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Abstract Studying the El Niño–Southern Oscillation (ENSO) in the past can help us better understand
its dynamics and improve its future projections. However, both paleoclimate reconstructions and model
simulations of ENSO strength at the Last Glacial Maximum (LGM; 21 ka B.P.) have led to contradicting
results. Here we perform model simulations using the recently developed water isotope-enabled
Community Earth System Model (iCESM). For the first time, model-simulated oxygen isotopes are directly
compared with those from ENSO reconstructions using the individual foraminifera analysis (IFA). We find
that the LGM ENSO is most likely weaker comparing with the preindustrial. The iCESM suggests that
total variance of the IFA records may only reflect changes in the annual cycle instead of ENSO variability as
previously assumed. Furthermore, the interpretation of subsurface IFA records can be substantially
complicated by the habitat depth of thermocline-dwelling foraminifera and their vertical migration with a
temporally varying thermocline.

1. Introduction

El Niño–Southern Oscillation (ENSO), the oscillating warm and cold events at interannual time scale in the
eastern equatorial Pacific Ocean (EEP), has widespread impacts on the global climate, ecological, and
socioeconomic systems [Philander, 1990; Liu and Alexander, 2007]. Despite its paramount importance in the
climate system, the projected response of the ENSO variability to the anthropogenic global warming in cur-
rent climate models is still highly inconclusive and model-dependent [Intergovernmental Panel on Climate
Change (IPCC) et al., 2013]. Reconstructions of past climate can serve as a test bed for these climate models
and provide us the opportunity to study the relationship between ENSO variability and the background
climate states [Tudhope, 2001; Cobb et al., 2003, 2013; Carre et al., 2014]. However, there is still substantial
discrepancy in paleoclimate records [Leduc et al., 2009; Wolff et al., 2011; Koutavas and Joanides, 2012;
Sadekov et al., 2013; Ford et al., 2015] regarding the ENSO variability at the Last Glacial Maximum (LGM;
21,000 years ago), a cold period during the last ice age when ice sheets were at their greatest extent and
the CO2 concentration was ~100 parts per million lower [Clark et al., 2009]. For instance, using the individual
foraminifera analysis (IFA) approach, some oxygen isotope reconstructions from the EEP suggest a stronger
ENSO than that of the preindustrial [Koutavas and Joanides, 2012; Sadekov et al., 2013], while others indicate a
weaker ENSO [Leduc et al., 2009].

The problem is further complicated by the fact that coupled climate models also do not agree on the ENSO
strength at the LGM [Otto-Bliesner, 2003; Otto-Bliesner et al., 2006; Zheng et al., 2008; Brady et al., 2013],
although the multimodel median shows a slightly weaker ENSO [IPCC et al., 2013]. Furthermore, conventional
climate models can only simulate climate state variables (e.g., ocean temperature) instead of the proxy
variables (e.g., oxygen isotopes), making the traditional approach of model-data comparison an indirect
one. Additionally, both the models and reconstructions are subject to substantial biases and uncertainties
[Ravelo and Hillaire-Marcel, 2007; Bellenger et al., 2014], leading to contradictions in models and reconstruc-
tions that are difficult to address.
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In this study, we make the first direct comparison between modeling results and available oxygen isotope
(δ18O) records with a focus on the ENSO variability at the LGM, using the recently developed water
isotope-enabled Community Earth System Model (iCESM). By assessing uncertainties in oxygen isotope
proxies and combining evidence from both reconstructions and models, we find that the ENSO strength is
most likely weaker at the LGM comparing with the preindustrial. Regarding δ18O-IFA records in the EEP,
the iCESM simulations indicate that the total variance from these records may only reflect changes in the
annual cycle instead of the ENSO variability. It is further pointed out that interpretations of subsurface IFA
records could be substantially complicated by the uncertainties in the habitat depth of the thermocline-
dwelling foraminifera and their tendency to migrate vertically with a temporally varying thermocline.

2. Model and Experiments

The model employed in this study is the recently developed isotope-enabled Community Earth System
Model (CESM) version 1.3. Although being an experimental release, it has a similar physical climate as the
CESM1 [Hurrell et al., 2013]. In addition to the regular hydrologic cycle, iCESM can explicitly simulate the
transport and transformation of water isotopes (e.g., H2

18O) in its components—the atmosphere, land, ocean,
sea ice, and river runoff. The description of the individual components including the isotope-enabled atmo-
sphere, land, and oceanmodels are documented elsewhere [Nusbaumer et al., 2017;Wong et al., 2017; Zhang,
2016]. Note that similar experiments were also carried out using the isotope-enabled CESM version 1.2 (an
official public release version), and major conclusions are qualitatively unchanged (Table S1 and Text S1 in
the supporting information).

Two simulations were carried out for the preindustrial and the LGM, respectively. In the preindustrial control
run, all the climatic forcings were fixed at the values from A.D. 1850. The LGM simulation was conducted fol-
lowing the Paleoclimate Modelling Intercomparison Project version 4 (PMIP4) protocol [Kageyama et al.,
2016], with the climatic forcings at 21 ka B.P. including the orbital parameters, lowered greenhouse gas
(GHG) concentrations, increased ice sheets from the ICE-6G [Peltier et al., 2015], and altered land/ocean dis-
tribution to represent the effect of lowered sea level. The climate state of the LGM simulation was initialized
from previous LGM simulations without water isotopes [Brady et al., 2013; DiNezio et al., 2016], which have
been integrated for more than 1000 years for the climate to reach quasi-equilibrium. Ocean water isotopes
in both the preindustrial and LGM simulations were initialized from the Goddard Institute for Space
Studies observations [LeGrande and Schmidt, 2006], but a constant value of 1.05‰ was added in the LGM
simulation to account for the isotopically enriched seawater caused by the increased ice sheets [Duplessy
et al., 2002]. We ran all of the simulations with a horizontal resolution of 1.9 × 2.5° (latitude × longitude) for
the atmosphere and land, and used the nominal 1° displaced pole Greenland grid for the ocean and sea
ice. Both the preindustrial and LGM simulations were integrated for 500 years and the last 200 years were
analyzed. A linear paleotemperature equation [Bemis et al., 1998] is used to calculate the modeled δ18O of for-
aminifera shells (δ18Oc) from the model-simulated ocean temperature and δ18O of seawater (a different
paleotemperature equation [Shackleton, 1974] changes the results by no more than 5%).

In the present study, the total standard deviation (SD) (or variance) of sea surface temperature (SST) or
oxygen isotopes is calculated from the monthly model output. The interannual SD (or variance) is calculated
by the following steps. First, monthly anomalies are computed by subtracting the mean monthly climatology
from the original data. Next, the linear trend is removed and a 1–2–1 filter is used to smooth the monthly
anomalies. Then, SD of the monthly anomalies is calculated to represent the interannual SD. The qualitative
results are not dependent on details of the calculation. The variances of the preindustrial and LGM
simulations are tested using the F test. Thermocline depth is defined as the depth of the maximum vertical
temperature gradient [Yang and Wang, 2009].

3. Weakened ENSO in the Simulations

The SD of tropical SST and the climatological mean SST, surface wind stress, and thermocline depth in the
preindustrial simulation are compared with observations in Figures 1a–1d. The iCESM reproduces the
observed mean thermal structure and wind pattern in the tropical Pacific reasonably well (Figure 1b). iCESM
exhibits several issues that are common in the current generation of coupled general circulation models,
including the “double Intertropical Convergence Zone” and a reduced thermocline tilt [IPCC et al., 2013].
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The interannual SD along the equator in the iCESM is too strong when compared with observations. For
example, the interannual SD in the Niño3.4 region (5°S–5°N, 170–120°W) is 1.55°C, 90% larger than
observations. The bias in ENSO variability could be related to the relative coarse resolution (~2°) of the
atmospheric component. It has been shown that the amplitude of interannual variability is significantly
improved in simulations with higher-resolution versions of the CESM [Deser et al., 2012; Brady et al., 2013;
Small et al., 2014] (Table S1 and Text S1).

In this context, our iCESM simulations show a weakened ENSO variability at the LGM compared with the
preindustrial (Figures 1c and 1e). Relative to preindustrial, the SD of SST at the interannual and longer time
scale along the entire equatorial Pacific is substantially smaller at the LGM, with an average value in the
Niño3.4 region decreased by 30% (from 1.55 to 1.08°C). The simulated weakened ENSO at the LGM is in
qualitative agreement with previous versions of the Community Earth System Models [Zheng et al., 2008;
Brady et al., 2013] and the median of the PMIP2 and PMIP3 models (which show a weakening around 10%)
[IPCC et al., 2013] (Table S1 and Text S1).

The reduced glacial ENSO variability in the model is associated with a La Niña-like cooling, intensified easterly
trade winds, and a deeper thermocline in the equatorial Pacific (Figures 1d and 1f), which generally agree
with relationships discovered in previous studies [Clement et al., 1999; Fedorov and Philander, 2001; Wang
and An, 2002; Karnauskas et al., 2012; Koutavas and Joanides, 2012; Sadekov et al., 2013; Ford et al., 2015].
There is an enhanced equatorial cooling with a maximum in the EEP reaching �5°C, and the thermocline
deepens more than 20 m in the western equatorial Pacific. The enhanced equatorial cooling at the LGM is
opposite to the enhanced equatorial warming under a global warming case [Liu et al., 2005], likely suggesting
a similar causal mechanism through the GHG forcing. The maximum equatorial cooling of�5°C is larger than
the mean value in previous simulations [Otto-Bliesner et al., 2009; Brady et al., 2013], and a recent compilation

Figure 1. (a) Interannual standard deviation of sea surface temperature (SST; units: °C) in the observation from the ERSST v4 [Huang et al., 2014; W. Liu et al., 2014].
(b) Climatological mean SST (shading, units: °C), surface wind stress (vectors, units: N m�2) from the Scatterometer Climatology of Ocean Winds [Risien and Chelton,
2008], and thermocline depth (white contour, units: m) calculated from the ICOADS release 3.0 [Freeman et al., 2017]. (c and d) Same as in Figures 1a and 1b
but for variables in the preindustrial control simulation. (e and f) Same as in Figures 1c and 1d but for changes in the LGM simulation. Differences insignificant at
the 95% confidence level are dotted in Figure 1e.
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of proxy data [Waelbroeck et al.,
2009], as well as a model-data synth-
esis [Annan and Hargreaves, 2013].
This cooling is, however, within
the uncertainty range of the data
[Waelbroeck et al., 2009; Annan and
Hargreaves, 2013] (Figure S1 and
Text S2 in the supporting information).
We note that the La Niña-like cooling
pattern with an increased zonal
temperature gradient is also within
the uncertainties of the currently
available reconstructions [Waelbroeck
et al., 2009; Annan and Hargreaves,
2013]. Moreover, a clear reverse rela-
tionship between the annual cycle
and ENSO variability in the EEP is not
found in the present study (Figure S2
and Text S3).

4. Comparison With the
IFA Records

Next, we move onto directly compar-
ing model results against reconstruc-
tions of the LGM ENSO in the
EEP, namely, the foraminiferal δ18O
records at the Cores V21–30 (1°130S,
89°410W) [Koutavas and Joanides,
2012], CD38-17P (1°360S, 90°250W)
[Sadekov et al., 2013], and MD02–
2529 (8°120N, 84°070W) [Leduc et al.,
2009]. Those δ18O records employ a
method called the individual forami-
nifera analysis (IFA), which involves
measuring the δ18O of individual for-
aminifera shells (δ18Oc). For example,

about 50–80 of surface-dwelling Globigerinoides ruber or subsurface-dwelling Neogloboquadrina dutertrei
shells are picked for the late Holocene and the LGM from narrow intervals of ocean sediments with time win-
dows dependent on the sedimentation rate at the site (typically ~100 years). If a reduced sample variance of
δ18Oc of the LGM shells is observed comparing to the available core-top one, then it is concluded that ENSO is
reduced and vice versa. The surface core V21–30 and subsurface core CD38-17P exhibit increased total var-
iance of δ18Oc and have been interpreted as strengthened ENSO variability [Koutavas and Joanides, 2012;
Sadekov et al., 2013]. On the other hand, the subsurface core MD02–2529 shows decreased total variance
and weakened ENSO [Leduc et al., 2009]. However, there could be considerable uncertainty associated with
these δ18O-IFA records, including the difference between the total and interannual variances [Thirumalai
et al., 2013], vertical migration of the foraminifera [Sautter and Thunell, 1991; Field, 2004], variations in the
isotope composition of seawater (δ18Ow) [Russon et al., 2013], the intershell variability, and changes in season-
ality of sedimentation rate [Hemleben et al., 2012]. Fortunately, with an isotope-enabled Earth system model,
we can directly compare model results with these reconstructions and, therefore, assess some of the uncer-
tainties associated with the IFA approach.

Changes of the interannual and total variance (including interannual and annual variances) of δ18Oc at the
ocean surface between the LGM and preindustrial simulations, and the comparison with the surface

Figure 2. (a) Changes in variance of δ18Oc at interannual time scale calcu-
lated from model results (LGM minus preindustrial, units: ‰2). Differences
insignificant at the 95% confidence level are dotted. (b) Same as in Figure 2a
but for the total variance. (c) Total variance for preindustrial (red) and the
LGM (blue) at Core V21–30 from reconstruction (first two bars), in the
model (two bars in the middle), and modeled values averaged in the Niño3.4
region (last two bars). Variance at interannual time scale (after removing the
annual cycle) is also shown as black boxes. Asterisks in Figures 2a and 2b
denote the location of core site V21–30.
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reconstruction at the Core V21–30, are shown in Figure 2. Our isotope-enabled simulations demonstrate that
changes of variance associated with ENSO variability can be significantly different from the total variance
when the seasonal cycle is included, especially in the EEP where they can be of the opposite sign
(Figures 2a and 2b). The model can reproduce the increased total variance at the Core V21–30 remarkably
well (Figure 2c): a 33% increase of total variance (from 0.21 to 0.28‰2) in the model versus a 22% increase
(from 0.23 to 0.28‰2) in the reconstructions [Koutavas and Joanides, 2012]. Despite the original
interpretation of an increased ENSO variability at the LGM, the calculation of interannual variability (by
removing the annual cycle) in the model suggests otherwise. After removing the annual cycle, the model
shows a dramatic decrease of interannual variance by 56%, suggesting that the increased total variance is
produced by an enhanced annual cycle instead of a stronger ENSO variability. The enhanced annual cycle
could be caused by the large LGM ice sheets [Lu et al., 2016]. This opposite sign of changes in the total
and interannual variances does exist not only at the Core V21–30 but also in broader regions in the south-
and north-eastern equatorial Pacific (Figures 2a and 2b), as well as the subsurface EEP (Figures S3 and S4
and Text S4). Therefore, our results compare well with the surface IFA record at the Core V21–30 and
demonstrate that changes in total variance do not always reflect changes of the ENSO variability in the
EEP for both surface and subsurface records, which is consistent with speculations in previous studies
[Thirumalai et al., 2013; Ford et al., 2015].

Given the tendency of subsurface foraminifera (e.g., N. dutertrei) to migrate up and down with temporally
varying thermocline at seasonal and longer time scales [Sautter and Thunell, 1991; Field, 2004], we first
compare the variance of δ18Oc documented at a fixed depth (a Eulerian view; Figure 3a) with that recorded
along a temporally varying thermocline (a Lagrangian view; Figure 3c). We find that the two variances are fun-
damentally different. At a fixed depth, the variabilities associated with the ENSO and annual cycle are well
captured, while at the temporally varying thermocline, these variabilities are filtered out, as temperature
and δ18Oc changes are closely tied with deepening and shoaling of the thermocline. Consequently, the sub-
surface foraminifera could only record a background variability, if they migrate perfectly with the vertical var-
iation of the thermocline. In reality, the signal recorded is likely a mixture of these two views, capturing part of
the ENSO and annual cycle and part of the background variability. Here we argue that a detailed model-data
comparison is not useful (Figures S4 and S5, Table S2, and Text S5) unless we have a better understanding
about the regional/local hydrological characteristics at coring sites which ultimately shape the vertical distri-
bution of planktonic foraminifera. Because of its representativeness of thermocline along the equatorial
Pacific, 100 m is chosen here to calculate the variance at fixed depth. Major results here do not depend on
the depth chosen (Figure S5).

Figure 3. (a) Total variance of δ18Oc at 100 m depth in preindustrial simulation (units:‰2). (b) Same as in Figure 3a but for the total variance at temporally varying
thermocline. (c) Probability of getting a stronger LGM ENSO calculated from aMonte Carlo method assuming foraminifera live at a fixed depth (100m). (d) Same as in
Figure 3c but assuming that foraminifera migrate vertically with the upwelling/downwelling ocean environment. The circles in Figures 3a and 3c denote the
location of core sites MD02–2529 and CD38-17P, respectively.
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Nevertheless, the uncertainty asso-
ciated with the IFA records using the
thermocline-dwelling species, con-
sidering the spread of their habitat
depth [Hemleben et al., 2012] and
the possible migration with varying
ocean environments [Sautter and
Thunell, 1991; Field, 2004], can still
be assessed in the model by applying
a Monte Carlo approach. We assume
the habitat depth of N. dutertrei has
a spread of 20 m around a fixed
depth or a temporally varying ther-
mocline [Sautter and Thunell, 1991;
Field, 2004; Hemleben et al., 2012].
We then randomly draw 60 samples
of δ18Oc with replacement from this
habitat zone from 100 year model
data of the preindustrial and LGM
simulations, respectively. The proce-
dure is repeated 10,000 times and
then statistics of sample variance are
compared. Although the truth in the
model is a weaker ENSO strength at
the LGM, there is still a substantial
chance that the IFA “reconstructions”
using model data could result in an
enhanced glacial ENSO (a false signal)

for both the Eulerian and Lagrangian views (Figures 3b and 3d). Results reveal that, even if all the subsurface
foraminifera strictly live at a fixed depth (e.g., 100 m; see also calculations for 50 m in Figure S5), there is still
considerable probability (>10%) that the IFA records in the EEP incorrectly show a stronger ENSO at the LGM.
The probability of a false signal increases substantially if the subsurface foraminifera migrate with the shoal-
ing and deepening of thermocline. Overall, the large probability of the IFA yielding a false result could be
caused by a limited sample size, the increased subsurface annual cycle, a large range of the habitat depth,
and the tendency to migrate with the temporally varying thermocline depth.

5. Mechanisms in the Model and Implications for Global Warming

To understand the mechanisms for the weakened ENSO at the LGM in the model, the Bjerknes (BJ) stability
index [Jin et al., 2006] is calculated for the EEP. The BJ index captures the growth rate of ENSO variability and
quantifies the contribution of coupled atmosphere-ocean feedback, including the positive feedback of the
zonal advection, thermocline, and Ekman pumping, as well as the negative feedback of the mean advection
and thermal damping [Jin et al., 2006; Z. Liu et al., 2014]. Figure 4a shows that, consistent with the weakened
ENSO at the LGM, the total BJ index is also much smaller (by 38%). A further decomposition attributes this
reduction in BJ index mostly to the decreased positive feedback, namely, the Ekman pumping, thermocline,
and zonal advection feedback. The weakened Ekman pumping feedback is caused by both the reduced
mean thermal stratification (�Tz in Figure 4b) and the decreased sensitivity of anomalous upwelling to
anomalous surface wind stress (βw). The reduced sensitivity of the thermocline depth (βh) (and in turn, the
entrainment of subsurface warm anomalies to the surface) to anomalous wind stress is the primary cause
for the decreased thermocline feedback. Although there is a stronger zonal temperature gradient (the La
Niña-like cooling in Figure 1d), which favors a stronger zonal advection feedback at the LGM, its effect is
outweighed by the decreased sensitivity of anomalous zonal current to the surface wind stress (βu). The gen-
erally reduced sensitivity of the ocean dynamic response to surface wind anomalies could be a result of the
deepened thermocline in a colder climate, e.g., the increased thermodynamic and dynamic inertia.

Figure 4. (a) BJ index for preindustrial and LGM simulations. MA, TD, ZA,
TH, and EK denote the mean advection, thermal damping, zonal
advection, thermocline, and Ekman pumping feedback, respectively.
(b) Changes in percentage of different regression coefficients and mean
temperature gradients.
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Additional sensitivity experiments suggest that the decreased BJ index and the weakened ENSO strength at
the LGM is primarily caused by the lowered concentrations of GHGs, and secondly by the presence of large
extensive glacial ice sheets (Figures S6 and S7 and Text S6). In a further sensitivity experiment of doubling the
atmospheric CO2, both the BJ index and ENSO strength increase significantly (Figure S6e). These results sug-
gest a positive relationship between the ENSO strength and GHG concentrations, and a stronger ENSO under
global warming.

6. Conclusions and Discussion

In summary, our modeling results using the isotope-enabled CESM suggest that the ENSO strength at the
LGM is about 30% weaker than that of the preindustrial, primarily attributable to the weakened ocean-
atmosphere coupled feedback in a colder climate with a deeper thermocline. The increased total variance
of surface oxygen isotopes at the LGM in one IFA record (the Core V21–30) in the EEP can be reproduced
remarkably well in the model, but model results suggest that it is caused by the increased annual cycle rather
than the enhanced ENSO variability as previously interpreted [Koutavas and Joanides, 2012]. These findings
imply that the total variance of the δ18O-IFA records in the EEP (both surface and subsurface) may not be used
as a qualitative proxy to represent the ENSO variability. With the water-isotope capability, the model further
suggests that the subsurface IFA records could be substantially uncertain because of the large range of the
habitat depth of thermocline-dwelling species and the tendency to migrate with the temporally varying
thermocline depth.

Interestingly, our modeling results agree well with recent Mg/Ca-based IFA-temperature records [Ford et al.,
2015]. Their reconstructions exhibit reduced ENSO variability at the LGM associated with a deeper equatorial
thermocline. Their analysis on the data from site V21–30 suggests that the increased variability reflects
enhanced seasonality during the LGM. They also point out that N. dutertreimight have occupied a shallower
portion of the thermocline at the LGM. The general similar conclusions from a totally different perspective
show further consistency with our model results.

The model biases in simulating the background climate and the interannual variability in iCESM could
influence findings in this study. However, it is not clear how these biases could impact the ENSO response
to external forcing [Collins et al., 2010; Capotondi et al., 2015], as ENSO variability is controlled by a delicate
balance of amplifying and damping feedback. A previous version of CESM with a higher-resolution (~1°)
atmospheric component and improved ENSO simulation also reported weakened ENSO variability at the
LGM [Brady et al., 2013]. Furthermore, processed-based metric analyses suggest that CESM can simulate
the relative contributions of coupled ocean-atmosphere feedback reasonably well [Bellenger et al., 2014;
Kim et al., 2014], which are key for simulating a correct response to external forcing [IPCC et al., 2013]. Both
findings are consistent with what we show here.

So far, the ENSO strength at the LGM is still open to debate in reconstructions, with several paleoclimate
records suggesting weakened [Tudhope, 2001; Leduc et al., 2009; Wolff et al., 2011; Ford et al., 2015] while
two showing enhanced ENSO variability [Koutavas and Joanides, 2012; Sadekov et al., 2013]. Of the two IFA
records signaling enhanced ENSO, our isotope-enabled simulations suggest that one could merely reflect
changes in the annual cycle instead of ENSO variability [Koutavas and Joanides, 2012] and the other is subject
to substantial complications from the habitat depth of the thermocline-dwelling foraminifera [Sadekov et al.,
2013]. As a result, the reconstructions overall may show a weaker ENSO at the LGM, agreeing qualitatively
with our iCESM simulation as well as the multimodel median of the recent generation of climate models
[IPCC et al., 2013]. Therefore, by directly comparing the isotope-enabled model results against reconstruc-
tions for the first time and combining evidence from both ends, we conclude that the ENSO strength at
the LGM is most likely weaker than that at the preindustrial. This may suggest that the ENSO strength under
global warming could be stronger, opposite to the weaker ENSO under the glacial global cooling. More stu-
dies with different isotope-enabled climate models and new paleorecords are urgently needed in order to
further constrain the current uncertainties.
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