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different types of mode water
occupying ~20% of the upper 2000 m

What is mode water?

Hanawa and Talley (2000)
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Cant storage

Mu ̈ller et al. 2023 

heat uptake

Li et al. 2023

（Argo era；Li et al., 2023）

backgrounds
• key in anthropogenic heat and carbon uptake 
• MW+AAIW: ~89% of the net global ocean warming

4



5

Liu and Hu, 2007

Wu et al., 2025
Ju et al., 2025

Gu and Philander, 1997

Wang and Huang，2005

• recording and reemerging long-term ocean memories
• important in decadal / multi-decadal variability

backgrounds
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𝜕𝑇!/𝜕𝑡 = 𝐹! − 𝝀𝑇!

Hasselmann模型(1976)

Liu, Xu*et al., 2025;GRL

climate impacts • 𝝀 of ocean memories is achieved through mode water
• strength controlled by relative phase of ENSO & PDO

<- Our own work in bold blue



mode water -> subtropical fronts ->mid-latitude storm tracks
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climate impactsNSTF
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North Pacific subtropical fronts

North Atlantic 

southeast Indian Ocean subtropical fronts

Xu* et al. 2022; JPO

Zhang Xu* et al. 2026; JGR-O

Liang … & Xu* 2025;JGR-O

storm tracks

Hu et al., 2022; 2023

<- Our own work in bold blue
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climate impacts
Synchronously variability of mode water & subtropical fronts on decadal & longer scale

Wu & Xu*, 2023 JC; Liang….Xu* et al., 2025; Zhang, Xu* et al, 2026

PDO-> STMW ->NPESTF AMO->CMW-> NPCSTF NAO->NASTMW->NASTFSAM->SEISAMW->SEISTF
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climate impacts

wind/dynamical v.s buoyancy forcing, who wins?

Xu et al, 2021 GRL
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Partially coupled experiments with CESM1.
Control /𝝉𝟏𝒄𝟏 Buoyancy effects

𝝉𝟏𝒄𝟒
Buoyancy + wind

𝝉4𝒄𝟒

Name Description
𝝉𝟏𝒄𝟏 Same as CTRL, but the wind stress is 

overridden with a one-year forward drift
𝝉𝟏𝒄𝟒 Same as 4xCO2, but the wind stress is 

overridden by that in CTRL and with a 
one-year forward drift

𝝉𝟒𝒄𝟒 Same as 4xCO2, but the wind stress is 
overridden with a one-year forward drift
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climate models predict a weakening of mode waters under global warming, 
but not shut down …

Subantarctic mode water

Xu et al., 2021; GRL

Subtropical mode water

Xu et al., 2011; JGR-O

climate impacts

<- Our own work in bold blue
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模态水的气候效应

Observed collapsing NP central mode water after 2020s 

Xu et al., 2026 NC; 2nd review

Strong El Niño

accompanied by a disappearance of 
subsurface oxygen maximum 

climate impacts
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模态水的气候效应

RG_Argo observations

Climate models

Observed transient state

Xu et al., 2016 NC； 2025 JPO

too strong

A large bias b/w climate model and observations

spatially non-uniform

There’s 50% percentage of 
no MW detected in this region



13Strong Weak Xu et al., 2025; JPO

A large bias b/w climate model and observations
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The Pacific Mode-water field experiment (P-MoVE)
2014.03.17-2014.04.23

Black contours: MDT

The P-MoVE Argo floats and the target eddy 
south of the Kuroshio Extension east of Japan

Xu et al. 2016; Nature Comm.

Parking depth: 500 m
Vertical resolution: 2-10 m
Enhanced daily sampling

Mesoscale eddy effect
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Mesoscale eddy effect

• track two AEs (AE1; AE2) originated south of KE with 17 Argo floats for 1.5 years.
• obtained more than 5, 000 Argo profiles following the two AEs

Xu et al., 2017; GRL

P-MoVE profiles
Historical profiles

by that time

veritcal resolution: <10 m
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Mesoscale eddy effect

Xu et al. 2016; Nature Comm.

Maximum subduction takes place near the southeastern rim of the AE. 
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Mesoscale eddy effect

Ding Xu* et al. 2021; JGR-O

• The time period for mixed layer deepening and mode water formation inside AEs are 
longer than that outside 

• In April, the mixed layer inside AEs >150 m during storms, while only 50 m outside
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Mesoscale eddy effect

AE1

Lens-shaped

AE2

Xu et al. 2017b; JGR-O

“Mode water eddy”

Unit: 100 km 19



Xu et al. 2017a; GRL
Xu et al. 2017b; JGR-O

Liu and Hu, 2007

By mean flow, it takes 10 years to arrive 
western boundary

By mesoscale eddies, only 1-2 years

Mesoscale eddy effect
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Mesoscale eddy effect

with more than one minimum 
in the vertical PV profile

Gao et al., 2016; GRL

a) Argo Float 2901561 at 29.68°N, 146.83°E on 30 March 2014 
b) vertically band passed

STMW multicore structure

21



Mesoscale eddy effect

STMW multicore structure

PDF of the multicore structure

Liu et al., 2017; JGR-O

widely distributed

Liu et al., 2019; JGR-O

induced by mesoscale eddies
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亚中尺度过程的影响

Meososcale resolving

Submeososcale-permitting

Argo observations

submesoscale effects?

24

Submesoscale effects



Submesoscale restratification inhibits mode water formation 

Hakim et al. 2002; Fox-Kemper et al. 2008; McWilliams 2019; Zhang et al., 2019; 
Jing et al., 2020; Zhang 2024 … …

Boccaletti et al. 2007

Mixed layer baroclinic instabilitiesa restratifying tendency of the TTW circulation 

Wenegrat et al. 2018 

亚中尺度过程的影响
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亚中尺度过程的影响Submesoscale effects



Ding Xu* et al. 2022; JGR-O

changes the winter deep MLD

Observation
s

1/30 OFES Submesoscale permitting

1/10 OFES 1/2 OFES

亚中尺度过程的影响亚中尺度过程的影响Submesoscale effects
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Snapshot on March 1, 2001 Probability Density Function (PDF) 

27Xu* et al., 2025；JPO

Submesoscale effects
shrinks the ventilation zone



MW

亚中尺度过程的影响

28

Submesoscale effects
shortens the ventilation time

Xu* et al., 2025；JPO



讨论和展望

29

Take home messages

• Mode waters are not just a passive water mass, they modulate climate 
in different ways: thermal-winds, re-emergence of memories 

• Caution for the M-W volume budget in climate models (too strong)

• Mesoscale increase subduction & accelerate transport, while 
submesoscale reduce its formation
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(lxu@ouc.edu.cn)

https://pol.ouc.edu.cn/2020/0526/c18909a288386/page.html

Zihan Song

Photos: 2026 New year in Qingdao, hiking with my students 
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