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Abstract. The ocean mixed layer plays an essential role in the climate system, regulating energy fluxes at the ocean-

atmosphere interface. Its representation in climate models is thus critical. Here, we evaluate the mixed layer depth (MLD) in 

15 models from the Paleoclimate Modelling Intercomparison Project 4 (PMIP4) against dinocyst-based MLD reconstructions 

from the subpolar North Atlantic for the mid-Holocene (MH, 6000 yearska BP). We observe find a large spread in MLD 10 

responses to MH forcings across the models in the present-day deep-water formation areas, underscoring the importance of 

model uncertainty. Most models fail to capture the direction of MLD change, and the ensemble mean does not necessarily 

outperform individual models. While the ensemble mean aligns closely broadly with proxy data in the Nordic Seas, pronounced 

proxy-model discrepancy in the Labrador Sea suggests that meltwater forcing is a missing parameter and that deep-water 

formation in the Labrador Sea may be particularly vulnerable under a future scenario of global warming and ice ice-sheet 15 

melting. 

1 Introduction 

The ocean mixed layer is a highly homogenized surface layer of the ocean. It is the interface between the ocean interior and 

the atmosphere (or sea ice), where exchanges of heat, momentum and mass take place. The mixed layer is therefore a key 

component of the climate system. In the subpolar North Atlantic, deep-water formation in winter is associated to with a deep 20 

mixed layer created by vigorous convection that feeds the lower limb of the Atlantic Meridional Overturning Circulation 

(AMOC) (Lazier et al., 2001; Marshall and Schott, 1999). Hence, the variability of the mixed layer depth (MLD) in the subpolar 

North Atlantic has attracted much interest. Evaluating changes of MLD provides valuable insights into the sensitivity and 

resilience of the climate system, as the mixed layer controls the ocean’s uptake of heat and carbon and hence plays a significant 

role in regulating global climate (Bopp et al., 2015; Kostov et al., 2014). It also informs on how the upper ocean stratification 25 

and conditions for deep-water formation may change (Roch et al., 2023; Schulze et al., 2016). 

The Paleoclimate Modelling Intercomparison Project (PMIP) aims at understanding the response of the climate system to past 

climate forcings that differ from the present, and provides an out-of-sample test for state-of-the-art numerical models by 

comparing them against paleoclimate reconstructions (Kageyama et al., 2018). The PMIP simulations are a means to examine 
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the ability of models to reproduce changes in MLD under different climate states. The Middle Holocene interval (8.200–4.200 30 

yearska BP;  as formally defined in Walker et al., 2019), for example, is a period of the Earth’s recent past, well-documented 

by proxy records. It is one of the two interglacial intervals included in the PMIP simulations and has been used to assess the 

reliability of future projections (e.g., Hargreaves et al., 2013; Harrison et al., 2014, 2015). The PMIP4 midHolocene experiment 

is designed to examine the impact of orbital changes at 6000 yearska BP, when continental configurations were almost identical 

to modern ones and greenhouse gas levels were comparable to preindustrial levels (Otto-Bliesner et al., 2017). Compared to 35 

the previous PMIP3 midHolocene experiments, which only imposed the change in orbital configuration, the PMIP4 protocol 

includes a realistic specification of atmospheric greenhouse gas concentrations (Otto-Bliesner et al., 2017). Additionally, the 

PMIP4 simulations represent a new generation of climate models with higher complexity (e.g., dynamic vegetation, ocean 

biogeochemistry), improved parameterisations and resolution (Brierley et al., 2020; Xu et al., 2025). The Middle Holocene 

orbital changes lead to a different latitudinal and seasonal distribution of solar radiation, with higher (lower) insolation in the 40 

Northern Hemisphere summer (winter). The lower greenhouse gas concentrations would lead to slightly colder climates 

globally. In response to these orbital external forcings, models simulate some global climate changes that are broadly consistent 

with theory and reconstructions, such as warmer Northern Hemisphere summer and associated shifts in tropical rainfall, 

reduced Arctic summer sea ice extent, cooler annual mean temperature globally but warmer in the Arctic, etc. (Brierley et al., 

2020). Yet, the changes in MLD remain unexplored. 45 

While PMIP equilibrium simulations provide a benchmark for mean-state changes, they may not accurately capture important 

feedbacks due to uncertainties in the boundary and initial conditions (Otto-Bliesner et al., 2017). The known uncertainties 

include, for instance, the prescription of modern vegetation cover and ice sheets, in addition to the lack of transient history of 

freshwater release from ice sheets into the ocean. Marine proxy records have demonstrated a significant impact of ice-sheet 

meltwater on ocean circulation during the last deglaciation (e.g., Alley and Clark, 1999; and references therein). Various 50 

model-based studies of the modern ocean also show that increasing meltwater from Greenland can lead to significant slowing 

of the AMOC (e.g., Golledge et al., 2019), and has the potential of disrupted deep-water formation over extended time scales 

(Hoshyar et al., 2025). In particular, Pontes and Menviel (2024) show that improved data-model agreement on AMOC 

variations over the historical period is achieved when an upper-end meltwater input is included in the simulations. 

Past changes in deep convection have been difficult to reconstruct, as the existing proxies are not direct indicators of convection. 55 

Recently, Wu et al. (2025) suggested that dinoflagellate cyst (dinocyst) assemblages can be influenced by wintertime 

deepening of the MLD in response to deep convection events, allowing for the quantitative reconstruction of MLD from 

dinocyst records recovered from marine sediment cores. The results from the study by Wu et al. (2025) indicate a westward 

migration of deep convection centres in the subpolar North Atlantic around 6 ka BP, and a late onset of modern-like deep 

convection in the Labrador Sea about 4 ka BP. This is compatible with previous studies using bottom water proxies such as 60 

sortable silt and benthic foraminifera to reconstruct the overflow of deep water from the Nordic Seas via the Iceland-Scotland 

Ridge, which indicate that deep-water formation rate in the Nordic Seas reached a maximum at 6-7 ka BP before decreasing 

progressively (e.g., Kissel et al., 2013; Rasmussen et al., 2002; Thornalley et al., 2013).  Other studies, such as those of Renssen 
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et al. (2005) and Thornalley et al. (2013), used transient simulations with individual models forced by Holocene changes in 

orbital parameters, Greenhouse gas concentrations, and ice-sheet meltwater to simulate changes in winter convection depth in 65 

the Nordic Seas and the Labrador Sea. These studies also suggest a decrease in deep convection in the Nordic Seas and an 

opposite trend in the Labrador Sea during the Holocene.  

Here, for the first time, we compare quantitative reconstructions of winter MLD in the subpolar North Atlantic with PMIP4 

model simulations for the mid-Holocene (MH, defined here as the time slice centred on 6000 yearska BP). We examine the 

differences between 15 PMIP4 models and use a combination of qualitative and quantitative approaches to assess the proxy-70 

model agreement. We also include 13 models from the previous PMIP3 ensemble to allow for a comprehensive assessment of 

model robustness across different model generations. We supplement our analysis with transient simulations of the last 

deglaciation (PMIP4 LDv1; Ivanovic et al., 2016) to assess the impact of ice-sheet meltwater feedback. 

2 Materials and Methods 

We used outputs from the pre-industrial control experiment (piControl; PI) and the mid-Holocene experiment (midHolocene; 75 

MH) of 15 global climate models participating in the PMIP4 experiments (Table 1) and 13 models for the equivalent PMIP3 

experiments (Table 2). The protocol and experimental design are described by Eyring et al. (2016) and Otto-Bliesner et al. 

(2017). The PI experiment represents 1850 CE and is the reference simulation from which the MH experiment branches and 

against which it is compared. The MH experiment is run with orbital parameters and greenhouse gas concentrations for 6000 

yearska BP; the rest of the forcings and boundary conditions, namely the solar constant, paleogeography, ice sheets, vegetation, 80 

and aerosols, are the same as PI. The models’ online calculations of MLD were not used in this study because their definitions 

of MLD differ. We recomputed the MLD with a potential density threshold of 0.03 kg m-3 and a reference depth of 10 m, as 

proposed by de Boyer Montégut et al. (2004) and recommended by Treguier et al. (2023) for model intercomparisons as a 

cost-efficient and relatively accurate estimation of the MLD. Monthly outputs of temperature and salinity from the last 100 

years of the each simulations were used, unless fewer years were available (PMIP3 HadGEM2-CC, 35 years available for the 85 

MH). No calendar adjustments were applied because they could affect the accuracy of variables that change abruptly 

throughout the year rather than gradually (Brierley et al., 2020). 

We also included the PMIP4 last deglaciation experiment (LDv1) for process-based validation related to transient meltwater 

forcing. The experimental design and boundary conditions are described in Ivanovic et al. (2016). A full analysis of the 

participating models is presented in Snoll et al. (2024a). We only analysed simulations covering the MH in this study (Table 90 

3). The simulations are prescribed with time-varying orbital forcing, greenhouse gases, ice sheets and other geographical 

changes. The GLAC-1D (Ivanovic et al., 2016) and ICE-6G_C (Peltier et al., 2015) are the two recommended ice-sheet 

reconstructions in the PMIP4 last deglaciation protocol, although the older ICE-5G (Peltier, 2004) is also used by some models. 

The protocol recommends calculating the meltwater flux based on ice volume change from the chosen ice-sheet reconstruction 

and applying this flux either as a globally uniform freshwater flux (melt-uniform) or at individual meltwater river outlets along 95 
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the coast (melt-routed). However, the meltwater input used in the TraCE-21ka simulation does not follow the ice-sheet 

reconstructions mentioned above; in this simulation, a freshwater flux is used to regulate the AMOC during the early last 

deglaciation, so that the model produces climate changes as recorded by proxies (Liu et al., 2009; Snoll et al., 2024a). The 

three versions of the MPI-ESM-CR model, P1, P2 and P3, correspond to different model physics including tuning of parameters, 

parameterisations, and bug fixes (Kapsch et al., 2022). The output available from these long transient simulations is sometimes 100 

limited to annual and decadal averages. Recomputing the MLD from annual or decadal temperature and salinity data would 

probably introduce more bias than benefits since MLD is a nonlinear function of the density profile (e.g., de Boyer Montégut 

et al., 2004; Treguier et al., 2023). Therefore, we used the LDv1 models’ online-calculated MLDs, even though their definitions 

differ. 

The winter MLD and sea ice reconstructions are based on 24 Holocene records of dinoflagellate cyst (dinocyst) assemblage 105 

data, compiled and quality-checked by Wu et al. (2025), from modern deep convection regions in the subpolar North Atlantic. 

The reconstructions were run using the modern analogue technique and the analogue R package (v0.18.0; Simpson and 

Oksanen, 2025). The modern analogue technique is based on the similarity between fossil assemblages and modern 

assemblages, using the closest modern analogues to a fossil sample to predict the corresponding environmental parameters of 

the past. For consistency, we used a calibration dataset extracted from de Boyer Montégut (2023), which is a monthly 110 

climatology of MLD based on temperature and salinity profile data from years 1970 to 2021, with MLD values computed 

using the same criterion as the one we used to compute MLD from model outputs (i.e. de Boyer Montégut et al., 2004). The 

modern calibration data of dinocyst species composition and sea ice concentration are from de Vernal et al. (2020). Based on 

cross-validation tests using the leave-one-out method, the root mean square error of prediction (RMSEP) for the 

reconstructions is estimated to be 40.9 m for winter MLD, 16.0 m for annual MLD, and 17.6% for winter sea ice concentration. 115 

To reduce the effects of systematic biases from in numerical models and proxy reconstructions, the results are presented in 

terms ofas MH minus PI anomalies for proxy-model comparisons. For the proxy records, we use the average of the interval 

5500–65006.5-5.5 yearska BP to represent the MH; the precise signal of the PI is hard to capture given the limitations of either 

temporal resolution or core-top recovery, hence we use the values reconstructed from nearby surface sediment samples, which 

generally represent the average over the last decades to centuries. For the transient deglaciation simulations, we use the same 120 

6.5-5.5 ka BP window to represent the MH as for the proxy records, and the average of 0.1-0 ka BP as the PI baseline value. 

To quantitatively assess the proxy-model agreement, we use statistical metrics such as root mean square error (RMSE). The 

proxy sites are projected to the nearest grid cell in each model’s native grid prior to the analyses. We also use Cohen’s κ with 

binary categories (“positive anomaly” vs. “negative anomaly”) as a complementary metric. 

 125 

Table 1. Summary of PMIP4 model configurations and features. 

Model Atmosphere 

grid (horizontal 

Ocean grid 

(horizontal 

Atmosphere 

model 

Ocean 

model 

Sea ice 

model 

Model 

reference 

Features 
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resolution; 

vertical 

level)resolution 

resolution; 

vertical 

level)resolutio

n 

ACCESS-ESM1.5 1.875° × 1.25°; 

38 levels 

1°; 50 levels HadGEM2 MOM5 CICE4.1 Ziehn et al. 

(2020) 

Ocean 

biogeochemistry 

CESM2 1.25° × 0.9°; 32 

levels 

1°; 60 levels CAM6 POP2 CICE5.1 Danabasoglu 

et al. (2020) 

Ocean 

biogeochemistry 

EC-Earth3 0.703°; 91 

levels 

1°; 75 levels IFS cy36r4 NEMO3.6 LIM3 Döscher et al. 

(2022) 

 

EC-Earth3-LR 1.125°; 62 

levels 

1°; 75 levels IFS cy36r4 NEMO3.6 LIM3 Döscher et al. 

(2022) 

 

EC-Earth3-Veg 0.703°; 91 

levels 

1°; 75 levels IFS cy36r4 NEMO3.6 LIM3 Döscher et al. 

(2022) 

Dynamic 

vegetation 

FGOALS-f3-L 1°; 32 levels 1°; 30 levels FAMIL2.2 LICOM3 CICE4.0 He et al. 

(2020) 

 

FGOALS-g3 2°; 26 levels 1°; 30 levels GAMIL3 LICOM3 CICE4.0 Li et al. 

(2020) 

 

GISS-E2.1G 2.5° × 2°; 40 

levels 

1°; 40 levels GISS-E2.1 GISS Ocean 

v1 (GO1) 

GISS SI Kelley et al. 

(2020) 

 

INM-CM4-8 2° × 1.5°; 21 

levels 

1° × 0.5°; 40 

levels 

INM-AM4-

8 

INM-OM5 INM-

ICE1 

Volodin et al. 

(2018) 

 

IPSL-CM6A-LR 2.5° × 1.3°; 79 

levels 

1°; 75 levels LMDZ NEMO3.6 LIM3 Boucher et al. 

(2020) 

Ocean 

biogeochemistry 

MIROC-ES2L 2.8°; 40 levels 1°; 62 levels CCSR 

AGCM 

COCO4.9 COCO4.9 Hajima et al. 

(2020) 

Ocean 

biogeochemistry 

MPI-ESM1.2-LR 1.875°; 47 

levels 

1.5°; 40 levels ECHAM6.3 MPIOM1.6

3 

unnamed Mauritsen et 

al. (2019) 

Ocean 

biogeochemistry 

MRI-ESM2.0 1.125°; 80 

levels 

1° × 0.5°; 61 

levels 

MRI-

AGCM3.5 

MRI.COM4

.4 

MRI.CO

M4.4 

Yukimoto et 

al. (2019) 

Ocean 

biogeochemistry 

NESM3 1.875°; 47 

levels 

1°; 46 levels ECHAM6.3 NEMO3.4 CICE4.1 Cao et al. 

(2018) 

 

NorESM2-LM 2°; 32 levels 1°; 70 levels CAM-

OSLO 

MICOM CICE5.1.2 Seland et al. 

(2020) 

Ocean 

biogeochemistry 

 

Table 2. Summary of PMIP3 model configuration and features. 
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Model Atmosphere 

grid resolution 

Ocean grid 

resolution 

Atmosphere 

model 

Ocean 

model 

Sea ice 

model 

Model 

reference 

Features 

bcc-csm1.1 2.8°; 26 levels 1° × 1/3°; 40 

levels 

BCC_AGC

M2.1 

MOM4 SIS Xin et al. 

(2013) 

 

CNRM-CM5 1.4°; 31 levels 1°; 42 levels ARPEGE-

Climat5.2 

NEMO3.2 GELATO

5 

Voldoire et al. 

(2013) 

 

CSIRO-Mk3L-1.2 5.625° × 3.18°; 

18 levels 

2.8° × 1.6°; 

21 levels 

Mk3L Mk3L Mk3L Phipps (2010)  

FGOALS-g2 2.8°; 26 levels 1°; 30 levels GAMIL2 LICOM2 CICE4-

LASG 

Li et al. 

(2013) 

 

FGOALS-s2 2.81° × 1.66°; 

26 levels 

1°; 30 levels SAMIL2 LICOM2 CSIM5 Bao et al. 

(2013) 

 

GISS-E2-R 2.5° × 2°; 40 

levels 

1.25° × 1°; 32 

levels 

GISS-E2 Russell 

Ocean 

GISS-E2 Schmidt et al. 

(2014) 

 

HadGEM2-CC 1.875° × 1.25°; 

38 levels 

1°; 40 levels HadGAM2 HadGOM2 unnamed The 

HadGEM2 

Development 

Team (2011) 

Coupled Carbon 

Cycle, ocean 

biogeochemistry 

HadGEM2-ES 1.875° × 1.25°; 

38 levels 

1°; 40 levels HadGAM2 HadGOM2 unnamed The 

HadGEM2 

Development 

Team (2011) 

HadGEM2-CC 

+ tropospheric 

chemistry 

IPSL-CM5A-LR 3.75° × 1.9°; 39 

levels 

2°; 31 levels LMDZ4 v5 NEMO3.2 LIM2 Dufresne et al. 

(2013) 

Ocean 

biogeochemistry 

KCM1.2.2 3.75°; 19 levels 2°; 31 levels ECHAM5 NEMO 

(OPA9) 

LIM2 Park et al. 

(2009) 

 

MIROC-ESM 2.8°; 80 levels 1.4°; 44 levels MIROC-

AGCM 

2010 

COCO3.4 COCO3.4 Sueyoshi et al. 

(2013) 

Ocean and land 

biogeochemistry 

MPI-ESM-P 1.9°; 47 levels 1.5°; 40 levels ECHAM6 MPIOM unnamed Giorgetta et 

al. (2013) 

Ocean 

biogeochemistry 

MRI-CGCM3 1.1°; 48 levels 1° × 0.5°; 51 

levels 

MRI-

AGCM3 

MRI.COM3 MRI.CO

M3 

Yukimoto et 

al. (2012) 

 

 

Table 3. Summary of PMIP4 last deglaciation model configurations. 130 

Model Atmosphere 

grid resolution 

Ocean grid 

resolution 

Prescribed 

ice sheet 

Meltwater 

scenario 

Simulation name Simulation 

reference 
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CCSM3 3.75°; 26 levels 3°; 25 levels ICE-5G TraCE-21ka TraCE-21ka Liu et al. 

(2009) 

HadCM3B 3.75° × 2.5°; 19 

levels 

1.25°; 20 

levels 

ICE-6G_C Melt-uniform 

Melt-routed 

HadCM3_uniform 

HadCM3_routed 

Snoll et al. 

(2022) 

MPI-ESM-CR P1 

MPI-ESM-CR P2 

MPI-ESM-CR P3 

3.75°; 31 levels 3°; 40 levels ICE-6G_C 

 

 

GLAC-1D 

 

 

Melt-routed 

 

 

Melt-routed 

MPI_Ice6G_P1 

MPI_Ice6G_P2 

MPI_Ice6G_P3 

MPI_Glac1D_P1 

MPI_Glac1D_P2 

MPI_Glac1D_P3 

Kapsch et al. 

(2022) 

 

3 Results 

3.1 Simulated winter MLD response to midHolocene forcings 

Given our primary interest, which is the implications of MLD in the deep-water formation in the MH North Atlantic, we focus 

here on the changes in MLD during winter (January-March). The MH simulations from the 15 PMIP4 and PMIP3 models 135 

show markedly different changes in winter MLD relative to the PI, both in terms of spatial pattern and amplitude (Fig. 1 and 

Fig. 2). Among the 15 PMIP4 models, ACCESS-ESM1.5 shows the largest winter MLD anomalies, whereas INM-CM4-8 

displays the smallest anomalies, especially in the North Atlantic. In the Southern Ocean, some models (CESM2, GISS-E2.1G, 

MRI-ESM2.0) show little to no changes in winter MLD. NorESM2-LM simulates larger winter MLDs in the vicinity of the 

Weddell Sea. NESM3 is the only model that displays widespread negative winter MLD anomalies west of the Drake Passage. 140 

The other models show a rather complex distribution of anomalies around Antarctica.Compared to the PMIP4 ensemble, more 

models from the PMIP3 ensemble show widespread anomalies of very large magnitude (over 500 m), such as FGOALS-s2, 

GISS-E2-R, and KCM1.2.2. 

In the North Atlantic, a recurring pattern is observed revealed in ACCESS-ESM1.5, EC-Earth3-Veg, GISS-E2.1G, MPI-

ESM1.2-LR, and MRI-ESM2.0 from the PMIP4 ensemble: increased winter MLD in the Labrador Sea (and sometimes the 145 

Irminger Sea) concurrent with a northwestward shift in the location of MLD deepening in the Nordic Seas. The increase in 

MLD in the Labrador and Irminger Seas is also observed seen in several other models, such as CESM2, FGOALS-g3, and 

NorESM2-LM; on the contrary, IPSL-CM6A-LR and NESM3 are the only models that show a pronounced decrease in MLD 

in this area. The northwestward shift in the MLD deepening area in the Nordic Seas is also observed found in EC-Earth3, EC-

Earth3-LR, MIROC-ES2L, and NESM3; however, FGOALS-f3-L and IPSL-CM6A-LR instead show a shift in the opposite 150 

direction. Finally, CESM2 and NorESM2-LM seem to exhibit a dipole pattern, with increased MLD in the Labrador and 

Irminger Seas but decreased MLD in some areas of the Nordic Seas. The anomaly pattern of increased MLD in the Labrador 
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Sea and northwestward shift in the Nordic Seas is also found in the PMIP3 ensemble (CNRM-CM5, HadGEM2-CC, 

HadGEM2-ES, MPI-ESM-P). 

We further analysed the seasonal cycle of MLD averaged over three deep-water formation regions as defined by Treguier et 155 

al. (2023): the Labrador Sea, Irminger Sea, and Greenland Sea. Most models simulate a seasonal cycle of the MLD comparable 

to that observed today: the MLD slowly deepens starting from late autumn and rapidly shoals in spring (Fig. 32 and 4). 

However, there is a large spread in simulated MLD values across the models in both MH and PI, with some models producing 

excessively deep mixed layers in some regions. In the three regions where deep convection occurs, the models seem to have 

their own “preference”: notable wintertime MLD deepening would generally be observed simulated in one or two of the three 160 

regions. In the PMIP4 ensemble, NorESM2-LM is the only model that showsto show significant winter MLD deepening across 

significant winter MLD deepening in all three regions. The other exception is EC-Earth3-LR, from which MLD deepening is 

not observed simulated in any of the three regions in MH or PI, but rather in the area extending across the Norwegian Sea, the 

eastern North Atlantic shelf, and the Iceland Basin (see Fig. 1). Compared to the PMIP4 ensemble, more models in the PMIP3 

ensemble show significant winter MLD deepening in all three regions and all models simulate a deeper winter MLD in at least 165 

one of the regions; and surprisingly, there seems to be less outliers with extremely high values of MLD than in the PMIP4 

ensemble, except for the Labrador Sea. 
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 170 

Figure 1. Winter MLD anomalies (MH-PI) as the average of January to March in the Northern Hemisphere and the average of July 

to September in the Southern HemisphereNorth Atlantic from the PMIP4 ensemble (background) versus proxy data (dots). 
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Figure 2. Winter MLD anomalies (MH-PI) as the average of January to March in the North Atlantic from the PMIP3 ensemble 

(background) versus proxy data (dots). 175 
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Figure 23. Seasonal cycle of MLD in three deep-water formation regions from the modern climatology of de Boyer Montégut (2023) 

and PMIP4 model simulations of MH (a-c) and PI (d-f). The reconstructed maximums in the MH panel correspond to the maximum 180 
winter (Jan-Mar) MLD reconstructed over the MH interval in nearby dinocyst records, where available. For a map of the three 

regions as defined by Treguier et al. (2023), see Fig. S1. 
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Figure 4. Seasonal cycle of MLD in three deep-water formation regions from the modern climatology of de Boyer Montégut (2023) 185 
and PMIP3 model simulations of MH (a-c) and PI (d-f). The reconstructed maximums in the MH panel correspond to the maximum 

winter (Jan-Mar) MLD reconstructed over the MH interval in nearby dinocyst records, where available. For a map of the three 

regions as defined by Treguier et al. (2023), see Fig. S1. 
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3.2 Reconstructed MLD and comparison with model MH simulations 190 

The winter MLD reconstruction from dinocyst records, despite their sporadic distribution, reveals some spatially coherent 

patterns (Fig. 35a, c). All four sites in the Labrador Sea show shallower winter MLD during the MH. In the Nordic Seas, 

increased winter MLD is reconstructed at most sites from the west and southeast, while decreased winter MLD is reconstructed 

at the sites from the east. The 15-modelPMIP4 ensemble mean MLD anomaly in the North Atlantic largely captures the 

recurring pattern of increase in the Labrador Sea and northwestward shift in the Nordic Seas observed found in individual 195 

models, and aligns well broadly with reconstructions in the Nordic Seas (Fig. 35a). However, in the Labrador Sea, both the 

PMIP3 and PMIP4 ensembles and the reconstructions suggest show contrasting signals of MH anomalies compared to the 

reconstructions. 

As models often simulate MLD changes in the wrong direction, models that simulate smaller changes become advantageous 

in the RMSE analysis. Therefore, the RMSE is probably not a good indicator of proxy-model agreement here and should only 200 

be interpreted as a supplementary measurement. The RMSE between all models and the proxy reconstructions is larger than 

the reconstruction’s own RMSEP. The standard deviation across the ensemble is comparable to the ensemble-mean signal of 

the MLD anomaly for PMIP4, but larger for PMIP3 (Fig. 5b, d). 

The PMIP4 model simulations’ RMSE relative to proxy reconstructions ranges from 75.79 m of EC-Earth3 to 355.66 m of 

FGOALS-g3 (see Fig. 1). The ensemble mean field has an RMSE of 100.58 m. Testing the models’ ability to predict the 205 

direction of change, MRI-ESM2.0 is the only model that shows statistically significant agreement with the proxy data, with a 

Cohen’s κ coefficient of 0.44 and a 95% confidence interval of 0.15–0.73. For the rest of theother models and the ensemble 

mean, the κ coefficient is generally low or negative, suggesting slight or no agreement between the proxy and the models. The 

confidence interval for these models and the ensemble mean includes zero (see Table S1), implying that the true κ coefficient 

could be zero and that the true agreement could be the same as would be expected by chance despite a positive κ value; hence, 210 

the calculated degree of agreement is not statistically significant. Among the models, ACCESS-ESM1.5 (κ = 0.35) and GISS-

E2.1G (κ = 0.27) have the highest potential proxy-model agreement; however, this agreement may not be significant as 

discussed above. 

None of the PMIP3 models or the ensemble mean has a statistically significant agreement with the proxy data, and the 

calculated Cohen’s κ coefficients are generally low and sometimes very negative (see Fig. 2 and Table S1). Due to the stronger 215 

signals of simulated winter MLD anomaly in the models, the RMSE reaches up to 668.71 m for GISS-E2-R and 639.89 m for 

KCM1.2.2, while the PMIP3 ensemble mean field has an RMSE of 112.51 m, comparable to that of the PMIP4 ensemble. 

Some models contributed to both the PMIP3 and PMIP4 MH experience with different model versions. Substantially improved 

agreement with proxy data from PMIP3 to PMIP4 is found for the GISS model and the MRI model.  

 220 
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Figure 35. (a) Winter (January to -March) MLD anomalies (MH-PI) from the PMIP4 (a) and PMIP3 (c) model ensemble mean 

(background) versus proxy data (dots). Note that two of the four sites in the Labrador Sea are located very close to each other and 

hence superimposed in the figure. (b) The inter-model spread is defined as the standard deviation across the PMIP4 (b) and PMIP3 225 
(d) ensembles. (e, f) Winter (Jan-Mar) sea ice anomalies (MH-PI) from the PMIP4 ensemble mean versus proxy data and the inter-

model spread. 
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3.3 Transient simulations of the last deglaciation 

The comparison of Holocene (the last 12 ka) time series shows little agreement among the models and between the models 230 

and the reconstruction (Fig. 6). The distribution of meltwater flux, either global and uniform as in HadCM3_uniform or routed 

to individual outlets as in HadCM3_routed, appears to have little influence on North Atlantic deep convection. TraCE-21ka 

remains nearly constant throughout the Holocene in deep-water formation regions and only shows a long-term trend in an area 

that is not a major deep-water formation site (the central subpolar North Atlantic). The MPI modelling group tested two ice- 

sheet reconstructions, Glac1D and Ice6G, with three model versions (P1, P2, P3). The results suggest that different ice-sheet 235 

evolutions generally lead to changes in timing and magnitude of MLD variations at the sub-millennial scale, without affecting 

the longer-term trends. In contrast, different tuning of the same model strongly affects the MLD response, as P1 differs 

substantially from the otherwise similar P2 and P3. This is expected given that P1 is an older version of MPI-ESM-CR and 

that P2 and P3 are equivalent to each other with a slight change in the threshold between cloud water and ice (Text S1 by 

Kapsch et al., 2022).  240 

Cohen’s κ coefficients calculated from the MH anomalies suggest that none of the models has a significant agreement with 

proxy reconstructions of annual MLD anomaly (Fig. 7 and Table S1). The RMSE relative to the reconstructions is very low 

for HadCM3_uniform, HadCM3_routed and TraCE-21ka, primarily because they simulate little variation over the last several 

millennia and hence very small anomalies.  
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 245 

Figure 6. Centennial means of annual MLD at proxy sites from simulations of the last deglaciation, compared with proxy 

reconstructions of annual MLD averaged in 500-year bins. Proxy reconstructions are averaged in 500-year bins because many 

records are of low temporal resolution. 
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 250 

Figure 7. Annual MLD anomalies (MH-PI) in the North Atlantic from the PMIP4 last deglaciation simulations (background) versus 

proxy data (dots). 
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4 Discussion 

4.1 Inter-model differences 255 

The inter-model spread of the North Atlantic MLD is significantly reduced across the PMIP4 ensemble compared to the PMIP3 

ensemble (Fig. 5b, d). The PMIP3 ensemble mean field shows large anomalies and uncertainty in the central and eastern 

subpolar North Atlantic, which are not key areas of present-day deep-water formation. This suggests that the difference 

between the PMIP4 and PMIP3 ensembles is likely due to improved model physics, such as vertical mixing schemes and 

vertical grid resolution near the surface, which lead to more accurately simulated locations of deep convection in the new 260 

generation of Earth system models. In fact, improved mixing parameterisation is among the most important updates to the 

CMIP6-PMIP4 models (Xu et al., 2025; see also their Table 1). In this section, we will focus on differences among the PMIP4 

models, which represent the current state of the art. 

An important part of the changes in winter MLD simulated by the PMIP4 models seems to be tightly related to changes in 

winter sea ice concentration in the high-latitude oceans in MH relative to PI. Increased winter MLD is usually observed found 265 

at locations of reduced winter sea ice concentration (see Fig. 1 and Fig. S2), probably as a result of the two-way feedback 

between sea ice and open-ocean convection. A consistent reduction in Arctic sea ice minimum extent is found in the MH 

experiment across the PMIP4 models, primarily due to enhanced summer melt in response to the higher insolation in Northern 

Hemisphere summer (Brierley et al., 2020). This leads to reduced export of Arctic sea ice in winter and reduced sea ice 

concentration in the subpolar North Atlantic, thus enhancing the ocean buoyancy flux to the atmosphere and promoting vertical 270 

mixing, which deepens the MLD. A more vigorous vertical mixing also allows the warm and salty subsurface water of 

subtropical Atlantic origin to be mixed upward, which counteracts the sea surface cooling and limits local sea ice formation, 

hence further strengthening the buoyancy flux and convection (Gelderloos et al., 2012). 

Most of the models simulate a decrease in winter sea ice in varying different parts of the subpolar North Atlantic. In the Nordic 

Seas, this generally drives convection toward higher latitudes and the new sea ice edge (when sea ice extent exhibits a clear 275 

change). In the Labrador and Irminger Seas, the inter-model difference spread is large as the area can ranges from being entirely 

ice-covered to ice-free in the PI control experiment of different models (Fig. S3). Consequently, when forced by the MH 

boundary conditions, the models produce remarkably different responses in the sea ice cover of this area. The initial state of 

sea ice concentration in PI can affect how its changes relate to the MLD. In addition toUnlike the previously mentioned 

negative correlation between MLD and sea ice concentration, when an increase in sea ice takes place in already densely sea 280 

ice-covered areas, there is no evident change in convection MLD since deep convection was already inhibited in PI and MLD 

remains very shallow (e.g., EC-Earth3, EC-Earth3-LR, INM-CM4.8, MIROC-ES2L). In contrast, in an ice-free area, there is 

generally an increase in convection due to enhanced ocean heat loss under reduced winter insolation, even though there is no 

change in sea ice (e.g., CESM2, GISS-E2.1G, MPI-ESM1.2-LR, MRI-ESM2.0, NorESM2-LM),. and thus no change in sea 

iceIn the areas that are ice-free in PI, an increased MLD without change in sea ice is often seen, as intense deep convection 285 

decreases stratification and hence conditions remain unfavourable for local sea ice formation. 
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Therefore, the iInter-model differences in sea ice and its transport seems to be responsibleaccount for part of the large spread 

in MLD anomalies across the PMIP4 models. The models not only simulate considerably different pre-industrial sea ice extent 

as a baseline, but they also exhibit divergent responses to the MH forcings. The analysis of North Atlantic deep-water formation 

in the CMIP5 historical simulations (same generation as the PMIP3) suggests that deep convection is most realistic in models 290 

with realistic sea ice extent (Heuzé, 2017). Uncertainties in the PI sea ice extent are likely a more important source of the inter-

model spread in MLD than uncertainties in the response of sea ice concentration. Our statistical analyses on winter sea ice 

concentration (Table S1) show no universal correlation between model performance in simulating MLD anomaly and sea ice 

anomaly: significant agreement on sea ice concentration anomaly does not guarantee agreement on MLD anomaly (e.g., 

FGOALS-g3, MPI-ESM1.2-LR), although the model with the best performance for MLD anomaly (MRI-ESM2.0) does have 295 

a significant agreement for sea ice anomaly. This highlights the importance of other mechanisms affecting simulated MLD. 

However, tThe sea ice model itself is affected by other model components. In some cases, differences in simulated sea ice and 

MLD may result from other model components. For example, by comparing the three versions of the EC-Earth3 model (EC-

Earth3, EC-Earth3-LR, EC-Earth3-Veg), we find that using a lower-resolution atmospheric grid can cause a change in the 

amplitude of MLD and sea ice anomalies but preserves the spatial pattern, whereas incorporating a dynamic vegetation module 300 

instead of using prescribed modern vegetation leads to a marked change in the Labrador Sea and the Southern Ocean. Dynamic 

vegetation feedbacks enhances the warming of in the Sahara region under MH forcings, and increase ing the rainfall in the 

Sahel region (Berntell and Zhang, 2024). This increased precipitation over northern Africa would be compensated by decreased 

precipitation over the western subtropical North Atlantic, creating a high salinity anomaly that is advected toward the subpolar 

North Atlantic (e.g., Zhang et al., 2021). In the EC-Earth simulations, this high salinity anomaly appears to affect the Labrador 305 

Sea the most, reducing stratification and sea ice formation, and promoting convection and deep-water formation, and possibly 

enhancing the AMOC, which further strengthens the feedback loop. Vegetation can also increase warming in the Arctic through 

albedo feedback, leading to amplified Arctic sea ice retreat and reduced sea ice export in winter (e.g., O'ishi and Abe-Ouchi, 

2011), which reinforce the stronger wintertime convection in the Labrador Sea. As another example, IPSL-CM6A-LR shares 

the same set of ocean and sea ice models as the EC-Earth3 suite, with a similar grid resolution but coupled to different 310 

atmosphere and land models. The simulated changes in MLD and sea ice are in opposite directions across the Nordic Seas 

between EC-Earth3 and IPSL-CM6A-LR. Similarly, FGOALS-f3-L and FGOALS-g3 also produce considerably different 

MLD change and MH sea ice extent despite having the same ocean and sea ice models, implying the governing role of the 

atmosphere component in a coupled model as the primary driver of open-ocean convection and sea ice formation. 

These observations findings highlight the importance of air-sea-ice interactions in modulating convection in the subpolar North 315 

Atlantic and the need to resolve both the oceanic and atmospheric processes, in addition toas well as sea ice dynamics, to 

correctly represent the ocean mixed layer. In addition, the difference between HadGEM2-CC and HadGEM2-ES suggests that 

the implementation of tropospheric chemistry might mitigate the model’s response to MH orbital forcing (see Fig. 2), although 

the significance of this difference is questionable due to the shorter length of the HadGEM2-CC output. Models differ 

substantially in the North Atlantic deep-water formation areas (Fig. 3b5b), indicating that accurately simulating the strength 320 
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of deep convection and the MLD remains challenging. The situation is similar for simulated AMOC strength, with a large 

spread across the PMIP4 models (Brierley et al., 2020; Jiang et al., 2023). Although many models simulate little changes in 

AMOC strength, the direction of change is generally consistent with the relative proportion of increase and decrease in winter 

MLD. For example, EC-Earth3-LR simulates a stronger AMOC in the MH relative to PI while IPSL-CM6A-LR simulates a 

slightly reduced one (Jiang et al., 2023).  325 

4.2 Proxy-model comparisondiscrepancies and influence of meltwater forcing 

While most PMIP3 and PMIP4 models agree that winter convection in the MH was is stronger than PI in the Labrador Sea 

because of the greater deeper MLDs, proxy data suggest the opposite (Fig. 35a, c). Differences between simulated and 

reconstructed sea ice change might explain the discrepancy at the proxy record site in the west and the other two sites in the 

south, but not in the northern Labrador Sea (Fig. S45e). In the northern Labrador Sea, both proxy records and numerical 330 

simulations indicate reduced winter sea ice concentration relative to the PI; the reconstructed and simulated sea ice 

concentrations are both below 50% in the MH experiment (Fig. S4). However, while models simulate increased MLD 

straightforwardly in this case, reconstructed MLD decreases. 

This leads to the hypothesis that during the Holocene, meltwater influx played a key role in modulating deep convection and 

deep-water formation in the Labrador Sea. The PMIP4 MH experiment is an equilibrium simulation designed to examine the 335 

impact of changes in orbital forcing at times when greenhouse gas levels were similar to those of the preindustrial period, and 

the continental configurations were close to modern ones (Otto-Bliesner et al., 2017). Hence, the modern configuration of ice 

sheets is prescribed in the MH simulation, and the ice sheets are in equilibrium with other components of the Earth system in 

the final outputs, which is a known source of uncertainty (Otto-Bliesner et al., 2017). In the real world, the MH Labrador Sea 

likely remained under the influence of a superpositiona superimposed effect of rapid ice ice-sheet melting before the Middle 340 

Holocene and ongoing ice ice-sheet melting, thus far from an equilibrium state. Geomorphological evidence indicates a final 

disappearance of residual ice caps and glaciers in eastern North America as late as 6000–5.500 yearska BP (e.g., Clark et al., 

2000; Dyke, 2004; Dalton et al., 2023), and glaciological, ice cores, as well as paleoecological records from coastal areas agree 

that the Greenland Ice Sheet reached a minimum extent around 4000 years ago (Briner et al., 2016 and references therein, 

including Vinther et al., 2009). Marine proxy records indicate highly variable sea surface salinity in the Labrador Sea during 345 

the Early to Middle Holocene (e.g., de Vernal and Hillaire-Marcel, 2006; Gibb et al., 2014), with lower sea-surface salinity 

until the Late Holocene at some locations (e.g., Allan et al., 2021; Solignac et al., 2004), which could be attributed to meltwater 

discharge. Proxy data of surface and subsurface waters in the Labrador Sea suggest the presence of a buoyant surface layer 

unfavourable for deep-water formation until the Middle Holocene (Hillaire-Marcel et al., 2001; de Vernal and Hillaire-Marcel, 

2006), suggesting possible changes in the routing and rate of meltwater input. Together, the proxy evidence indicates that the 350 

Labrador Sea was under a prolonged influence of meltwater influx throughout the Middle Holocene, which likely inhibited 

deep convection. However, theseSuch transient effects and the continued meltwater influx flux into the North Atlantic are 

missing in the MH equilibrium simulation. 



24 

 

In contrast to the Labrador Sea, there is relatively good proxy-model agreement in the Nordic Seas despite the missing 

meltwater forcing, suggesting that the northwestern North Atlantic may be the most affected deep-water formation region 355 

under a future scenario of global warming and ice ice-sheet melting. This is consistent with modelling studies of meltwater 

pathways in the present-day North Atlantic that suggest generally limited exchange from the East Greenland Current into the 

Nordic or Irminger Seas, with most of the meltwater ending up in the Labrador Sea or Baffin Bay (e.g., Dukhovskoy et al., 

2019; Pennelly et al., 2019). 

In the last deglaciation simulations, models generally do not overestimate MLD in the Labrador Sea as much as in the MH 360 

equilibrium simulations, which could provide evidence for the influence of meltwater fluxes. However, the models do not 

show better overall agreement with the proxy records or with each other, raising questions about the robustness of this evidence. 

The models’ sensitivity to meltwater forcing appears highly variable, as simulations run with the same ice sheet reconstruction 

(e.g., HadCM3_routed versus the MPI_Ice6G ensemble) yield very different evolutions of MLD, with some remaining nearly 

constant and others showing large fluctuations. While reconstructions in the Labrador Sea reveal an increase of MLD toward 365 

modern-like conditions over the Late Holocene, none of the models reproduces this trend. This implies that the memory of the 

ocean in long transient simulations might be too long compared to what proxy records suggest, especially in the Labrador Sea. 

In the Nordic Seas, the MPI ensemble largely overestimate the MLD, which is consistent with the previously mentioned fact 

that meltwater affects the Labrador Sea more than the Nordic Seas; the HadCM3 simulations are the closest to the proxy 

records in the Nordic Seas; TraCE-21ka shows lower annual MLD than proxy records, and the results further indicate that this 370 

model is probably not resolving the correct locations of deep convection. The divergence between transient simulations and 

proxy data in North Atlantic deep convection could be one of the reasons behind the ‘Holocene temperature conundrum’ 

discussed by Liu et al. (2014).  

Unfortunately, the robustness of the statistical analyses in this study is limited by the small sample size. The estimated statistical 

metrics, notably the Cohen’s κ coefficient, may not accurately reflect the true performance of the models and should therefore 375 

be interpreted with caution. Nevertheless, it is interesting to note that the ensemble average does not always align better with 

proxy data than individual models, and that the models capable or nearly capable ofmodels capable of, or nearly capable of, 

reproducing the direction of MLD change do not necessarily have a smaller RMSE. The response of MLD to MH forcing 

could be dampened in some models due to the apparent deep bias in some deep-water formation regions (Fig. 23 and 4). The 

model biases could be due to the various parameterizationsparameterisations, such as the onethose for mesoscale eddies and 380 

theor vertical mixing scheme. The coarse resolution of the models could also be a source ofintroduce bias, as low-resolution 

models tend to have exhibit larger deep biases in winter MLD in some eddy-rich regions than their high-resolution versions 

counterparts (Treguier et al., 2023). For transient simulations of the last deglaciation where a meltwater flux is applied, the 

coarse resolution models struggle to simulate the narrow, fast boundary currents, in addition to the model biases discussed 

above. The slower boundary advection would cause freshwater to be trapped within the ocean basins for much longer time. 385 

The biases could also be related to uncertainties in boundary conditions, such as the ice-sheet reconstruction and the associated 

timing, volume, and routing of meltwater, changes in vegetation cover, etc. For the PMIP MH simulations, Uusing monthly 
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rather than higher-frequency model output for to recomputeing MLD would likely yield smoothed signals of the density 

profiles and of the extreme events such as storms (Treguier et al., 2023), further adding to the uncertainty. 

The model biases are challenging to analyse here as there is uncertainty in the reconstructed MLD data as well (see Wu et al., 390 

2025). The main sources of proxy-related uncertainties are errors in sediment sample age estimation and errors in the 

reconstruction method. The errors in sediment core age modelling vary from core to core and depend on the number of 14C 

dating points in each core and the accuracy of the estimated ocean reservoir-age correction. This error can be as high as a few 

hundred years, affecting the actual 6.5-5.5 ka BP time window used to represent the MH in sediment cores. Its impact on the 

results, however, is difficult to analyse and core-specific. The reconstruction error (RMSEP) is estimated from leave-one-out 395 

cross-validation to be 40.9 m for winter MLD, 16.0 m for annual MLD, and 17.6% for winter sea ice concentration. Finally, 

we found that the reconstruction method can exhibit regional biases, as discussed in Wu et al. (2025), which we attempt to 

mitigate using the MH minus PI anomaly approach. For example, the reconstruction method tends to underestimate the MLD 

in the southern Labrador Sea and the Iceland Basin (see Fig. S12 in Wu et al., 2025). Overall, the proxy-related uncertainties 

are probably comparable to, or slightly less than, the uncertainty of the multi-model mean. Furthermore, sSystematic 400 

benchmarking of the previous generation of PMIP MH experiment shows that differences in model performance are only 

weakly related to modern-day biases (Harrison et al., 2015). Greater availability of quantitative reconstruction data based on 

different proxies is therefore necessary to improve climate model evaluation. 

5 Conclusions 

Our results show that the models generally simulate a realistic seasonal cycle of the MLD in key deep-water formation regions, 405 

in the sense that the MLD slowly deepens in late autumn, reaches a maximum in late winter, and then rapidly shoals in spring. 

Compared to the PMIP3 ensemble, the PMIP4 ensemble shows substantial improvement with reduced inter-model spread and 

more realistic locations of deep convection in the North Atlantic. However, the simulated response of winter MLD to MH 

forcing still varies significantly across the PMIP4 models, and the proxy-model agreement appears to be region-dependent. 

While there is relatively good agreement in the Nordic Seas, significant discrepancies are evident in the Labrador Sea persist 410 

from PMIP3 to PMIP4. This confirms that the discrepancies in the Labrador Sea are not artefacts of a single model generation, 

but rather a systematic bias in the MH simulations. We propose that the missing meltwater forcing in the PMIP4 PMIP 

midHolocene simulation accounts for this marked discrepancy between proxy data and model simulations, implying a higher 

sensitivity of the Labrador Sea to changes in meltwater fluxes in the subpolar North Atlantic. Comparison against simulations 

of the last deglaciation may support this hypothesis, although large uncertainties and biases reduce the confidence in this 415 

interpretation. Despite inherent uncertainties in the proxy data and potential model biases, the present study on the MLD 

demonstrates the need to improve the representation of key processes and feedback mechanisms at the atmosphere-ocean-sea 

ice interface, which play a determinant role in driving open-ocean convection. This is particularly critical for the subpolar 

North Atlantic, a potential tipping point area (Brovkin et al., 2021). 
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Code and data availability 420 

The PMIP4 monthly outputs of ocean temperature and salinity, as well as sea ice concentration from both the midHolocene 

and piControl simulations, are freely available from the Earth System Grid Federation at https://aims2.llnl.gov/search. The 

PMIP3 outputs are available at http://esgf-node.llnl.gov/ and http://esgf-data.dkrz.de/. Details on the datasets used in this study 

can be found in Table S2. The ensemble member r1i1p1f1 is used from each experiment for each model, except for MIROC-

ES2L where r1i1p1f2 is used due to data availability. The PMIP4 last deglaciation outputs of MLD from the MPI simulations 425 

are available at the following repositories: https://doi.org/10.26050/WDCC/PMMXMCRTDIP111 (Mikolajewicz et al., 

2023a), https://doi.org/10.26050/WDCC/PMMXMCRTDIP122 (Mikolajewicz et al., 2023b), 

https://doi.org/10.26050/WDCC/PMMXMCRTDIP132 (Mikolajewicz et al., 2023c), 

https://doi.org/10.26050/WDCC/PMMXMCRTDGP111 (Mikolajewicz et al., 2023d), 

https://doi.org/10.26050/WDCC/PMMXMCRTDGP122 (Mikolajewicz et al., 2023e), 430 

and https://doi.org/10.26050/WDCC/PMMXMCRTDGP132 (Mikolajewicz et al., 2023f). The PMIP4 last deglaciation 

outputs of MLD from the HadCM3 simulations are available at https://doi.org/10.5518/1398 (Snoll et al., 2024b). Data from 

TraCE-21ka is available from the Geoscience Data Exchange at https://gdex.ucar.edu/datasets/d651050/. The modern dinocyst 

database is archived at de Vernal et al. (2019) and the calibration dataset for winter MLD reconstruction is available at Wu 

(2025). The codes used to perform the analyses and produce the figures are deposited at https://github.com/xinerwu/MLD-435 

Nlab for the peer review process, and will eventually be archived on Zenodo. 

Supplement link 

The link to the supplement will be included by Copernicus, if applicable. 

Author contributions 

XW and AdV designed the study. XW performed the analysis and prepared the manuscript with contributions from AdV and 440 

PGM. AdV and PGM also supervised the study. 

Competing interests 

The authors declare that they have no conflict of interest. 

https://aims2.llnl.gov/search.%20The%20PMIP3
https://aims2.llnl.gov/search.%20The%20PMIP3
http://esgf-node.llnl.gov/
http://esgf-data.dkrz.de/
https://doi.org/10.26050/WDCC/PMMXMCRTDIP132
https://doi.org/10.26050/WDCC/PMMXMCRTDGP111
https://doi.org/10.26050/WDCC/PMMXMCRTDGP122
https://doi.org/10.26050/WDCC/PMMXMCRTDGP132
https://github.com/xinerwu/MLD-Nlab
https://github.com/xinerwu/MLD-Nlab


27 

 

Disclaimer 

Copernicus Publications adds a standard disclaimer: “Copernicus Publications remains neutral with regard to jurisdictional 445 

claims made in the text, published maps, institutional affiliations, or any other geographical representation in this paper. While 

Copernicus Publications makes every effort to include appropriate place names, the final responsibility lies with the authors. 

Views expressed in the text are those of the authors and do not necessarily reflect the views of the publisher.” 

Acknowledgements 

We thank the Digital Research Alliance of Canada (alliancecan.ca) for providing the computational resources required for data 450 

processing and analysis.  

Financial support 

This study was supported by the Fonds de Recherche du Québec—Nature et technologies (FRQNT) (Grant 320994; 

https://doi.org/10.69777/320994) and the Natural Sciences and Engineering Research Council (NSERC) of Canada (Grant 

DG/AdV). 455 

Review statement 

The review statement will be added by Copernicus Publications listing the handling editor as well as all contributing referees 

according to their status anonymous or identified. 

References 

Allan, E., de Vernal, A., Seidenkrantz, M. S., Briner, J. P., Hillaire‐Marcel, C., Pearce, C., Meire, L., Røy, H., Mathiasen,  A. 460 

M., Nielsen, M. T., Plesner, J. L., and Perner, K.: Insolation vs. meltwater control of productivity and sea surface conditions 

off SW Greenland during the Holocene, Boreas, 50, 631-651, 10.1111/bor.12514, 2021. 

Alley, R. B. and Clark, P. U.: THE DEGLACIATION OF THE NORTHERN HEMISPHERE: A Global Perspective, Annual 

Review of Earth & Planetary Sciences, 27, 149, 10.1146/annurev.earth.27.1.149, 1999. 

Bao, Q., Lin, P., Zhou, T., Liu, Y., Yu, Y., Wu, G., He, B., He, J., Li, L., Li, J., Li, Y., Liu, H., Qiao, F., Song, Z., Wang, B., 465 

Wang, J., Wang, P., Wang, X., Wang, Z., Wu, B., Wu, T., Xu, Y., Yu, H., Zhao, W., Zheng, W., and Zhou, L.: The Flexible 

Global Ocean-Atmosphere-Land system model, Spectral Version 2: FGOALS-s2, Advances in Atmospheric Sciences, 30, 

561-576, 10.1007/s00376-012-2113-9, 2013. 

https://doi.org/10.69777/320994


28 

 

Berntell, E. and Zhang, Q.: Mid-Holocene West African monsoon rainfall enhanced in EC-Earth simulation with dynamic 

vegetation feedback, Climate Dynamics, 10.1007/s00382-024-07262-7, 2024. 470 

Bopp, L., Lévy, M., Resplandy, L., and Sallée, J. B.: Pathways of anthropogenic carbon subduction in the global ocean, 

Geophysical Research Letters, 42, 6416-6423, 10.1002/2015gl065073, 2015. 

Boucher, O., Servonnat, J., Albright, A. L., Aumont, O., Balkanski, Y., Bastrikov, V., Bekki, S., Bonnet, R., Bony, S., Bopp, 

L., Braconnot, P., Brockmann, P., Cadule, P., Caubel, A., Cheruy, F., Codron, F., Cozic, A., Cugnet, D., D'Andrea, F., Davini, 

P., De Lavergne, C., Denvil, S., Deshayes, J., Devilliers, M., Ducharne, A., Dufresne, J. L., Dupont, E., Éthé, C., Fairhead, L., 475 

Falletti, L., Flavoni, S., Foujols, M. A., Gardoll, S., Gastineau, G., Ghattas, J., Grandpeix, J. Y., Guenet, B., Guez, L. E., 

Guilyardi, E., Guimberteau, M., Hauglustaine, D., Hourdin, F., Idelkadi, A., Joussaume, S., Kageyama, M., Khodri, M., 

Krinner, G., Lebas, N., Levavasseur, G., Lévy, C., Li, L., Lott, F., Lurton, T., Luyssaert, S., Madec, G., Madeleine, J. B., 

Maignan, F., Marchand, M., Marti, O., Mellul, L., Meurdesoif, Y., Mignot, J., Musat, I., Ottlé, C., Peylin, P., Planton, Y., 

Polcher, J., Rio, C., Rochetin, N., Rousset, C., Sepulchre, P., Sima, A., Swingedouw, D., Thiéblemont, R., Traore, A. K., 480 

Vancoppenolle, M., Vial, J., Vialard, J., Viovy, N., and Vuichard, N.: Presentation and Evaluation of the IPSL‐CM6A‐LR 

Climate Model, Journal of Advances in Modeling Earth Systems, 12, 10.1029/2019ms002010, 2020. 

Brierley, C. M., Zhao, A., Harrison, S. P., Braconnot, P., Williams, C. J. R., Thornalley, D. J. R., Shi, X., Peterschmitt, J. Y., 

Ohgaito, R., Kaufman, D. S., Kageyama, M., Hargreaves, J. C., Erb, M. P., Emile-Geay, J., D'Agostino, R., Chandan, D., 

Carré, M., Bartlein, P. J., Zheng, W., Zhang, Z., Zhang, Q., Yang, H., Volodin, E. M., Tomas, R. A., Routson, C., Peltier, W. 485 

R., Otto-Bliesner, B., Morozova, P. A., McKay, N. P., Lohmann, G., Legrande, A. N., Guo, C., Cao, J., Brady, E., Annan, J. 

D., and Abe-Ouchi, A.: Large-scale features and evaluation of the PMIP4-CMIP6 midHolocene simulations, Clim. Past, 16, 

1847-1872, 10.5194/cp-16-1847-2020, 2020. 

Briner, J. P., McKay, N. P., Axford, Y., Bennike, O., Bradley, R. S., de Vernal, A., Fisher, D., Francus, P., Fréchette, B., 

Gajewski, K., Jennings, A., Kaufman, D. S., Miller, G., Rouston, C., and Wagner, B.: Holocene climate change in Arctic 490 

Canada and Greenland, Quaternary Science Reviews, 147, 340-364, 10.1016/j.quascirev.2016.02.010, 2016. 

Brovkin, V., Brook, E., Williams, J. W., Bathiany, S., Lenton, T. M., Barton, M., Deconto, R. M., Donges, J. F., Ganopolski, 

A., McManus, J., Praetorius, S., de Vernal, A., Abe-Ouchi, A., Cheng, H., Claussen, M., Crucifix, M., Gallopín, G., Iglesias, 

V., Kaufman, D. S., Kleinen, T., Lambert, F., Van Der Leeuw, S., Liddy, H., Loutre, M.-F., McGee, D., Rehfeld, K., Rhodes, 

R., Seddon, A. W. R., Trauth, M. H., Vanderveken, L., and Yu, Z.: Past abrupt changes, tipping points and cascading impacts 495 

in the Earth system, Nature Geoscience, 14, 550-558, 10.1038/s41561-021-00790-5, 2021. 

Cao, J., Wang, B., Yang, Y.-M., Ma, L., Li, J., Sun, B., Bao, Y., He, J., Zhou, X., and Wu, L.: The NUIST Earth System 

Model (NESM) version 3: description and preliminary evaluation, Geoscientific Model Development, 11, 2975-2993, 

10.5194/gmd-11-2975-2018, 2018. 

Clark, C. D., Knight, J. K., and T. Gray, J.: Geomorphological reconstruction of the Labrador Sector of the Laurentide Ice 500 

Sheet, Quaternary Science Reviews, 19, 1343-1366, https://doi.org/10.1016/S0277-3791(99)00098-0, 2000. 



29 

 

Dalton, A. S., Dulfer, H. E., Margold, M., Heyman, J., Clague, J. J., Froese, D. G., Gauthier, M. S., Hughes, A. L. C., Jennings, 

C. E., Norris, S. L., and Stoker, B. J.: Deglaciation of the north American ice sheet complex in calendar years based on a 

comprehensive database of chronological data: NADI-1, Quaternary Science Reviews, 321, 108345, 

https://doi.org/10.1016/j.quascirev.2023.108345, 2023. 505 

Danabasoglu, G., Lamarque, J. F., Bacmeister, J., Bailey, D. A., DuVivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., 

Garcia, R., Gettelman, A., Hannay, C., Holland, M. M., Large, W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M., 

Lindsay, K., Lipscomb, W. H., Mills, M. J., Neale, R., Oleson, K. W., Otto‐Bliesner, B., Phillips, A. S., Sacks, W., Tilmes, S., 

van Kampenhout, L., Vertenstein, M., Bertini, A., Dennis, J., Deser, C., Fischer, C., Fox‐Kemper, B., Kay, J. E., Kinnison, D., 

Kushner, P. J., Larson, V. E., Long, M. C., Mickelson, S., Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J., and Strand, 510 

W. G.: The Community Earth System Model Version 2 (CESM2), Journal of Advances in Modeling Earth Systems, 12, 

10.1029/2019ms001916, 2020. 

de Boyer Montégut, C.: Mixed layer depth climatology computed with a density threshold criterion of 0.03kg/m3 from 10 m 

depth value, SEANOE [dataset], https://doi.org/10.17882/91774, 2023. 

de Boyer Montégut, C., Madec, G., Fischer, A. S., Lazar, A., and Iudicone, D.: Mixed layer depth over the global ocean: An 515 

examination of profile data and a profile-based climatology, Journal of Geophysical Research: Oceans, 109, 

https://doi.org/10.1029/2004JC002378, 2004. 

de Vernal, A. and Hillaire-Marcel, C.: Provincialism in trends and high frequency changes in the northwest North Atlantic 

during the Holocene, Global and Planetary Change, 54, 263-290, 10.1016/j.gloplacha.2006.06.023, 2006. 

de Vernal, A., Radi, T., Zaragosi, S., Van Nieuwenhove, N., Rochon, A., Allan, E., De Schepper, S., Eynaud, F., Head, M., 520 

Limoges, A., Londeix, L., Marret, F., Penaud, A., Pospelova, V., Price, A., and Richerol, T.: Distribution of common modern 

dinoflagellate cyst taxa in surface sediments of the Northern Hemisphere in relation to environmental parameters: The new 

n=1968 database, Marine Micropaleontology, 10.1016/j.marmicro.2019.101796, 2020. 

de Vernal, A., Radi, T., Zaragosi, S., Van Nieuwenhove, N., Rochon, A., Allan, E., De Schepper, S., Eynaud, F., Head, M. J., 

Limoges, A., Londeix, L., Marret, F., Matthiessen, J., Penaud, A., Pospelova, V., Price, A., and Richerol, T.: (Table S2) 525 

Percentages of common modern dinoflagellate cyst taxa in surface sediments of the Northern Hemisphere and corresponding 

environmental parameters, PANGAEA [dataset], 10.1594/PANGAEA.908494, 2019. 

Döscher, R., Acosta, M., Alessandri, A., Anthoni, P., Arsouze, T., Bergman, T., Bernardello, R., Boussetta, S., Caron, L.-P., 

Carver, G., Castrillo, M., Catalano, F., Cvijanovic, I., Davini, P., Dekker, E., Doblas-Reyes, F. J., Docquier, D., Echevarria, 

P., Fladrich, U., Fuentes-Franco, R., Gröger, M., V. Hardenberg, J., Hieronymus, J., Karami, M. P., Keskinen, J.-P., Koenigk, 530 

T., Makkonen, R., Massonnet, F., Ménégoz, M., Miller, P. A., Moreno-Chamarro, E., Nieradzik, L., Van Noije, T., Nolan, P., 

O'Donnell, D., Ollinaho, P., Van Den Oord, G., Ortega, P., Prims, O. T., Ramos, A., Reerink, T., Rousset, C., Ruprich-Robert, 

Y., Le Sager, P., Schmith, T., Schrödner, R., Serva, F., Sicardi, V., Sloth Madsen, M., Smith, B., Tian, T., Tourigny, E., Uotila, 

P., Vancoppenolle, M., Wang, S., Wårlind, D., Willén, U., Wyser, K., Yang, S., Yepes-Arbós, X., and Zhang, Q.: The EC-



30 

 

Earth3 Earth system model for the Coupled Model Intercomparison Project 6, Geoscientific Model Development, 15, 2973-535 

3020, 10.5194/gmd-15-2973-2022, 2022. 

Dufresne, J. L., Foujols, M. A., Denvil, S., Caubel, A., Marti, O., Aumont, O., Balkanski, Y., Bekki, S., Bellenger, H., Benshila, 

R., Bony, S., Bopp, L., Braconnot, P., Brockmann, P., Cadule, P., Cheruy, F., Codron, F., Cozic, A., Cugnet, D., De Noblet, 

N., Duvel, J. P., Ethé, C., Fairhead, L., Fichefet, T., Flavoni, S., Friedlingstein, P., Grandpeix, J. Y., Guez, L., Guilyardi, E., 

Hauglustaine, D., Hourdin, F., Idelkadi, A., Ghattas, J., Joussaume, S., Kageyama, M., Krinner, G., Labetoulle, S., Lahellec, 540 

A., Lefebvre, M. P., Lefevre, F., Levy, C., Li, Z. X., Lloyd, J., Lott, F., Madec, G., Mancip, M., Marchand, M., Masson, S., 

Meurdesoif, Y., Mignot, J., Musat, I., Parouty, S., Polcher, J., Rio, C., Schulz, M., Swingedouw, D., Szopa, S., Talandier, C., 

Terray, P., Viovy, N., and Vuichard, N.: Climate change projections using the IPSL-CM5 Earth System Model: from CMIP3 

to CMIP5, Climate Dynamics, 40, 2123-2165, 10.1007/s00382-012-1636-1, 2013. 

Dukhovskoy, D. S., Yashayaev, I., Proshutinsky, A., Bamber, J. L., Bashmachnikov, I. L., Chassignet, E. P., Lee, C. M., and 545 

Tedstone, A. J.: Role of Greenland Freshwater Anomaly in the Recent Freshening of the Subpolar North Atlantic, Journal of 

Geophysical Research: Oceans, 124, 3333-3360, 10.1029/2018jc014686, 2019. 

Dyke, A. S.: An outline of North American deglaciation with emphasis on central and northern Canada, in: Developments in 

Quaternary Sciences, edited by: Ehlers, J., and Gibbard, P. L., Elsevier, 373-424, https://doi.org/10.1016/S1571-

0866(04)80209-4, 2004. 550 

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled 

Model Intercomparison Project Phase 6 (CMIP6) experimental design and organization, Geoscientific Model Development, 9, 

1937-1958, 10.5194/gmd-9-1937-2016, 2016. 

Gelderloos, R., Straneo, F., and Katsman, C. A.: Mechanisms behind the Temporary Shutdown of Deep Convection in the 

Labrador Sea: Lessons from the Great Salinity Anomaly Years 1968–71, Journal of Climate, 25, 6743-6755, 10.1175/jcli-d-555 

11-00549.1, 2012. 

Gibb, O. T., Hillaire-Marcel, C., and de Vernal, A.: Oceanographic regimes in the northwest Labrador Sea since Marine Isotope 

Stage 3 based on dinocyst and stable isotope proxy records, Quaternary Science Reviews, 92, 269-279, 

10.1016/j.quascirev.2013.12.010, 2014. 

Giorgetta, M. A., Jungclaus, J., Reick, C. H., Legutke, S., Bader, J., Böttinger, M., Brovkin, V., Crueger, T., Esch, M., Fieg, 560 

K., Glushak, K., Gayler, V., Haak, H., Hollweg, H. D., Ilyina, T., Kinne, S., Kornblueh, L., Matei, D., Mauritsen, T., 

Mikolajewicz, U., Mueller, W., Notz, D., Pithan, F., Raddatz, T., Rast, S., Redler, R., Roeckner, E., Schmidt, H., Schnur, R., 

Segschneider, J., Six, K. D., Stockhause, M., Timmreck, C., Wegner, J., Widmann, H., Wieners, K. H., Claussen, M., Marotzke, 

J., and Stevens, B.: Climate and carbon cycle changes from 1850 to 2100 in MPI‐ESM simulations for the Coupled Model 

Intercomparison Project phase 5, Journal of Advances in Modeling Earth Systems, 5, 572-597, 10.1002/jame.20038, 2013. 565 

Golledge, N. R., Keller, E. D., Gomez, N., Naughten, K. A., Bernales, J., Trusel, L. D., and Edwards, T. L.: Global 

environmental consequences of twenty-first-century ice-sheet melt, Nature, 566, 65-72, 10.1038/s41586-019-0889-9, 2019. 



31 

 

Hajima, T., Watanabe, M., Yamamoto, A., Tatebe, H., Noguchi, M. A., Abe, M., Ohgaito, R., Ito, A., Yamazaki, D., Okajima, 

H., Ito, A., Takata, K., Ogochi, K., Watanabe, S., and Kawamiya, M.: Development of the MIROC-ES2L Earth system model 

and the evaluation of biogeochemical processes and feedbacks, Geoscientific Model Development, 13, 2197-2244, 570 

10.5194/gmd-13-2197-2020, 2020. 

Hargreaves, J. C., Annan, J. D., Ohgaito, R., Paul, A., and Abe-Ouchi, A.: Skill and reliability of climate model ensembles at 

the Last Glacial Maximum and mid-Holocene, Climate of the Past, 9, 811-823, 10.5194/cp-9-811-2013, 2013. 

Harrison, S. P., Bartlein, P. J., Izumi, K., Li, G., Annan, J., Hargreaves, J., Braconnot, P., and Kageyama, M.: Evaluation of 

CMIP5 palaeo-simulations to improve climate projections, Nature Climate Change, 5, 735-743, 10.1038/nclimate2649, 2015. 575 

Harrison, S. P., Bartlein, P. J., Brewer, S., Prentice, I. C., Boyd, M., Hessler, I., Holmgren, K., Izumi, K., and Willis, K.: 

Climate model benchmarking with glacial and mid-Holocene climates, Climate Dynamics, 43, 671-688, 10.1007/s00382-013-

1922-6, 2014. 

He, B., Yu, Y., Bao, Q., Lin, P., Liu, H., Li, J., Wang, L., Liu, Y., Wu, G., Chen, K., Guo, Y., Zhao, S., Zhang, X., Song, M., 

and Xie, J.: CAS FGOALS-f3-L model dataset descriptions for CMIP6 DECK experiments, Atmospheric and Oceanic Science 580 

Letters, 13, 582-588, 10.1080/16742834.2020.1778419, 2020. 

Heuzé, C.: North Atlantic deep water formation and AMOC in CMIP5 models, Ocean Science, 13, 609-622, 10.5194/os-13-

609-2017, 2017. 

Hillaire-Marcel, C., de Vernal, A., Bilodeau, G., and Weaver, A. J.: Absence of deep-water formation in the Labrador Sea 

during the last interglacial period, Nature, 410, 1073-1077, 10.1038/35074059, 2001. 585 

Hoshyar, P., Pennelly, C., and Myers, P. G.: Evaluating the Response of the Labrador Sea to Greenland Meltwater Influx With 

High‐Resolution Eddy‐Rich NEMO Simulations, Journal of Geophysical Research: Oceans, 130, 10.1029/2024jc022102, 

2025. 

Ivanovic, R. F., Gregoire, L. J., Kageyama, M., Roche, D. M., Valdes, P. J., Burke, A., Drummond, R., Peltier, W. R., and 

Tarasov, L.: Transient climate simulations of the deglaciation 21–9 thousand years before present (version 1) – PMIP4 Core 590 

experiment design and boundary conditions, Geoscientific Model Development, 9, 2563-2587, 10.5194/gmd-9-2563-2016, 

2016. 

Jiang, Z., Brierley, C., Thornalley, D., and Sax, S.: No changes in overall AMOC strength in interglacial PMIP4 time slices, 

Climate of the Past, 19, 107-121, 10.5194/cp-19-107-2023, 2023. 

Kapsch, M. L., Mikolajewicz, U., Ziemen, F., and Schannwell, C.: Ocean Response in Transient Simulations of the Last 595 

Deglaciation Dominated by Underlying Ice‐Sheet Reconstruction and Method of Meltwater Distribution, Geophysical 

Research Letters, 49, 10.1029/2021gl096767, 2022. 

Kelley, M., Schmidt, G. A., Nazarenko, L. S., Bauer, S. E., Ruedy, R., Russell, G. L., Ackerman, A. S., Aleinov, I., Bauer, M., 

Bleck, R., Canuto, V., Cesana, G., Cheng, Y., Clune, T. L., Cook, B. I., Cruz, C. A., Del Genio, A. D., Elsaesser, G. S., 

Faluvegi, G., Kiang, N. Y., Kim, D., Lacis, A. A., Leboissetier, A., Legrande, A. N., Lo, K. K., Marshall, J., Matthews, E. E., 600 

McDermid, S., Mezuman, K., Miller, R. L., Murray, L. T., Oinas, V., Orbe, C., García‐Pando, C. P., Perlwitz, J. P., Puma, M. 



32 

 

J., Rind, D., Romanou, A., Shindell, D. T., Sun, S., Tausnev, N., Tsigaridis, K., Tselioudis, G., Weng, E., Wu, J., and Yao, M. 

S.: GISS‐E2.1: Configurations and Climatology, Journal of Advances in Modeling Earth Systems, 12, 10.1029/2019ms002025, 

2020. 

Kissel, C., Van Toer, A., Laj, C., Cortijo, E., and Michel, E.: Variations in the strength of the North Atlantic bottom water 605 

during Holocene, Earth and Planetary Science Letters, 369-370, 248-259, https://doi.org/10.1016/j.epsl.2013.03.042, 2013. 

Kostov, Y., Armour, K. C., and Marshall, J.: Impact of the Atlantic meridional overturning circulation on ocean heat storage 

and transient climate change, Geophysical Research Letters, 41, 2108-2116, 10.1002/2013gl058998, 2014. 

Lazier, J., Pickart, R., and Rhines, P.: Deep convection, International geophysics, 77, 387-400, 2001. 

Li, L., Lin, P., Yu, Y., Wang, B., Zhou, T., Liu, L., Liu, J., Bao, Q., Xu, S., Huang, W., Xia, K., Pu, Y., Dong, L., Shen, S., 610 

Liu, Y., Hu, N., Liu, M., Sun, W., Shi, X., Zheng, W., Wu, B., Song, M., Liu, H., Zhang, X., Wu, G., Xue, W., Huang, X., 

Yang, G., Song, Z., and Qiao, F.: The flexible global ocean-atmosphere-land system model, Grid-point Version 2: FGOALS-

g2, Advances in Atmospheric Sciences, 30, 543-560, 10.1007/s00376-012-2140-6, 2013. 

Li, L., Yu, Y., Tang, Y., Lin, P., Xie, J., Song, M., Dong, L., Zhou, T., Liu, L., Wang, L., Pu, Y., Chen, X., Chen, L., Xie,  Z., 

Liu, H., Zhang, L., Huang, X., Feng, T., Zheng, W., Xia, K., Liu, H., Liu, J., Wang, Y., Wang, L., Jia, B., Xie, F., Wang, B. , 615 

Zhao, S., Yu, Z., Zhao, B., and Wei, J.: The Flexible Global Ocean‐Atmosphere‐Land System Model Grid‐Point Version 3 

(FGOALS‐g3): Description and Evaluation, Journal of Advances in Modeling Earth Systems, 12, 10.1029/2019ms002012, 

2020. 

Liu, Z., Zhu, J., Rosenthal, Y., Zhang, X., Otto-Bliesner, B. L., Timmermann, A., Smith, R. S., Lohmann, G., Zheng, W., and 

Elison Timm, O.: The Holocene temperature conundrum, Proceedings of the National Academy of Sciences, 111, E3501-620 

E3505, 10.1073/pnas.1407229111, 2014. 

Liu, Z., Otto-Bliesner, B. L., He, F., Brady, E. C., Tomas, R., Clark, P. U., Carlson, A. E., Lynch-Stieglitz, J., Curry, W., 

Brook, E., Erickson, D., Jacob, R., Kutzbach, J., and Cheng, J.: Transient Simulation of Last Deglaciation with a New 

Mechanism for Bølling-Allerød Warming, Science (1880 to 2025), 325, 310 - 314, 10.1126/science.1171041, 2009. 

Marshall, J. and Schott, F.: Open-ocean convection: Observations, theory, and models, Reviews of Geophysics, 37, 1-64, 625 

https://doi.org/10.1029/98RG02739, 1999. 

Mauritsen, T., Bader, J., Becker, T., Behrens, J., Bittner, M., Brokopf, R., Brovkin, V., Claussen, M., Crueger, T., Esch, M., 

Fast, I., Fiedler, S., Fläschner, D., Gayler, V., Giorgetta, M., Goll, D. S., Haak, H., Hagemann, S., Hedemann, C., Hohenegger, 

C., Ilyina, T., Jahns, T., Jimenéz‐De‐La‐Cuesta, D., Jungclaus, J., Kleinen, T., Kloster, S., Kracher, D., Kinne, S., Kleberg, D., 

Lasslop, G., Kornblueh, L., Marotzke, J., Matei, D., Meraner, K., Mikolajewicz, U., Modali, K., Möbis, B., Müller, W. A., 630 

Nabel, J. E. M. S., Nam, C. C. W., Notz, D., Nyawira, S. S., Paulsen, H., Peters, K., Pincus, R., Pohlmann, H., Pongratz, J., 

Popp, M., Raddatz, T. J., Rast, S., Redler, R., Reick, C. H., Rohrschneider, T., Schemann, V., Schmidt, H., Schnur, R., 

Schulzweida, U., Six, K. D., Stein, L., Stemmler, I., Stevens, B., Von Storch, J. S., Tian, F., Voigt, A., Vrese, P., Wieners, K. 

H., Wilkenskjeld, S., Winkler, A., and Roeckner, E.: Developments in the MPI‐M Earth System Model version 1.2 (MPI‐



33 

 

ESM1.2) and Its Response to Increasing CO<sub>2</sub>, Journal of Advances in Modeling Earth Systems, 11, 998-1038, 635 

10.1029/2018ms001400, 2019. 

Mikolajewicz, U., Kapsch, M.-L., Gayler, V., Meccia, V. L., Riddick, T., Ziemen, F. A., and Schannwell, C.: PalMod2 MPI-

M MPI-ESM1-2-CR Transient Simulations of the Last Deglaciation with prescribed ice sheets from ICE-6G reconstructions 

(r1i1p1f1), World Data Center for Climate (WDCC) at DKRZ [dataset], 10.26050/WDCC/PMMXMCRTDIP111, 2023a. 

Mikolajewicz, U., Kapsch, M.-L., Gayler, V., Meccia, V. L., Riddick, T., Ziemen, F. A., and Schannwell, C.: PalMod2 MPI-640 

M MPI-ESM1-2-CR Transient Simulations of the Last Deglaciation with prescribed ice sheets from ICE-6G reconstructions 

(r1i1p2f2), World Data Center for Climate (WDCC) at DKRZ [dataset], 10.26050/WDCC/PMMXMCRTDIP122, 2023b. 

Mikolajewicz, U., Kapsch, M.-L., Gayler, V., Meccia, V. L., Riddick, T., Ziemen, F. A., and Schannwell, C.: PalMod2 MPI-

M MPI-ESM1-2-CR Transient Simulations of the Last Deglaciation with prescribed ice sheets from ICE-6G reconstructions 

(r1i1p3f2), World Data Center for Climate (WDCC) at DKRZ [dataset], 10.26050/WDCC/PMMXMCRTDIP132, 2023c. 645 

Mikolajewicz, U., Kapsch, M.-L., Gayler, V., Meccia, V. L., Riddick, T., Ziemen, F. A., and Schannwell, C.: PalMod2 MPI-

M MPI-ESM1-2-CR Transient Simulations of the Last Deglaciation with prescribed ice sheets from GLAC-1D reconstructions 

(r1i1p1f1), World Data Center for Climate (WDCC) at DKRZ [dataset], 10.26050/WDCC/PMMXMCRTDGP111, 2023d. 

Mikolajewicz, U., Kapsch, M.-L., Gayler, V., Meccia, V. L., Riddick, T., Ziemen, F. A., and Schannwell, C.: PalMod2 MPI-

M MPI-ESM1-2-CR Transient Simulations of the Last Deglaciation with prescribed ice sheets from GLAC-1D reconstructions 650 

(r1i1p2f2), World Data Center for Climate (WDCC) at DKRZ [dataset], 10.26050/WDCC/PMMXMCRTDGP122, 2023e. 

Mikolajewicz, U., Kapsch, M.-L., Gayler, V., Meccia, V. L., Riddick, T., Ziemen, F. A., and Schannwell, C.: PalMod2 MPI-

M MPI-ESM1-2-CR Transient Simulations of the Last Deglaciation with prescribed ice sheets from GLAC-1D reconstructions 

(r1i1p3f2), World Data Center for Climate (WDCC) at DKRZ [dataset], 10.26050/WDCC/PMMXMCRTDGP132, 2023f. 

O'ishi, R. and Abe-Ouchi, A.: Polar amplification in the mid-Holocene derived from dynamical vegetation change with a GCM, 655 

Geophysical Research Letters, 38, n/a-n/a, 10.1029/2011gl048001, 2011. 

Otto-Bliesner, B. L., Braconnot, P., Harrison, S. P., Lunt, D. J., Abe-Ouchi, A., Albani, S., Bartlein, P. J., Capron, E., Carlson, 

A. E., Dutton, A., Fischer, H., Goelzer, H., Govin, A., Haywood, A., Joos, F., Legrande, A. N., Lipscomb, W. H., Lohmann, 

G., Mahowald, N., Nehrbass-Ahles, C., Pausata, F. S. R., Peterschmitt, J.-Y., Phipps, S. J., Renssen, H., and Zhang, Q.: The 

PMIP4 contribution to CMIP6 – Part 2: Two interglacials, scientific objective and experimental design for Holocene and Last 660 

Interglacial simulations, Geoscientific Model Development, 10, 3979-4003, 10.5194/gmd-10-3979-2017, 2017. 

Park, W., Keenlyside, N., Latif, M., Ströh, A., Redler, R., Roeckner, E., and Madec, G.: Tropical Pacific Climate and Its 

Response to Global Warming in the Kiel Climate Model, Journal of Climate, 22, 71-92, 10.1175/2008jcli2261.1, 2009. 

Peltier, W. R.: GLOBAL GLACIAL ISOSTASY AND THE SURFACE OF THE ICE-AGE EARTH: The ICE-5G (VM2) 

Model and GRACE, Annual Review of Earth and Planetary Sciences, 32, 111-149, 665 

https://doi.org/10.1146/annurev.earth.32.082503.144359, 2004. 

Peltier, W. R., Argus, D. F., and Drummond, R.: Space geodesy constrains ice age terminal deglaciation: The global ICE‐

6G_C (VM5a) model, Journal of Geophysical Research: Solid Earth, 120, 450-487, 10.1002/2014jb011176, 2015. 



34 

 

Pennelly, C., Hu, X., and Myers, P. G.: Cross‐Isobath Freshwater Exchange Within the North Atlantic Subpolar Gyre, Journal 

of Geophysical Research: Oceans, 124, 6831-6853, 10.1029/2019jc015144, 2019. 670 

Phipps, S. J.: The CSIRO Mk3L climate system model v1.2, Antarctic Climate & Ecosystems CRC,  Technical Report No. 4, 

Hobart, Tasmania, Australia, 122 pp.2010. 

Pontes, G. M. and Menviel, L.: Weakening of the Atlantic Meridional Overturning Circulation driven by subarctic freshening 

since the mid-twentieth century, Nature Geoscience, 17, 1291-1298, 10.1038/s41561-024-01568-1, 2024. 

Rasmussen, T. L., Bäckström, D., Heinemeier, J., Klitgaard-Kristensen, D., Knutz, P. C., Kuijpers, A., Lassen, S., Thomsen, 675 

E., Troelstra, S. R., and van Weering, T. C. E.: The Faroe–Shetland Gateway: Late Quaternary water mass exchange between 

the Nordic seas and the northeastern Atlantic, Marine Geology, 188, 165-192, https://doi.org/10.1016/S0025-3227(02)00280-

3, 2002. 

Renssen, H., Goosse, H., and Fichefet, T.: Contrasting trends in North Atlantic deep‐water formation in the Labrador Sea and 

Nordic Seas during the Holocene, Geophysical Research Letters, 32, 10.1029/2005gl022462, 2005. 680 

Roch, M., Brandt, P., and Schmidtko, S.: Recent large-scale mixed layer and vertical stratification maxima changes, Frontiers 

in Marine Science, 10, 10.3389/fmars.2023.1277316, 2023. 

Schmidt, G. A., Kelley, M., Nazarenko, L., Ruedy, R., Russell, G. L., Aleinov, I., Bauer, M., Bauer, S. E., Bhat, M. K., Bleck, 

R., Canuto, V., Chen, Y. H., Cheng, Y., Clune, T. L., Del Genio, A., de Fainchtein, R., Faluvegi, G., Hansen, J. E., Healy, R. 

J., Kiang, N. Y., Koch, D., Lacis, A. A., LeGrande, A. N., Lerner, J., Lo, K. K., Matthews, E. E., Menon, S., Miller, R. L., 685 

Oinas, V., Oloso, A. O., Perlwitz, J. P., Puma, M. J., Putman, W. M., Rind, D., Romanou, A., Sato, M., Shindell, D. T., Sun, 

S., Syed, R. A., Tausnev, N., Tsigaridis, K., Unger, N., Voulgarakis, A., Yao, M. S., and Zhang, J.: Configuration and 

assessment of the GISS ModelE2 contributions to the CMIP5 archive, Journal of Advances in Modeling Earth Systems, 6, 

141-184, 10.1002/2013ms000265, 2014. 

Schulze, L. M., Pickart, R. S., and Moore, G. W. K.: Atmospheric forcing during active convection in the Labrador Sea and 690 

its impact on mixed‐layer depth, Journal of Geophysical Research: Oceans, 121, 6978-6992, 10.1002/2015jc011607, 2016. 

Seland, Ø., Bentsen, M., Olivié, D., Toniazzo, T., Gjermundsen, A., Graff, L. S., Debernard, J. B., Gupta, A. K., He, Y.-C., 

Kirkevåg, A., Schwinger, J., Tjiputra, J., Aas, K. S., Bethke, I., Fan, Y., Griesfeller, J., Grini, A., Guo, C., Ilicak, M., Karset, 

I. H. H., Landgren, O., Liakka, J., Moseid, K. O., Nummelin, A., Spensberger, C., Tang, H., Zhang, Z., Heinze, C., Iversen, 

T., and Schulz, M.: Overview of the Norwegian Earth System Model (NorESM2) and key climate response of CMIP6 DECK, 695 

historical, and scenario simulations, Geoscientific Model Development, 13, 6165-6200, 10.5194/gmd-13-6165-2020, 2020. 

Simpson, G. L. and Oksanen, J.: analogue: Analogue matching and Modern Analogue Technique transfer function models, R 

package version 0.18.0. Retrieved from https://cran.r-project.org/package=analogue [code], 2025. 

Snoll, B., Ivanovic, R. F., Valdes, P. J., Maycock, A. C., and Gregoire, L. J.: Effect of orographic gravity wave drag on 

Northern Hemisphere climate in transient simulations of the last deglaciation, Climate Dynamics, 59, 2067-2079, 700 

10.1007/s00382-022-06196-2, 2022. 



35 

 

Snoll, B., Ivanovic, R., Gregoire, L., Sherriff-Tadano, S., Menviel, L., Obase, T., Abe-Ouchi, A., Bouttes, N., He, C., He, F., 

Kapsch, M., Mikolajewicz, U., Muglia, J., and Valdes, P.: A multi-model assessment of the early last deglaciation (PMIP4 

LDv1): a meltwater perspective, Climate of the Past, 20, 789-815, 10.5194/cp-20-789-2024, 2024a. 

Snoll, B., Ivanovic, R., Gregoire, L., Sherriff-Tadano, S., Menviel, L., Obase, T., Abe-Ouchi, A., Bouttes, N., He, C., He, F., 705 

Kapsch, M., Mikolajewicz, U., Muglia, J., and Valdes, P.: A multi-model assessment of the early last deglaciation (PMIP4 

LDv1), University of Leeds [dataset], https://doi.org/10.5518/1398, 2024b. 

Solignac, S., de Vernal, A., and Hillaire-Marcel, C.: Holocene sea-surface conditions in the North Atlantic—contrasted trends 

and regimes in the western and eastern sectors (Labrador Sea vs. Iceland Basin), Quaternary Science Reviews, 23, 319-334, 

10.1016/j.quascirev.2003.06.003, 2004. 710 

Sueyoshi, T., Ohgaito, R., Yamamoto, A., Chikamoto, M. O., Hajima, T., Okajima, H., Yoshimori, M., Abe, M., O'Ishi, R., 

Saito, F., Watanabe, S., Kawamiya, M., and Abe-Ouchi, A.: Set-up of the PMIP3 paleoclimate experiments conducted using 

an Earth system model, MIROC-ESM, Geoscientific Model Development, 6, 819-836, 10.5194/gmd-6-819-2013, 2013. 

The HadGEM2 Development Team, Martin, G. M., Bellouin, N., Collins, W. J., Culverwell, I. D., Halloran, P. R., Hardiman, 

S. C., Hinton, T. J., Jones, C. D., McDonald, R. E., McLaren, A. J., O'Connor, F. M., Roberts, M. J., Rodriguez, J. M., 715 

Woodward, S., Best, M. J., Brooks, M. E., Brown, A. R., Butchart, N., Dearden, C., Derbyshire, S. H., Dharssi, I., Doutriaux-

Boucher, M., Edwards, J. M., Falloon, P. D., Gedney, N., Gray, L. J., Hewitt, H. T., Hobson, M., Huddleston, M. R., Hughes, 

J., Ineson, S., Ingram, W. J., James, P. M., Johns, T. C., Johnson, C. E., Jones, A., Jones, C. P., Joshi, M. M., Keen, A. B., 

Liddicoat, S., Lock, A. P., Maidens, A. V., Manners, J. C., Milton, S. F., Rae, J. G. L., Ridley, J. K., Sellar, A., Senior, C. A., 

Totterdell, I. J., Verhoef, A., Vidale, P. L., and Wiltshire, A.: The HadGEM2 family of Met Office Unified Model climate 720 

configurations, Geosci. Model Dev., 4, 723-757, 10.5194/gmd-4-723-2011, 2011. 

Thornalley, D. J. R., Blaschek, M., Davies, F. J., Praetorius, S., Oppo, D. W., McManus, J. F., Hall, I. R., Kleiven, H., Renssen, 

H., and McCave, I. N.: Long-term variations in Iceland–Scotland overflow strength during the Holocene, Climate of the Past, 

9, 2073-2084, 10.5194/cp-9-2073-2013, 2013. 

Treguier, A. M., de Boyer Montégut, C., Bozec, A., Chassignet, E. P., Fox-Kemper, B., McC. Hogg, A., Iovino, D., Kiss, A. 725 

E., Le Sommer, J., Li, Y., Lin, P., Lique, C., Liu, H., Serazin, G., Sidorenko, D., Wang, Q., Xu, X., and Yeager, S.: The mixed-

layer depth in the Ocean Model Intercomparison Project (OMIP): impact of resolving mesoscale eddies, Geosci. Model Dev., 

16, 3849-3872, 10.5194/gmd-16-3849-2023, 2023. 

Vinther, B. M., Buchardt, S. L., Clausen, H. B., Dahl-Jensen, D., Johnsen, S. J., Fisher, D. A., Koerner, R. M., Raynaud, D., 

Lipenkov, V., Andersen, K. K., Blunier, T., Rasmussen, S. O., Steffensen, J. P., and Svensson, A. M.: Holocene thinning of 730 

the Greenland ice sheet, Nature, 461, 385-388, 10.1038/nature08355, 2009. 

Voldoire, A., Sanchez-Gomez, E., Salas Y Mélia, D., Decharme, B., Cassou, C., Sénési, S., Valcke, S., Beau, I., Alias, A., 

Chevallier, M., Déqué, M., Deshayes, J., Douville, H., Fernandez, E., Madec, G., Maisonnave, E., Moine, M. P., Planton, S., 

Saint-Martin, D., Szopa, S., Tyteca, S., Alkama, R., Belamari, S., Braun, A., Coquart, L., and Chauvin, F.: The CNRM-CM5.1 

global climate model: description and basic evaluation, Climate Dynamics, 40, 2091-2121, 10.1007/s00382-011-1259-y, 2013. 735 



36 

 

Volodin, E. M., Mortikov, E. V., Kostrykin, S. V., Galin, V. Y., Lykossov, V. N., Gritsun, A. S., Diansky, N. A., Gusev, A. 

V., Iakovlev, N. G., Shestakova, A. A., and Emelina, S. V.: Simulation of the modern climate using the INM-CM48 climate 

model, Russian Journal of Numerical Analysis and Mathematical Modelling, 33, 367-374, 10.1515/rnam-2018-0032, 2018. 

Walker, M., Gibbard, P., Head, M. J., Berkelhammer, M., Björck, S., Cheng, H., Cwynar, L. C., Fisher, D., Gkinis, V., Long, 

A., Lowe, J., Newnham, R., Rasmussen, S. O., and Weiss, H.: Formal Subdivision of the Holocene Series/Epoch: A Summary, 740 

Journal of the Geological Society of India, 93, 135-141, 10.1007/s12594-019-1141-9, 2019. 

Wu, X.: Mixed layer depth values for the n = 1968 modern dinocyst database, PANGAEA [dataset], 

https://doi.org/10.1594/PANGAEA.982265, 2025. 

Wu, X., de Vernal, A., and Allan, E.: Migration of Deep Convection Center in Subpolar North Atlantic Around 6 ka Suggested 

by a Dinocyst Proxy of Mixed Layer Depth, Paleoceanography and Paleoclimatology, 40, 10.1029/2024pa004998, 2025. 745 

Xin, X.-G., Wu, T.-W., Li, J.-L., Wang, Z.-Z., Li, W.-P., and Wu, F.-H.: How Well does BCC_CSM1.1 Reproduce the 20th 

Century Climate Change over China?, Atmospheric and Oceanic Science Letters, 6, 21-26, 10.1080/16742834.2013.11447053, 

2013. 

Xu, T., Jin, S., Nie, X., Qiu, Z., Liu, H., Li, Y., and Wei, Z.: Improvement in wintertime mixed layer depth simulation by 

CMIP6 compared to CMIP5 climate models, Ocean Modelling, 196, 10.1016/j.ocemod.2025.102545, 2025. 750 

Yukimoto, S., Adachi, Y., Hosaka, M., Sakami, T., Yoshimura, H., Hirabara, M., Tanaka, T. Y., Shindo, E., Tsujino, H., 

Deushi, M., Mizuta, R., Yabu, S., Obata, A., Nakano, H., Koshiro, T., Ose, T., and Kitoh, A.: A New Global Climate Model 

of the Meteorological Research Institute: MRI-CGCM3 —Model Description and Basic Performance—, Journal of the 

Meteorological Society of Japan. Ser. II, 90A, 23-64, 10.2151/jmsj.2012-a02, 2012. 

Yukimoto, S., Kawai, H., Koshiro, T., Oshima, N., Yoshida, K., Urakawa, S., Tsujino, H., Deushi, M., Tanaka, T., Hosaka, 755 

M., Yabu, S., Yoshimura, H., Shindo, E., Mizuta, R., Obata, A., Adachi, Y., and Ishii, M.: The Meteorological Research 

Institute Earth System Model Version 2.0, MRI-ESM2.0: Description and Basic Evaluation of the Physical Component, 

Journal of the Meteorological Society of Japan. Ser. II, 97, 931-965, 10.2151/jmsj.2019-051, 2019. 

Zhang, M., Liu, Y., Zhang, J., and Wen, Q.: AMOC and Climate Responses to Dust Reduction and Greening of Sahara during 

the Mid-Holocene, Journal of Climate, 1-59, 10.1175/jcli-d-20-0628.1, 2021. 760 

Ziehn, T., Chamberlain, M. A., Law, R. M., Lenton, A., Bodman, R. W., Dix, M., Stevens, L., Wang, Y.-P., and Srbinovsky, 

J.: The Australian Earth System Model: ACCESS-ESM1.5, Journal of Southern Hemisphere Earth Systems Science, 70, 193-

214, 10.1071/es19035, 2020. 


