

 

Insolation Mode A

Mode B

Critical threshold

Figure 2.  Schematic  illustrating  the  concept  of  the  Walker  switch  mechanism Blue
circles  illustrate  equatorial  Pacific  zonal  ΔSST,  with  larger  circles  corresponding  to
increased  ΔSST  (i.e.  increased  circulation)  and  smaller  circles  corresponding  to
decreased  ΔSST  (i.e.  decreased  circulation).  Mode  A  represents  the  weaker  Walker
mechanism,  with  decreased  ΔSST  and  low  ENSO  variability  caused  by  a  weakened
atmospheric-oceanic thermodynamic feedback. Mode B represent the ocean thermo-
stat  mechanism,  with  a  strong  atmospheric-oceanic thermodynamic  feedback,  driv-
ing rapid changes in zonal SST variability from even subtle changes in insolation. Inso-
lation controls the switch between mode A and B.
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Although it is currently difficult to determine exactly which internal climate
forcing  controls  the  critical  threshold  of  the  Walker  switch  mechanism,  we
suspect that humidity may play an important role.  For example,  during peri-
ods of increased insolation in the tropical Pacific, the boundary layer humid-
ity is  likely  to  increase  more  than  precipitation,  and  according  to  the  Clau-
sius–Clapeyron  relationship,  an  overall  reduction  of  circulation  would  be
required to  maintain  a  balanced flow of  water  vapor.20 This would  be effec-
tive  in  weakening  the  atmospheric-oceanic thermodynamic  feedback,  lead-
ing  to  the  weaker  Walker  mechanism.  However,  at  times  when  the  tropical
Pacific  receives  less  insolation,  the  lower  humidity  would  strengthen  the
connection  between  the  atmosphere  and  the  ocean,  resulting  in  an  overall
stronger  circulation,  but  with  an  increased  sensitivity  to  both  increased  and
decreased external forcings.

The most striking evidence for the Walker switch mechanism as an impor-
tant driver of climate change is the significantly earlier response of the AK-1
record  during  the  end  of  the  last  deglaciation  compared  to  ice  cores  from
Antarctica  and  Greenland,  and  Chinese  speleothem  records  (Figure  3).  The
AK-1 δ18O record peaks at ~12.5 ka, when atmospheric CO2 and temperature
were  still  rising  in  Antarctica,  and  Greenland  ice  cores  and  Chinese
speleothems  recorded  the  Younger  Dryas  stadial  (Figure  3).  Although  the
rapid  increase  in  AK-1  δ18O  between  ~13.5  and  ~12.5  ka  has  a  similar
appearance  as  the  end  of  the  Younger  Dryas  chronozone  as  recorded  in
Greenland ice core and Chinese speleothem records (Figure 3),  the offset  in
timing  is  well  constrained  by  the  U-Th  ages  and  outside  of  dating  errors
(Table  S1).  The  earlier  response  of  the  AK-1  record  implies  that  the  Walker
switch  mechanism  is  necessary  to  kickstart  a  climatic  chain  reaction  that
eventually affects other regions on Earth.

Our  findings  suggest  that  changes  in  atmospheric  CO2,  sourced  from
changes  in  ΔSST  in  the  equatorial  Pacific,  force  ice-sheet  meltwater

events25,26 and,  consequently,  AMOC  changes
via  the  Walker  switch  mechanism.  Therefore,
our  study  indicates  that  AMOC  events  are  not
the  primary  controlling  modulator  of  global
abrupt  climate  variability,  as  suggested  by  the
bipolar  seesaw  concept.  We  surmise  that  a
slowdown  or  collapse  of  the  AMOC  would
produce  an  imprint  primarily  affecting  the
circum-North  Atlantic  realm  and  monsoon
regions  in  Asia.  Any  proxy  data  from  these
regions  will  be  masked  by  a  slowdown  or
collapse of the AMOC, and will be generally out-
of-phase  with  increased  CO2 outgassing  from
the  tropical  Pacific.  Because  precipitation  in
southeastern Alaska  is  sourced  almost  exclu-
sively  from the  Pacific,10 the  AK-1  record  does
not  show  an  AMOC  imprint,  even  during  the
Younger  Dryas,  and  instead  correlates  with
equatorial  Pacific  SST  records.  The  lack  of  a
Younger  Dryas  cooling  signal  is  in  agreement
with regional  proxy  data  (see  detail  in  supple-
mental  information)  and  proxy  data  from
central and northern Alaska.27,28

We  recommend  that  the  Greenland  ice-core
record, while still  critically important for under-
standing  the  paleoclimate  in  the  circum-North
Atlantic  and  monsoon  regions  of  Asia,  should
be  used  with  caution  when  interpreting  the
source  of  abrupt  millennial-scale  climate

change that affected other regions of the planet.
The  atmospheric-oceanic  thermodynamic  feedback  caused  by  natural

forcings that drove ENSO variability disappeared as a result of human green-
house  gas  emissions  at  ~1970  CE.10 This  has  resulted  in  significantly
decreased  δ18O  values  in  AK-1,  not  observed  since  ~13  ka,  in  combination
with  a  temperature  increase  that  is  inconsistent  with  previous  ENSO
responses  caused  by  natural  forcings  alone.  We  suggest  that  the  rapid
increase  in  CO2 gas  emissions  and  the  associated  rise  in  air  temperatures
due to human activities have produced an ENSO pattern akin to a “Franken-
stein” climate  phenomenon.  Specifically,  the  increase  in  greenhouse  gases
has  resulted  in  a  reduction  of  the  trade  winds,  which,  in  turn,  has  caused  a
decrease  in  ΔSST  in  the  equatorial  Pacific,  creating  an  El  Niño-like  regime
consistent  with  a  muted  atmospheric/oceanic  thermodynamic  response.
This decrease in ΔSST is also seen in modern observations.21,29 Therefore, it
can  be  inferred  that  ENSO  is  currently  functioning  as  a  mechanism  to  limit
CO2 levels, similar  to  the  early  Holocene.  However,  anthropogenic  green-
house gases are  currently  overwhelming this  response,  leading to  a  contin-
ued CO2 rise.

The interplay of the ocean thermostat and the weaker Walker mechanism,
which results in the Walker switch mechanism, provides a viable explanation
for various enigmatic paleoclimate phenomena. Specifically, ENSO variability
is  responsible  for  amplifying  insolation  forcing,  leading  to  an  increase  or
decrease  in  CO2 and  driving  global  climate  changes.  Broadly  speaking,  the
ocean thermostat part of the Walker switch mechanism operates during peri-
ods  of  low  insolation  and  a  cooler  climate  background,  such  as  during  the
last  glacial  period  and  the  late  Holocene.  On  the  other  hand,  the  weaker
Walker part of the Walker switch mechanism becomes more dominant during
a warmer background climates, such as during the early Holocene and after
1970 CE. We acknowledge that this conceptual mechanism is currently diffi-
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cult  to  fully  prove.  Nevertheless,  based  on  the  existing  evidence,  it  offers  a
feasible solution to several climate enigmas. Therefore,  we recommend that
climate models incorporate and examine the proposed Walker switch mech-
anism,  which  could  potentially  improve  the  assessment  of  past  and  future
climate responses.
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