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Current rates of sea-level rise are exceptional in 

a longterm context



Figure from Walker et al. (2021). See also Kopp et al. (2016), Kemp et al. (2018)

Global mean sea level 

rose faster in the 20th 

century than in any prior 

century over the last 

three millennia

Fox-Kemper et al. (2021)



Figure from Hamlington et al. (2024)

The rate of global sea 

level rise doubled during 

the past three decades

Hamlington et al. (2024)



Image courtesy of U. Hawaii

Sea-level rise 

hasnôt occurred at 

the same rate 

everywhere

Image courtesy of U. Hawaii



High-tide flooding (HTF) rates are increasing
(AKA nuisance flooding, king-tide flooding, tidal flooding, sea-level-rise flooding é)

NYTIMES



Figure from Piecuch et al. (2025)
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HTF trends along the 
United States coastline

HTF increased by 65% on 

average globally between 

1960-1980 and 1995-2014
Fox-Kemper et al. (2021)

Annual HTF rates in the 
United States tripled 
from 1990 to 2020
Sweet et al. (2022)



How is sea-level changing?

Why is sea-level changing?

And how do we know?



Cautionary note! Terminology é

Å    Sea-level science is a highly 
interdisciplinary field with LOTS of 
terminology (sterodynamic, manometric, 
barystatic, geocentric, relative sea level 
Χύ ŀƴŘ ŀŎǊƻƴȅƳǎ όDL!Σ Dw5Σ Da{[Σ L.Σ 
{{IΣ ±[a Χύ

ÅL ǿƻƴΩǘ ŀƭǿŀȅǎ ǘǊȅ ǘƻ ƎƛǾŜ ŜȄƘŀǳǎǘƛǾŜΣ 
technical definitions (but see, for 
example, Gregory et al. 2019), but rather 
introduce things as needed

Å5ƻƴΩǘ ōŜ ǎǘǊŜǎǎŜŘΗ !ǎƪ vǳŜǎǘƛƻƴǎΗ



Global sea-level change 

is a whole-Earth process



Figure from Church et al. (2013)

vertical land motion



Waxing and waning of Pleistocene ice ages 

Figure from Spratt and Lisiecki (2017)



Sea-level changes are coupled 

to ocean circulation & climate



Sea level strongly constrains Earthôs energy 
imbalance and hydrological cycle

Start with hydrostatic balance

Ὠὴ

Ὠᾀ
”Ὣ

with hydrostatic pressure ὴ, vertical coordinate ᾀ, density ”, gravity Ὣ.

ÅIntegrate from seafloor Ὄ to (geocentric) sea level ‒ and rearrange

‒
ὴ ὴ

”Ὣ

ρ

”Ὣ
” Ὠᾀ

where ὴ /  ὴ are bottom/surface pressure and ” is surface density.

See Gill and Niiler (1973), Gregory et al. (2019)



Sea level strongly constrains Earthôs energy 
imbalance and hydrological cycle

ÅGeocentric sea-level changes arise from contributions from changes in 
ocean mass and ocean density

ÅSteric sea-level changes ‒ arise from changes in ocean density at constant 
mass

‒
ρ

”Ὣ
” Ὠᾀ

ÅManometric sea-level changes ‒ come from changes in the local mass of 
the ocean per unit area at constant density

‒
ὴ ὴ

”Ὣ
See Gill and Niiler (1973), Gregory et al. (2019)



Sea level strongly constrains Earthôs energy 
imbalance and hydrological cycle
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Global-Mean Sea Level Rise and its Contributions

Global-mean sea level

Barystatic sea level

Global-mean thermosteric sea level

Barystatic+Thermosteric

Data from Beckley et al. (2017), Wiese et al. (2022), Roemmich and Gilson (2009)

 Barystatic sea level is the global 
average of manometric sea level 



Sea level strongly constrains Earthôs energy 
imbalance and hydrological cycle

Figures from Boening et al. (2012), Fasullo et al. (2013)



Sea level is coupled to the general circulation

NYTIMES

ÅConsider the forced, linear shallow-water equations (e.g., Gill, 1982)
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ό/ὺ horizontal velocities, Ὢ Coriolis, ὖ/Ὁ precipitation/evaporation, ὢ, ὢ , 
ὣ, ὣ horizontal surface and bottom stresses



Figure from Qiu and Chen (2010)

Simplified physics: 

geostrophic balance

Time-independent, unforced, 
frictionless limit of the shallow 
water equations



Figure from Piecuch and Ponte (2015)

Simplified physics: 

inverted barometer

Time-independent, frictionless, 
static, pressure-forced limit of the 
shallow water equations



Figure from Qiu and Chen (2010)

Simplified physics: 

damped wind-driven 

long Rossby waves

Large-scale, sub-inertial limited 
of the shallow water equations 
forced by surface wind stress



Figure from Csanady (1978)

Simplified physics: 

arrested topographic 

wave (& generalizations)

Time independent with variable 
bottom bathymetry (different 
varieties with different forcing)



Sea level is coupled to the general circulation

ÅThis was only the briefest possible overview of the coupling between 
coastal and open-ocean sea level with circulation!

ÅI passed over many other processes and forcing mechanisms!
ÅOther wave motions (coastal and equatorial Kelvin waves, topographic Rossby waves, 

continental-shelf waves, coastal-ǘǊŀǇǇŜŘ ǿŀǾŜǎ Χύ

ÅHigh-frequency phenomena (tsunamis and meteotsunamis, surface gravity waves, 
ǘƛŘŜǎΣ ǎǘƻǊƳ ǎǳǊƎŜ Χύ 

ÅDynamic response to barometric pressure

ÅNear-, mid-, and far-field response to river discharge

ÅForcing by large-scale evaporation and precipitation

ÅSea-level changes that arise from changing surface heat flux

ÅRelation to large-scale features like gyres and overturning



ÅLΩǾŜ ŀǎǎǳƳŜŘ 9ŀǊǘƘΩǎ ǎƻƭƛŘ 
surface, gravity field, and 
rotation vector are time-
ƛƴǾŀǊƛŀƴǘ Χ ǿƘƛŎƘ ƛǎƴΩǘ ǘǊǳŜΗ

ÅThese things also matter for 
sea level (e.g., distinction 
between geocentric sea level 
and relative sea level)

Gravity, rotation, and deformation (GRD)



Gravity, rotation, and deformation

Illustration by Natalie Renier and Christopher Piecuch © Woods Hole Oceanographic Institution



Gravity, rotation, and deformation

Illustration by Natalie Renier and Christopher Piecuch © Woods Hole Oceanographic Institution



Gravity, rotation, and deformation

Illustration by Natalie Renier and Christopher Piecuch © Woods Hole Oceanographic Institution



Gravity, rotation, and deformation

Illustration by Natalie Renier and Christopher Piecuch © Woods Hole Oceanographic Institution



Gravity, rotation, and deformation

Illustration by Natalie Renier and Christopher Piecuch © Woods Hole Oceanographic Institution



Gravity, rotation, and deformation

Illustration by Natalie Renier and Christopher Piecuch © Woods Hole Oceanographic Institution



ᶊ Fall       Riseᶌ

Data from Carling Hay

Gravity, rotation, and 

deformation

Elastic sea-level ñfingerprintò of 
Greenland Ice Sheet melt

Data courtesy of Carling Hay



Best Estimate (mm/yr)

Standard Deviation(mm/yr)

Gravity, rotation, and 

deformation

Probabilistic estimate of relative 
sea-level trends during the past 
2,000 years 

(Piecuch et al., in prep)
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Data from Permanent Service for Mean Sea Level

Groundwater extraction!!!!

Earthquakes!

Glacial isostatic adjustment!

Gravity, rotation, and 

deformation

Example tide-gauge records

(Holgate et al., 2013)



NASA data and models have greatly advanced 

understanding of sea level



NASA altimetry observations

!ǊǘƛǎǘǎΩ ǊŜƴŘƛǘƛƻƴǎ ŎƻǳǊǘŜǎȅ ƻŦ b!{!

TOPEX/Poseidon, Jason series, Sentinel-6/MF, SWOT é



NASA altimetry 
observations

TOPEX/Poseidon, Jason series, 

Sentinel-6/MF, SWOT é

Figure from Archer et al. (2025)



(mostly) NASA observations (and models)

ÅICESat-2

ÅSentinel-3

ÅCryosat-2

ÅGRACE & GRACE-FO

ÅInSAR

ÅGNSS

Å   ECCO 

ÅGISS ModelE

ÅISSM-SLPS 

ÅΧ ŀƴŘ ƳƻǊŜΗ

Figure from Larour et al. (2020)



ECCO is a powerful tool for quantifying ocean 

contributions to sea-level change



ECCO vignettes: forcing perturbation experiments
What influence does a geothermal flux bottom boundary condition have?

Figure from Piecuch et al. (2015)

Effect of geothermal flux on modeled 
sea-level trends over 1993-2010 (mm/yr)

Geothermal flux (mW/m 2)

Ocean depth (m)



ECCO vignettes: closed budget analyses
What drives decadal variability in western tropical Pacific sea level?

Figure from Piecuch et al. (2019)

a. model/data comparison

b. hydrostatic decomposition

c. forcing contributions

d. closed budget analysis



Figure from Wang et al. (2022)

ECCO vignettes: 

adjoint sensitivity 

analyses

What drives sea-level 
variability on Nantucket?

1-yr 
lead

FW 
flux

E/W 
wind

N/S 
wind

Heat 
flux

2-yr 
lead

3-yr 
lead

5-yr 
lead


