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Abstract. The tropical Indian and Pacific Oceans play a crucial role for global climate due to their extensive coverage across 

the low latitudes. However, our understanding of the regional sea surface temperature (SST) dynamics during major 

interglacial periods - when Earth’s climate was warmer than the preindustrial period - remains limited. Here, we compare 10 

proxy-based SST reconstructions from the low-latitude Indo-Pacific with Community Earth System Model (CESM) 

simulations for three key interglacial intervals: the mid-Holocene, Marine Isotope Stage (MIS) 5e, and MIS 11c. Proxy data 

show an overall warming during MIS 5e and MIS 11c relative to the preindustrial period. Moreover, smaller zonal SST 

gradients across the equatorial Pacific indicate a weakening of the Pacific Walker circulation. We attribute these findings 

primarily to extratropical warming and its influence on ocean circulation, particularly the Atlantic Meridional Overturning 15 

Circulation and shallow meridional overturning circulation cells. In contrast, CESM simulations indicate lower-than-

preindustrial SSTs during MIS 5e and MIS 11c peaks and a larger zonal gradient. We perform individual forcing experiments 

to disentangle the roles of orbital forcing, greenhouse gas concentration and vegetation cover in shaping SST anomalies. We 

find that the implementation of paleo-vegetation in CESM reduces the discrepancies between proxy and model data. However, 

it does not improve the zonal SST gradients, suggesting that model representations of tropical ocean and climate dynamics 20 

remain insufficient. Possible causes for these shortcomings are discussed. Our findings underscore the need for refined model 

physics and improved paleo-proxy integration to better simulate tropical climate behavior during interglacials. 

1 Introduction 

The low latitude oceans are central to global climate, driving global atmospheric circulation and the hydrological cycle. Among 

these, the low-latitude Indian and Pacific Oceans are particularly important due to their extensive coverage across the low 25 

latitudes. The Indo-Pacific Warm Pool (IPWP), the most dynamic region within the tropics with sea surface temperature (SST) 

above 28 °C, is a major source of heat and water vapor for the global atmosphere, driving deep atmospheric convection (Gagan 

et al., 2004) in the rising limb of the Hadley and Walker circulation cells. Spatiotemporal changes in SST of the IPWP alter 

the location and strength of atmospheric convection, affect the regional atmospheric and oceanic circulation systems (e.g., Fan 

et al., 2013), and eventually perturb the global atmospheric circulation (Neale and Slingo, 2003; Wang and Mehta, 2008). 30 

Recent climate simulations further suggest that the radiative response to surface warming of the western tropical Pacific is the 

dominant control on global radiative feedback changes (Dong et al., 2019).  

Proxy-based reconstructions and climate model simulations provide ideal means to study the spatiotemporal SST variability 

and its underlying forcings on long time scales. Global compilations of interglacial SST anomalies and data – model 

comparisons have mostly focused on the Holocene (e.g. Schneider et al., 2010; Lohmann et al., 2013; Kaufman et al., 2020) 35 

and Marine Isotope Stage (MIS) 5e (~129 – 120 ka) (e.g. Hoffman et al., 2017; Otto-Bliesner et al., 2021; Turney et al., 2020; 

Mckay et al., 2011). For the low latitudes, although compilations of mid-Holocene (6 ka) mean annual temperature anomalies 

relative to the preindustrial (PI) period reveal a heterogenous picture, the pooled mean indicates that the mid-Holocene was 

slightly warmer, whereas climate models indicate cooler temperatures (e.g., Kaufman and Broadman, 2023; Brierley et al., 
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2020; Kaufman et al., 2020). The following (mid- to late-Holocene) cooling trend inferred from the proxy records contradicts 40 

the warming simulated by climate models, which is commonly referred to as the ‘Holocene Temperature Conundrum’ (Liu et 

al., 2014).  

For MIS 5e, both proxy-based compilations and climate models suggest cooler SSTs than during the PI period across large 

parts of the low-latitude ocean (e.g., Hoffman et al., 2017; Fischer et al., 2018; Otto-Bliesner et al., 2021). This is explained 

by a direct SST response to a reduced local mean annual insolation in combination with slightly lower greenhouse gas (GHG) 45 

concentrations (Hoffman et al., 2017), although the cooling inferred from proxy data is much stronger than the cooling in the 

models. For MIS 11c, global compilations of mean annual SST anomalies are not available yet. However, proxy and model-

based SST reconstructions show inconsistent trends and variabilities (Milker et al., 2013). Due to the coupling between regional 

SSTs and atmospheric circulation, discrepancies between proxy- and model-based SST anomalies might lead to contrasting 

interpretations of past atmospheric and ocean circulation changes.  50 

Overall, the mismatches between proxy-derived and simulated SST anomalies are ascribed to seasonal biases in the proxy 

reconstructions (e.g., Bova et al., 2021; Lohmann et al., 2013; Bader et al., 2020; Liu et al., 2014), and/or to model deficiencies, 

such as the insufficient representation of interglacial vegetation (e.g., Liu et al., 2018). Recently, Thompson et al. (2022) 

showed that the implementation of the paleo-vegetation into a Holocene simulation warms the Earth’s surface (~0.7 °C at 6 

ka) and provides a promising solution to the Holocene temperature conundrum as it gives rise to a mid-Holocene thermal 55 

maximum.  

Despite its significance for global climate, the low-latitude Indo-Pacific is not covered well in available compilations of 

interglacial SST anomalies with little to no data from the IPWP. Here, we present a proxy network of SST anomalies from the 

low-latitude Indo-Pacific during mid-Holocene, MIS 5e and MIS 11c time slices. The selected periods were globally strong 

interglacials (Pages, 2016), i.e. periods of peak warmth, with comparable-to-preindustrial (PI) atmospheric GHG 60 

concentrations and ice volume, but with different astronomical configurations and thus insolation forcing (Fig. 1). The selected 

periods offer valuable testbeds to disentangle the roles of orbital forcing, GHG concentration and vegetation cover in shaping 

interglacial SSTs. By comparing the reconstructed SST anomalies with simulated anomalies of Community Earth System 

Model (CESM) 1.2.2 time slice simulations, we aim to explore to which degree a state-of-the-art model is able to capture 

interglacial tropical ocean dynamics and, whether discrepancies between reconstructed and simulated SSTs exist across 65 

different interglacials, and whether they can be resolved by implementation of an expanded NH vegetation cover.  

 

 

Figure 1: Reference records indicating changes in global climate (a) and astronomical forcing (b) during the past 500 
kyr. (a) Benthic δ18O stack record (black; Lisiecki and Raymo, 2005), sea level (blue; Bintanja and Van De Wal, 2008) 70 
and atmospheric CO2 (brown; Bereiter et al., 2015). (b) Astronomical configuration showing precession (black), 
eccentricity (grey) and obliquity (green) (Laskar et al., 2004). Grey shadings mark interglacial periods. Colored vertical 
lines indicate the investigated time slices during the Holocene, MIS 5e and MIS 11c. 
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2 Methods 75 

2.1 Compilation of SST records 

Most SST reconstructions from the low-latitude Indo-Pacific are based on Mg/Ca and alkenone palaeothermometry and we 

limit our synthesis to these proxies. The Mg/Ca ratio in foraminifera tests has been the predominantly used proxy for SST 

reconstructions in the tropical Indo-Pacific. It is based on the thermodynamic effects on the incorporation of magnesium into 

the foraminifera tests during calcification and usually described with an exponential relationship (e.g., Rosenthal et al., 1997). 80 

The U
Kʹ
37  index is based on the temperature dependent, relative unsaturation of long-chain (C37) ketone lipids (alkenones) 

produced by coccolithophores (e.g., Brassell, 1986) and often used in the subtropical to high latitude Indo-Pacific.  

We compiled a total of 137 records from the Indian and Pacific Oceans (45°N – 45°S; water depths between 61 and 5712 m) 

(Fig. 2, Table S1). Our compilation is based on the “PalMod 130k marine palaeoclimate data synthesis v2” (Jonkers et al., 

accepted). Notably, the PalMod data synthesis only includes sediment cores for which absolute age controls and / or benthic 85 

δ18O records are available for chronology (for details see Sect. 2.2). To increase the spatial and temporal data coverage in this 

study, we additionally included eight cores for which only planktic (G. ruber) records are available. 

We included Mg/Ca records that are based on G. ruber albus (Morard et al., 2019) and / or G. elongatus (Aurahs et al., 2011) 

(previously referred to as G. ruber s.s. and s.l., respectively). Assuming that the authors of the original data publications 

selected the most appropriate Mg/Ca-SST calibrations for their records, we retained these calibrations. For comparison, we 90 

additionally include SSTs calculated by the application of the global MgCarB calibration of Gray et al. (2018) as described in 

the PalMod synthesis (Jonkers et al., accepted) (see Text S1, Figs. S1 and S2). The MgCaRB calibration also accounts for the 

effects of salinity and pH on foraminiferal Mg/Ca. Likewise, to calculate alkenone-based SST anomalies, we applied the U
Kʹ
37 

-SST calibrations that were used in the original studies, but include SST estimates resulting from the application of the 

Bayesian BAYSPLINE calibration (Tierney and Tingley, 2018) in the supporting information (Text S1, Figs. S1 and S2). 95 

Modern observations of the (intra) seasonal occurrence patterns of alkenone-producing coccolithophores and G. ruber are 

uncertain. Some studies do not reveal a clear pattern (e.g., Curry et al., 1992; Conan and Brummer, 2000; Kawahata et al., 

2002; Yamasaki et al., 2008; Mohtadi et al., 2011), whilst others report different (intra) seasonal occurrence peaks of the proxy 

carriers (e.g., Mohtadi et al., 2009; Kincaid et al., 2000; Chen et al., 2007; Lin et al., 2004). For simplicity, we assume that the 

SST records from the study area represent mean annual SSTs, but discuss potential seasonal biases in Sect. 3.4.  100 

 

2.2 Age models 

The analysis of time slice data from various records requires robust chronologies and a common chronological framework for 

all records. We adopted the age-depth models of the PalMod data synthesis v2 (Jonkers et al., accepted) (see Text S2 for 

details). To generate the age-depth models of the cores for which benthic δ18O records are not available, we also followed the 105 

approach of Jonkers et al. (accepted), but aligned the planktic δ18O records to benthic δ18O stack records. This approach ignores 

possible leads/lags between the surface and the deep ocean, but allows to use the same reference curves for all records of the 

data compilation. The PalMod age-depths models are restricted to the last 130 kyr. For MIS 11, we used the LR04 benthic 

stack (Lisiecki and Raymo, 2005) as reference record to align the δ18O records. To quantify uncertainty, the chronologies were 

established in a Bayesian framework using the software Bacon (Blaauw and Christen, 2011). The age modelling routine was 110 

carried out in PaleoDataView (PDV; Langner and Mulitza, 2019). All ages are reported in 1000s of calendar years before 

present (ka BP). 
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2.3 Time slices 

To assess SST anomalies during the Holocene, MIS 5 and MIS 11 peak interglacials relative to the preindustrial period, we 115 

calculated mean SST values of time slices centered at 6 ka (4–8 ka; 113 records), 127 ka (123–131 ka; 52 records) and 409 ka 

(405–413 ka; 13 records). The selection of the 6 and 127 ka time slices is consistent with the experiments of the paleoclimate 

model intercomparison project (PMIP). In comparison to the PI, the 6 ka time slice is characterized by higher obliquity and 

lower precession. The 127 and 409 ka time slices were selected to coincide with precession minima, maximizing astronomical 

forcing (Fig. 1) (Yin and Berger, 2011).  120 

We used a Monte-Carlo approach to assess the combined age model and SST uncertainties. We generated 1,000 time series of 

SST using the posterior age–depth models and an assumed, Gaussian-distributed, SST uncertainty of 1 °C (1 σ) and calculated 

the 95 % confidence intervals of each record and time slice. The calculated confidence intervals range from an average of 0.7 

°C for the mid-Holocene to an average of 1.3 °C for MIS 11c. We only included records with a minimum number of two SST 

data points within the respective time slice in at least 500 of the 1,000 age ensembles, as this number of posterior age–depth 125 

models proved sufficient to capture the chronological uncertainty. Because many proxy records do not cover the late Holocene 

(or even modern) period, we calculated SST anomalies relative to the long-term mean SSTs computed from the 1850–1900 

monthly COBEv2 reanalysis data of the Japanese Meteorological Center (1.0 x1.0°; Hirahara et al., 2014) that are used as PI 

equivalent. This approach has the disadvantage that the SSTs of the reconstructed time slices and PI SSTs are not based on the 

same archive. To control the robustness of our results, we additionally calculated SST anomalies relative to the Common Era 130 

(CE) using all records covering the CE (total of 36 Mg/Ca and 24 U
Kʹ
37 records; Fig. S4). Considering the reduced data coverage, 

we find that the overall outcome of this study does not depend on the choice of the PI dataset.  

The reconstructed SST anomalies vary from site to site. To get a better idea of regional SST anomalies, we additionally 

calculated mean SST anomalies of three distinct areas, which are well represented by proxy records, i.e., the Western Pacific 

Warm Pool (WPWP), the South China Sea (SCS), and the eastern equatorial Pacific (EEP) (Fig. 2a, Table S4). Using a Markov 135 

Chain Monte Carlo sampling, we calculated weighted mean SSTs (weighted by the square root of the number of data points) 

of n randomly selected realizations of the time series within each area and time slice, where n equals the total number of SST 

records within the area and time slice. We repeat this 1,000 times and derive the median and 95 % confidence interval. By 

randomly sampling the records, we aim to consider spatial uncertainty. Likewise, by using weighted means, the resolution of 

the individual cores is considered. Anomalies were calculated relative to the COBE means of the sites included in each area 140 

and time slice. 

 

2.4 Model configuration 

For comparison with the proxy-based SST anomalies, we conducted time slice simulations using the CESM version 1.2.2 

(Hurrell et al., 2013) (see Text S3 for details).  The time slices were forced with constant boundary conditions, i.e., orbital 145 

parameters (Laskar et al., 2004) and atmospheric GHG concentrations (CO2, CH4 and N2O) characteristic of the respective 

period (Table 1). GHG concentrations were obtained from Otto-Bliesner et al. (2017) or, for MIS 11c, from the European 

Project for Ice Coring in Antarctica (EPICA) following the AICC23 chronology (Bouchet et al., 2023). An adjustment of +23 

ppb for methane was applied, following the experimental setup of previous interglacial modelling studies (Otto-Bliesner et al., 

2017; Crow and Prange, 2025). Each time-slice simulation was branched from a PI control run as described in Crow et al. 150 

(2022), and integrated for 700 years to reach statistical equilibrium in the upper ocean. A key assumption in these simulations 

is the use of present-day topography, sea level, and ice-sheet configurations. All presented results are based on climatologies 

derived from the final 50 years of each simulation. SST anomalies are given relative to the PI simulation. Area mean SST 
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anomalies of the SCS, WPWP and EEP areas were calculated as mean anomalies of rectangles surrounding the included core 

sites (boundaries are provided in Table S4). 155 

 

Table 1. Greenhouse gas concentrations used in the individual CESM runs 

  CO2 (ppm) CH4 (ppb) N2O (ppb) 

PI 284 808 273 

6 ka 264 597 262 

127 ka 275 685 255 

409 ka 280 700 275 

 

To distinguish the effects of astronomical forcing and varying GHG concentrations on interglacial SST patterns, we 

additionally performed sensitivity experiments with fixed preindustrial GHG levels.  160 

To assess the impact of NH vegetation changes on interglacial SSTs across the low-latitude Indo-Pacific Ocean, we conducted 

sensitivity experiments with an expanded vegetation cover. While in our standard interglacial time-slice simulations a 

preindustrial plant functional type (PFT) distribution is prescribed, we follow the approach of Thompson et al. (2022) in an 

additional mid-Holocene experiment in which C3 grasses are replaced by boreal forest in the Arctic and by deciduous forest in 

mid-latitudes. In North Africa, shrub and C4 grass replace bare ground, resulting in a green Sahara. Although global paleo-165 

vegetation maps for previous interglacials are not available, similar vegetation shifts, including poleward expansion of trees at 

the expense of grasses in high northern latitudes as well as Sahara greening (Dupont, 1993), have been proposed for MIS 5e 

(CAPE, 2006; Otto-Bliesner et al., 2017 and references therein) and MIS 11c (Kleinen et al., 2014 and references therein). 

Therefore, we apply the PFT distribution of Thompson et al. (2022) as a generic interglacial vegetation scheme in additional 

sensitivity experiments for MIS 5e and 11c. 170 

 

3 Results and Discussion 

3.1 Reconstructed SST anomalies 

Mg/Ca and U
Kʹ
37  are preferentially used in different areas. While many Mg/Ca-derived SST reconstructions are available from 

the IPWP, SSTs from the northern and southern rims of the study area are mostly derived from U
Kʹ
37 . Comparing Mg/Ca- and 175 

U
Kʹ
37 -derived SST estimates from sites where both proxies are available, previous studies find that there is no systematic offset 

(e.g., Hoffman et al., 2017). We observe higher (i.e., warmer) U
Kʹ
37 -derived SST anomalies as compared to Mg/Ca-based SST 

estimate Southern Hemisphere sites, and lower (i.e., cooler) U
Kʹ
37 -derived SST anomalies at northern Hemisphere sites (Fig. 

S5). This could indicate a winter (cold year) bias of U
Kʹ
37  and/or summer (warm year) bias of Mg/Ca, which will be discussed 

in more detail in Sect. 3.4. Importantly, this offset does not impact the overall outcome of this study.  180 

During the 6 ka time slice, both Mg/Ca and U
Kʹ
37  reveal a spatially heterogeneous pattern of SST anomalies across the low 

latitude Indo-Pacific (Fig. 2a). Records from western Indian and most of the Pacific Ocean depict positive SST anomalies (i.e., 

higher mid-Holocene SSTs as compared to the PI), except for the northeastern Pacific Ocean, which depicts negative SST 

anomalies. Records from the northern Indian Ocean show both positive and negative anomalies, and most records from the 

eastern Indian Ocean and the Indonesian Seas indicate negative mid-Holocene SST anomalies. Computed mean anomalies for 185 

the SCS, WPWP and EEP areas are negligible (median values of ±0.1 °C; Fig. 3) in line with the general pattern of smaller 
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anomalies in the tropics and larger anomalies towards the northern and southern margins of the study area, i.e., the mid-

latitudes (Fig. 2, Table S4). Overall, our results agree with previous multiproxy mid-Holocene SST compilations (e.g., 

Kaufman and Broadman, 2023; Lohmann et al., 2013).  

The MIS 5e is characterized by positive SST anomalies (up to 3.6 °C, average 0.8 °C) at nearly all sites with maximal values 190 

at the northern and southern margins of the western Pacific Ocean and in the EEP (Fig. 2c and d). The average SST anomaly 

of the EEP is ~1.9 °C, while the anomalies of the SCS and WPWP areas are ~0.7 °C and ~0.8 °C, respectively (Fig. 3). Our 

MIS 5e data are consistent with previous compilations, such as the multi-proxy compilation of Turney et al. (2020), although 

the inclusion of microfossil proxies leads to a larger variety of SST anomalies (Fig. S6). The data compilation indicates that 

MIS 11c is also characterized by higher SSTs (up to 2.1 °C, average 0.9 °C) than the PI (Fig. 2e). Similar to MIS 5e, the SST 195 

anomaly of the EEP is larger (~2.0°C) than the SST anomalies of the SCS and WPWP areas (~0.5 °C) (Fig. 3).  

 

Figure 2: SST anomalies during (a, b) Mid-Holocene, (c, d) MIS 5e, and (e, f) MIS 11c relative to the preindustrial 
period from Community Earth System Model (CESM) 1.2.2. time slice simulations without (a, c, e) and with (b, d, f) 

expanded NH vegetation. Symbols represent Mg/Ca- (dots) and U
Kʹ
37 -(diamonds) based SST anomalies relative to 200 

COBEv2 1850-1900 SST. Colors indicate SSTs colder (blue) and warmer (red) than the reference period. 
 

Very few datasets in our compilation cover MIS 11c, with only one record from the Indian Ocean. However, records covering 

both periods indicate a high similarity between the MIS 5e and MIS 11c. The same is true for the calculated mean SST 

anomalies of the WPWP, SCS and EEP areas. The reconstructed SST anomalies represent conservative estimates of peak 205 

warmth. This is because the selected time slices may not coincide with the timing of maximum SSTs at the individual core 

sites, and averaging SSTs tends to dampen peak values and underestimate the true magnitude of peak interglacial SSTs.   
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Different SST anomalies for the WPWP relative to the EEP result in a reduced or an increased zonal equatorial Pacific thermal 

gradient - a key driver of the Pacific Walker circulation. Proxy data indicate no major difference in the equatorial Pacific SST 

gradient (~0.2°C) between 6 ka and the PI. The 127 ka and 409 ka time slices are marked by reductions of ~1.1 °C and ~1.5 210 

°C, respectively (Fig. 4; Table S4). This should be interpreted with caution due to the partly very low number of records 

included in the area mean anomalies, but is consistent with previous reconstructions indicating an increased gradient during 

the mid-Holocene (e.g., Koutavas et al., 2002; Marchitto et al., 2010) and a reduction during MIS 5e (Jia et al., 2018; Sagawa 

et al., 2022). We thus find that overall higher SSTs during MIS 5e and MIS 11c are associated with a weaker Walker circulation. 

This finding conflicts with previous studies (e.g. Hollstein et al., 2020; Jian et al., 2022; Lo et al., 2022; Zhang et al., 2021; 215 

Pena et al., 2008; Lu et al., 2019) that suggest a stronger Walker circulation (or more La Niña-like conditions) during periods 

of low precession. However, most of these studies are either based solely on model simulations or rely on reconstructions from 

only one side of the tropical Pacific, limiting their ability to constrain the zonal pattern of SST anomalies. 

Together, our SST proxy compilation shows that the mid-Holocene was broadly similar to the PI reference period. In contrast, 

both MIS 5e and MIS 11c were consistently warmer than PI conditions across the entire study area, despite lower mean annual 220 

insolation at low latitudes and reduced GHGs. Hence, the warm anomalies are not related to local insolation forcing and 

varying GHGs, but to the astronomically modulated distribution of insolation and its feedback mechanisms. The three 

investigated time slices are marked by higher obliquity and lower precession than the PI with precession minima during 127 

ka and 409 ka (Fig. 1). Sensitivity to obliquity and precession is known from many individual SST records of the study area 

(e.g., Tachikawa et al., 2014; Hollstein et al., 2020; Lo et al., 2022; Lückge et al., 2009; Pena et al., 2008; Wang et al., 2015; 225 

Gebregiorgis et al., 2018) that report higher SST under high obliquity and low precession. While local effects might also play 

a role - such as precession-controlled changes in upwelling intensity (Lückge et al., 2009) - the consistency of surface ocean 

warming across the entire study area points to common forcings. Focusing on the tropical Pacific Ocean, we suggest that the 

SST rise and the simultaneous slowdown of the Walker circulation were controlled by remote effects of extratropical / high 

latitude warming and ice loss and their effects on the Atlantic Meridional Overturning Circulation (AMOC) and the shallow 230 

meridional overturning circulation, as well as changes in the (seasonal) local insolation.   

Warming of the high latitudes and (sea) ice loss could drive tropical warming and weaken the Pacific Walker circulation via 

both atmospheric and oceanic pathways, as it is suggested for the current global warming by theoretical considerations and 

idealized models (e.g., England et al., 2020). These pathways include a slowdown of the AMOC that results from lowered 

surface salinity in the North Atlantic and reduced deepwater formation and a slowdown of the subtropical shallow meridional 235 

overturning circulation cells that is controlled by surface wind anomalies over the subduction zones (England et al., 2020).  

The AMOC state during previous interglacials is uncertain and debated: A recent modelling study suggests a moderate 

weakening of the AMOC during peak MIS 5e and MIS 11c attributed to sea ice minima (Crow and Prange, 2025). More 

generally Toggweiler and Si (2025) hypothesize that a weak AMOC during precession minima leads to an overall warming of 

the tropics of both hemispheres through a reduction in the cold-water upshifts of the AMOC’s return flow. Particularly, 240 

maximal boreal summer insolation causes a relaxation of the easterly winds over the tropical Atlantic, which prevents the 

export of moisture from the Atlantic to the Pacific and leads to a freshening of the Atlantic. At the same time, less surface 

water is piled up in the West Atlantic. Both results in a weakening of the AMOC including its return flow and upshifts of cool 

waters to the surface off Peru. Less cool waters are incorporated into the shallow overturning circulation. This could primarily 

promote warming of the EEP and result in a reduced zonal SST gradient across the equatorial Pacific Ocean.  245 

Positive SST anomalies in the low latitudes could additionally result from changes in the shallow meridional overturning 

circulation. Generally, higher obliquity results in a reduced mean annual insolation in the low latitudes, but an increasingly 

enhanced insolation towards the poles, in line with the latitudinal pattern that we observe in the western Pacific Ocean with a 

stronger warming towards higher latitudes. Hence, higher obliquity causes a reduced intrahemispheric (equator–pole) 
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insolation and surface pressure (and ultimately temperature) gradient that results in a reduced transport of warm waters out of 250 

the tropics by western boundary currents and thus, accumulation of heat there (e.g., Bosmans et al., 2015; Mantsis et al., 2011). 

Previous studies indicated that the warming is not evident at the sea surface (e.g., Hollstein et al., 2018; Mantsis et al., 2011). 

However, the response to changes in obliquity could be intensified by feedbacks, such as cloud and albedo / sea-ice albedo 

feedbacks (Bosmans et al., 2015; Mantsis et al., 2011; Timmermann et al., 2014b). This effect could be maximized when high 

obliquity coincides with precession minima, as it is the case at 127 ka and 409 ka. Surface waters of the equatorial Pacific 255 

Ocean are mostly sourced from the extratropical South Pacific, where surface waters are predominantly subducted during 

austral winter (Qu et al., 2013). A warmer austral winter and cooler, but prolonged austral summer during periods of low 

precession could result in the transport of relatively warmer subtropical waters towards the equatorial Pacific Ocean. Because 

the water masses resurface in the eastern Pacific Ocean, the warming of the EEP might be stronger than the warming of the 

WPWP and Indonesian Seas, reducing the zonal equatorial Pacific SST gradient and weakening the Pacific Walker circulation.  260 

Weakening of the Walker circulation at 127 and 409 ka may result from changing SST gradients along with the overall global 

warming (Held and Soden, 2006). In addition, precession-controlled variations in the local fall (Sept-Oct) insolation and related 

zonally asymmetric heating of the equatorial Pacific -resulting from the northern position of the ITCZ in the EEP at this time 

and the associated wind field convergence in the west and divergence in the east - impacts the zonal SST gradient (Clement et 

al., 1999). A weaker fall insolation at 127 ka and 409 ka, as compared to the PI, would contribute to a reduced zonal equatorial 265 

Pacific SST gradient and Pacific Walker circulation. However, this hypothesis remains controversial and is not supported by 

records that cover multiple glacial-interglacial cycles (Dyez et al., 2016).  

Global proxy-based SST compilations also indicate higher mean SSTs during the MIS 5e period relative to the PI (e.g., Turney 

et al., 2020; Mckay et al., 2011; Otto-Bliesner et al., 2021; Hoffman et al., 2017). However, this warm anomaly mainly results 

from warmer SSTs at mid- and high latitudes, while the tropical ocean is reported to have been cooler. This is due to cooler 270 

SSTs in the tropical Atlantic Ocean, which is prominently represented in these compilations (Hoffman et al., 2017; Turney et 

al., 2020). However, the Atlantic records in these compilations are mostly derived from foraminiferal assemblage transfer 

functions, which yield cooler SSTs, resulting in negative SST anomalies, whereas Mg/Ca and U
Kʹ
37  records mostly show 

positive SST anomalies (e.g., Nascimento et al., 2023; Hoffman et al., 2017; Turney et al., 2020; Brocas et al., 2019). Thus, 

the tropical Atlantic Ocean could have been warmer during MIS 5e than inferred from the global proxy data compilations (see 275 

also Nascimento et al., 2022). In any case, our findings underscore the importance of including records from the Indian and 

Pacific Oceans in tropical and global climate data syntheses, as previous studies are biased towards the Atlantic Ocean and 

assemblage-based reconstructions.   

 

3.2 Simulated SST anomalies 280 

The simulated annual mean SST anomalies are small with maximum values of about 2 °C relative to the PI run (Fig. 2). CESM 

indicates cooler than preindustrial SSTs across large parts of the study area for all three investigated interglacial periods (Figs. 

2 and 3). Exceptions are the eastern Pacific between 15°N and 45°N and the central Indian and Pacific Oceans south of 15°S, 

which are slightly warmer than the PI equivalent (Fig. 2). Overall, the mid-Holocene time slice is marked by the smallest SST 

anomalies. Mean SST anomalies of the SCS, WPWP and EEP areas range between -0.5 and -0.3 °C (Table S4). During MIS 285 

5e and MIS 11c, the SST anomalies are generally larger. This refers to both positive and negative SST anomalies. Both periods 

are characterized by extended areas of higher SSTs in the southern parts of the study area and in the northeastern Pacific Ocean 

as compared to the mid-Holocene period. Mean anomalies of the SCS, WPWP and EEP areas range from -0.8 to 0.0 °C (Table 

S4). MIS 11c is warmer than the mid-Holocene and MIS 5e, albeit cooler than the PI equivalent across large parts of the study 

area (Fig. 2 and Fig. S7). The general spatial patterns of the SST anomalies during 6 ka and 127 ka simulations are in agreement 290 
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with the spatial patterns of previous simulations, such as the CMIP6-PMIP4 multi-model ensemble (Otto-Bliesner et al., 2021; 

Brierley et al., 2020). However, the standard simulations indicate a subtle increase (<0.2 °C) in SST gradients during the 6 ka 

and 409 ka time slices, as compared to the PI period and a negligible decrease (<0.1 °C) during the 127 ka time slice. In 

contrast, the PMIP4-CMIP6 ensemble yields a slight decrease in the mid-Holocene gradient (Brierley et al., 2020).  

In CESM, the SST anomalies result from the combined effects of changing orbital parameters and GHG concentrations (Figs. 295 

S8 and S9). Sensitivity experiments with fixed (PI) GHGs show that varying orbital parameters result in extended areas of 

positive SST anomalies during the investigated time slices, supporting our proxy-based interpretation of SST anomalies. 

Despite the relatively small changes, adjusted GHG concentrations result in cooler conditions across the low-latitude Indo-

Pacific during the 6 ka experiment, which is marked by lowest GHG concentrations (Table 1) (Figs. S8). The 127 ka experiment 

indicates that reduced GHG concentrations result in cooler SSTs over the vast Indian and Pacific Oceans, but in a slight 300 

warming near the Australasian landmasses and within the north Pacific Subtropical Gyre. Similarly, reduced GHG 

concentrations results in a slight warming across large parts of the western Pacific and some patches of the northern Indian 

Ocean in the 409 ka experiment, suggesting a dominant role of negative GHG feedbacks in these areas. While the 127 ka time 

slice is the warmest of the three interglacial period in the single-forced experiment, the 409 ka period is the warmest period, 

when dynamic GHGs are implemented. Overall, the results demonstrate that the low-latitude Indo-Pacific Ocean is most 305 

sensitive to small changes in the radiative forcing, but GHGs effectively modulate interglacial SSTs.  

The sensitivity experiments with an expanded NH vegetation cover result in warmer SSTs across large parts of the low-latitude 

Indo-Pacific Ocean (as compared to the standard simulations) in all three time slice simulations (Fig. 2, Fig. S10). A subtle 

cooling trend (<0.2 °C) is evident in the upwelling zone of the eastern tropical Pacific Ocean during the mid-Holocene. In the 

SCS, WPWP and EEP areas, the average vegetation effect is between 0.2 and 0.7 °C (Table S4). A larger effect is observed in 310 

the NH mid-latitudes, where SSTs warm by a maximum of 3.4 °C (Fig. S10). As outlined in Thompson et al. (2022) the global-

scale surface warming is mainly attributable to vegetation-induced changes in surface albedo.  

CESM indicates a subtle increase (<0.3 °C) in the zonal equatorial Pacific (WPWP – EEP) SST gradient during all time slices, 

as compared to the PI period, except for the 127 ka time slice standard simulation (Fig. 4). This results from the simulated 

cooling in the eastern Pacific upwelling zones. The implementation of paleo-vegetation results in an increase of ~0.2–0.4 °C 315 

in the zonal SST gradient during all time slices. Hence, the relative increase in SST gradients is larger in the experiments that 

consider paleo-vegetation.  

 

3.3 Proxy data – model comparison 

We observe large discrepancies concerning both magnitude and pattern of SST change (Fig. 2). Overall, the annual mean SST 320 

anomalies in CESM are smaller than indicated by proxy reconstructions. Underestimation of interglacial temperature 

anomalies in climate models is a well-known, persisting issue (e.g., Brierley et al., 2020; Milker et al., 2013; Otto-Bliesner et 

al., 2021). More importantly, reconstructed and simulated anomalies are mostly of opposite sign. Proxy-data indicate SSTs 

above the PI values for MIS 5e and MIS 11c, whereas CESM standard simulations indicate SSTs below the PI values at most 

of the proxy sites (Fig. 2a, c, e). In CESM, MIS 11c is the warmest of the three investigated interglacial periods, albeit cooler 325 

than the reference period. Consistent trends between proxies and CESM exist mainly for the northeastern Pacific Ocean and 

the Solomon-Coral Sea, where both the proxy network and CESM indicate slightly warmer-than-preindustrial SSTs, 

particularly during the MIS 5e and MIS 11c time slices. However, also for these areas, the magnitude of SST anomalies in 

CESM is smaller than indicated by proxy data.  

When implementing the paleo-vegetation in CESM simulation, a quantitatively small yet consistent warming improves the 330 

match between reconstructed and simulated SST anomalies (Figs. 2b, d, f and 3). However, the magnitude of the simulated 
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SST anomalies is still smaller than the reconstructed anomalies. Despite the discrepancies between the reconstructed and 

simulated SST anomalies, the mid-Holocene and MIS 11c area means of the SCS, WPWP and EEP calculated from the CESM 

output (standard simulations and vegetation experiments) fall mostly within the estimated uncertainty range of the proxy 

reconstructions (Fig. 3). This is because the individual mid-Holocene proxy-based anomalies are negligibly small and of no 335 

clear sign. During MIS 11c, proxy-based reconstructions have a higher uncertainty, which is primarily related to the increased 

uncertainties of the age models and the small number of SST records that are available in each of the areas.  

 

  

Figure 3: Comparison between interglacial proxy- and model-based SST anomalies in (a) the SCS, (b) the WPWP and 340 
(c) the EEP. Bars indicate proxy-based assessments of computed mean SST anomalies and uncertainties (shown as 
median and 95 % confidence intervals), dots indicate SST anomalies derived from CESM runs without (filled) and with 
(open) expanded vegetation cover. The SCS, WPWP and EEP areas are marked by black rectangles in Fig. 2a. 
 

The different SST anomalies lead to contrasting inferences about the atmospheric circulation. As outlined above, 345 

reconstructions indicate a reduction in the zonal equatorial Pacific SST gradient and thus, a weaker Walker circulation during 

MIS 5e and MIS 11c, while CESM indicates the opposite (Fig. 4; Table S4). Notably, the implementation of paleo-vegetation 

in CESM results in an increase of ~0.2–0.4 °C in the zonal SST gradient during all time slices. Thus, the paleo-vegetation 

improves the overall match of absolute SST anomalies, whereas discrepancies in the spatial patterns of SST anomalies remain.  

Overall, our findings suggest that a “temperature conundrum” also exists during MIS 5e and MIS 11c, as model temperatures 350 

are colder than reconstructions during the peak interglacials. An expanded NH vegetation affects the interglacial SST 

anomalies by changing their sign from negative to positive anomalies, and is thus critical to be considered in interglacial 

climate simulations. However, although the simulations represent the high end of a potential interglacial vegetation expansion 

and resulting temperature response (Thompson et al., 2022; Kaufman and Broadman, 2023), differences in the magnitude of 

SST anomalies persist. Besides, the expanded vegetation enhances the mismatch between reconstructed and simulated zonal 355 

equatorial Pacific SST gradients with implications for inferred changes in the atmospheric circulation and El Niño-Southern 

Oscillation (ENSO) dynamics. Hence, the implementation of an interglacial vegetation scheme cannot solve the data-model 
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discrepancies. Alternatively, discrepancies can result from seasonal or interannual proxy biases, which we address in Sect. 3.4. 

In Sect. 3.5 we then focus on potential model deficiencies.  

 360 

 

Figure 4: Anomalies of zonal equatorial Pacific SST gradients during mid-Holocene (orange), MIS 5e (red) and MIS 
11c (blue) time slices relative to the preindustrial period. Bars indicate reconstructed anomalies, dots indicate SST 
anomalies derived from CESM runs without (filled) and with (open) expanded vegetation cover. 

 365 

3.4 Potential seasonal or interannual proxy biases 

We assume that proxy reconstructions reflect annual mean SSTs across the study area, though potential (intra) seasonal 

imprints on Mg/Ca and U
Kʹ
37 -derived SST records are not entirely understood yet. Some reconstructions, partly based on records 

that we included in our data compilation, suggest that Mg/Ca and U
Kʹ
37  record different seasons (Leduc et al., 2010; 

Timmermann et al., 2014a; Wang et al., 2013), at least in parts of the study area. For instance, in the EEP, U
Kʹ
37  may record 370 

boreal winter SST, while Mg/Ca records may record mean annual to summer SST (Leduc et al., 2010). This is consistent with 

the Northern and Southern Hemisphere offsets between Mg/Ca and U
Kʹ
37  that we observed (see Sect. 3.1).  

A potential preference of the proxy carriers towards the warm season has also been used to explain discrepancies between 

reconstructions and simulations (e.g., Bova et al., 2021). Others suggest that summer conditions persist into the fall and winter 

in response to feedbacks and slow-moving features of the climate system and thus, mean annual temperature could be 375 

dominated by strong changes in summer (Zhang et al., 2010; Bader et al., 2020; Kaufman and Broadman, 2023).  

In order to further test if a warm season bias of the proxy records would reasonably explain the observed data-model 

discrepancies, we compare the proxy-based mean area SST anomalies of the SCS, WPWP and EEP to the corresponding 

seasonal SST anomalies, i.e. minimum and maximum SST, inferred from CESM (Fig. 4). We find that the majority of both 

Mg/Ca and U
Kʹ
37 -based SST anomalies exceeds the simulated warm-season SST anomalies (Fig. 5). This is especially true for 380 

SST anomalies in the standard simulation, i.e. without expanded NH vegetation. The implementation of paleo-vegetation does 

not alter the seasonal cycle, but results in higher SSTs year-round, partly improving the match between seasonal SSTs and 

proxy-SSTs.  

Moreover, the difference in the SST anomalies between MIS 5e and MIS 11c is negligible, despite the weaker astronomical 

forcing during MIS 11c. A damped precession and lower obliquity should subdue seasonal insolation cycle during MIS 11c, 385 

eventually affecting seasonal SSTs. 

https://doi.org/10.5194/egusphere-2026-1891
Preprint. Discussion started: 15 April 2026
c© Author(s) 2026. CC BY 4.0 License.



12 
 

 

Figure 5: Comparison between reconstructed and simulated SST anomalies in the (a) South China Sea (SCS), (b) 
Western Pacific Warm Pool WPWP) and (c) eastern equatorial Pacific (EEP) during mid-Holocene (orange), MIS 5e 
(red) and MIS 11c (blue) time slices relative to the preindustrial period. Bars indicate mean, minimum and maximum 390 
annual SST anomalies in CESM without (solid lines) and with (stippled lines) expanded NH vegetation cover. Symbols 

represent Mg/Ca- (dots) and U
Kʹ
37 - (diamonds) based SST anomalies. The SCS, WPWP and EEP areas are marked by 

black rectangles in Fig. 2a.  
 

In order to test if interannual variability, i.e. a bias towards warm years in the proxies, can potentially explain the observed 395 

proxy data-model discrepancy, we calculated the standard deviation of mean annual SSTs in CESM. CESM indicates a reduced 

standard deviation and, thus, a reduced interannual variability relative to PI in most regions of the low-latitude Indo-Pacific 

during all investigated time slices, particularly when interglacial vegetation cover is implemented (Fig. 6). A warm-year bias 

in the proxies would equally affect the reconstructed reference SSTs of the CE and those of previous interglacials if interannual 

variability was unchanged. However, the warm-year bias would be smaller for the previous interglacials given the reduced 400 

interannual variability indicated by CESM. Hence, a warm-year bias in the proxies is unlikely to explain the data–model 

discrepancy. 

 

Taken together, although consideration of a potential seasonal bias in the proxies improves the match between data and model, 

we find that biases to warm seasons or years could not resolve the data–model discrepancy overall. This does not negate 405 

potential seasonal or interannual proxy biases and related discrepancies between U
Kʹ
37  and Mg/Ca in different regions, but 

suggests that the overall signal, i.e. positive SST anomalies during MIS 5e and MIS 11c, that is observed in both proxies across 

the entire study area, is a robust feature that is not simply attributable to seasonal or interannual proxy biases.  
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 410 

Figure 6: Standard deviation of mean annual SSTs during (a, b) Mid-Holocene, (c, d) MIS 5e, and (e, f) MIS 11c relative 

to the preindustrial period from CESM time slice simulations without (a, c, e) and with (b, d, f) expanded northern 

hemisphere vegetation. Blueish and reddish colors indicate decreased and enhanced standard deviations, respectively.   

 

3.5 Potential model deficiencies 415 

The discussed AMOC changes are uncertain and require further investigations. However, an insufficient representation of the 

AMOC’s return flow (Toggweiler and Si, 2025), and of past AMOC variations and their effects in global models such as 

CESM could at least partially explain the data–model discrepancies. Regardless of what a change in the AMOC may have 

caused, the resolution of typical global climate models such as CESM is too coarse to simulate the effect of reduced cold-water 

upshifts on tropical warming. CESM indicates a slight AMOC reduction at 127 and 409 ka (Crow and Prange, 2025). This 420 

reduction might be underestimated due to an inaccurate ice sheet forcing, or a systematic overestimation of AMOC stability 

(Liu et al., 2017). Inaccuracies in the representation of the ocean circulation, such as poorly simulated upshifts of cool waters 

(Toggweiler and Si, 2025), could result in an underestimation of warming (or even in a cooling) in the EEP and affect the 

Walker circulation. The accurate representation of the Walker circulation is generally a major challenge for climate models. 

Comparisons of observations and simulations of the last century show that models fail to reproduce the currently observed 425 

strengthening of the Walker circulation (e.g., Watanabe et al., 2023 and references therein).  

Additional well known, but persistent model deficiencies include the insufficient representation of clouds and cloud feedbacks 

in response to warming and cooling. Uncertainties in cloud feedbacks is the largest contributing factor to the varying responses 

of models to GHG forcing (e.g., Soden and Held, 2006; Zelinka et al., 2020), and were shown to affect meridional and zonal 

temperature gradients and deep atmospheric convection in the tropics (Erfani and Burls, 2019). 430 

https://doi.org/10.5194/egusphere-2026-1891
Preprint. Discussion started: 15 April 2026
c© Author(s) 2026. CC BY 4.0 License.



14 
 

4 Summary and conclusions 

We provide a proxy data–model synthesis of interglacial SST anomalies (mid-Holocene, MIS 5e and MIS 11c) across the low-

latitude Indo-Pacific Ocean. While the proxy compilation indicates negligible mid-Holocene SST anomalies of conflicting 

sign, the regional SSTs during MIS 5e and MIS 11c were generally higher than during the PI. Reduced zonal equatorial Pacific 

SST gradients additionally indicate a weakening of the Pacific Walker circulation. Changes in SST (gradients) are mainly 435 

ascribed to an enhanced extratropical warming and (sea) ice loss that affect the tropical ocean via changes in the AMOC and 

the shallow overturning circulation. A weaker local fall insolation during precession minima could additionally influence the 

zonal SST gradient via its effect on the ITCZ position and the wind field. 

Our results challenge previous global proxy data compilations and tropical SST stack records that indicate cooler SSTs during 

the last peak interglacial MIS 5e. However, these compilations are biased towards foraminiferal assemblage records from the 440 

Atlantic. While proxy networks always suffer from an uneven spatial coverage and proxy-dependent limitations, our results 

highlight the need to integrate Indo-Pacific data into future (tropical or global) climate data syntheses and stack records to 

better capture low-latitude climate variability.  

We find large discrepancies in the magnitude and spatiotemporal pattern of reconstructed and modeled SST anomalies, 

suggesting that a “temperature conundrum” is a persisting issue during several interglacial periods. Most importantly, proxy 445 

data indicate higher than preindustrial SSTs and a weakened equatorial gradient during MIS 5e and MIS11c, whereas CESM 

indicates the opposite. We find that the implementation of a paleo-vegetation scheme, i.e., an expanded Northern Hemisphere 

vegetation, in CESM has a significant impact on modelled SSTs, as it yields warmer SSTs across the vast tropical Indo-Pacific, 

improving the match between proxy and model-based SST anomalies during the investigated interglacial periods. The accurate 

representation of paleo-vegetation in climate models is thus critical to be considered in future climate simulations. However, 450 

discrepancies between reconstructed and simulated zonal SST gradients remain with important implications for the 

atmospheric circulation and the state of ENSO.  

Data–model discrepancies might be resolved through improved proxy calibrations using modern regional time series and 

through a more accurate representation of tropical ocean and climate processes in models such as cold-water upshifts and cloud 

feedbacks.  455 
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