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Ray and Schindelegger (2025), Opel, Schindelegger, & Ray (2024), Zhao (2023)  

• M2 surface (semi-diurnal) tide is the largest tidal component 
in the world ocean.

• Altimetry data reveal 3-decade trends in M2 tide, with a 
predominant decreasing amplitude.

• Contributed by increasing stratification in a warming ocean 
that enhances surface-to-internal tidal conversion.

• Importance to ocean physics: 
• mixing and energy transfer;
• sea level anomaly with removal of tides.

• Observing system implication: Importance of continuing 
reference altimetry mission.

Trend in the M2 ocean tide observed by satellite altimetry
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SWOT unveils global submesoscale dynamics for the 1st time
Examples: internal waves & swells
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SWOT measures the amplitudes of internal solitary waves 
Andaman Sea examples

Archer, Wang, Klein, Dibarboure, & Fu (2025)

Check out the animation for SWOT small-scale features:   https://svs.gsfc.nasa.gov/5538/ 
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SWOT provides the 1st global 2D maps of km-scale significant wave height 
(SWH), elucidating wave-wind-current interactions

SWOT and airborne MASS observations reveal complex spatial gradients—driven by winds, 

wave–current interactions, and wave group modulation—that challenge existing assumptions 

in remote sensing and modeling.

SWOT captures sharp sea-state gradients 

as northeast-propagating swell interacts 

with the Gulf Stream, providing the first 

observational evidence of 2D features 

previously seen only in numerical 

simulations.

WaveWatch III simulations without (c) 

and with (d) current forcing suggest that 

the increase in SWH is mostly driven by 

current refraction and not winds.

Villas Bôas, Marechal, & Bohé (2025), Bohé et al. (2025)



Advance understanding of air-sea interactions & prediction of climate variability, 
e.g., ENSO — the largest disruptor of the Earth system on interannual time scales

Image credit: https://science.nasa.gov

NASA has revolutionized ENSO theory & observation:
• Delayed (Action) Oscillator theory (Suarez & Schopf 1988).
• Altimetric sea surface height (SSH) observation since 1992 is a game 

changer for evaluation & improvement of theories & models.

Continuing advancement of process understanding & prediction 
(examples in the next 2 slides).
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Salinity & ENSO: salinity‐induced equatorial currents favors extreme El Niño

• Observational analysis: reveals that El Niño is preceded 
by a spring salinity pattern and associated ocean currents 
in the western Pacific. 

• Model sensitivity experiment: imposing spring salinity 
anomalies almost doubles the probability of extreme El 
Niño.

• Inter-model comparison: a model with a higher 
sensitivity to salinity-induced currents tends to simulate 
a stronger ENSO.

Classical ENSO theories do not consider salinity.
Liu, Hu, & McPhaden (2025) identify a new ocean salinity precursor of extreme El Niño to potentially enhance El Niño forecast skill.
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Salinity from space improves El Niño prediction:
case studies from NASA GEOS Seasonal Forecast System

Hackert et al. (2020), also see related work by Hackert et al. (2014, 2019) 
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SCREENSHOT FROM A 
BLOCKBUSTER MOVIE



How big is the 2026 El Niño?

Comparison of sea surface height anomalies for 3 big El Niño events in the altimeter era

August 1997 (TOPEX/Poseidon) August 2015 (Jason-2) August 2026 (Sentinel-6 MF)

Image credit: https://sealevel.jpl.nasa.gov



Zonal current anomaly (OSCAR) 
    1997-98        2015-16          2026

SST anomaly (NOAA OISSTv2) 
    1997-98        2015-16          2026

The 2026 El Niño had a moderate growth in spring followed by a rapid intensification by summer
Multi-event, multi-parameter comparison for the state of the equatorial Pacific (2oS-2oN)

Zonal wind anomaly (CCMP)
  1997-98       2015-16         2026

Sea surface height anomaly (NASA) 
     1997-98       2015-16          2026

Sea surface salinity anomaly (SMAP RSS) 

The fresh pool edge 
(white) extended 
eastward by > 4500 km 
(continental U.S. width)

Credit for figures: Severine Fournier
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Observing air-sea interactions are crucial for understanding 
& predicting weather & climate variability (incl. extreme 
events), but significant observing capability gaps exist.

Mission concepts & instrument assets for 
advancing hydrosphere science related to air-sea interactions

Observing air-sea mechanical coupling through coincident high-resolution 
measurements of ocean-surface vector winds & currents.

Observing air-sea thermodynamic coupling through coincident high-resolution 
measurements of SST, wind speed, near-surface temperature & humidity.

Two synergistic mission concepts for observing air-sea interactions: 

The related airborne instruments (e.g., DopplerScatt) are poised to enhance hydrosphere science.

Figure from U.S. CLIVAR report Aug. 2023. Some key processes 
that govern transfer of heat, moisture, & momentum in the air-sea 
transition zone. Courtesy of Chidong Zhang.  



SWOT observations of small-scale ocean features  https://svs.gsfc.nasa.gov/5538/ 
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