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Why is understanding (non-tidal) sea level variability important?

• In most coastal regions, barotropic tides are the 
largest source of sea level variation

• However, winds and coastal dynamics are large 
enough to induce substantial non-tidal residuals

• Sea level anomalies on seasonal and longer 
timescales, especially when superimposed on 
synoptic and tidal variability, can result in water 
levels quite different from official NOAA predictions

Motivation        Method  Subannual/interannual   Decadal (“rapid rise”)   Conclusions



Existing available predictions of coastal flood risk

• For example:

https://tidesandcurrents.noaa.gov/high-tide-
flooding/monthly-outlook.html

• Predictions of flooding probability at a given 
location, for each day in the next year

• Based on tidal harmonics, the seasonal cycle, and 
residual variance of non-tidal sea level at each tide 
gauge station (Dusek et al. 2022)

• Dusek et al. 2022 also showed some improvements 
from including a damped persistence effect, based 
on the lagged autocorrelation of sea level

• What’s missing: ocean physics/dynamics
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The “rapid rise” in U.S. Gulf Coast sea level

• Even with the global mean sea level rise of ~3 mm/yr removed, Gulf coast relative dynamic sea level 
rose rapidly between the mid-2000s and mid-2010s

• Understanding the sources of Gulf sea level variability such as the “rapid rise” is important for assessing 
models and improving predictions of future changes

• Where and when do the atmosphere, rivers, and ice act on (force) the ocean to produce Gulf sea level changes?
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• The Estimating the Circulation and Climate of 
the Ocean version 4 (ECCO v4) state estimate 
is an ocean model (MITgcm) that is run 
iteratively, assimilating observations on each 
iteration

• Unlike most observation-based or reanalysis 
products, the data assimilation conserves 
physical laws within the ocean

• The resulting product is a data-constrained 
estimate of the ocean state (1992-2017)

Initial conditions 
(first guess based on 

observations/ analysis 
product)

Model runs 
forward in time
(using model physics 

with 
parameterizations)

(Modeled) ocean 
state

Boundary 
conditions

(first guess based 
on observations/
analysis product)

Model runs in 
adjoint mode

(based on sensitivities of 
the ocean state, applying 

adjustments to…)

Time

Ocean data

Solution: use an ocean state estimate?
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Reconstruction and prediction of sea level using ECCO adjoint

Reconstruction/prediction 
of a single parameter (e.g., 

sea level)

Boundary 
conditions

(based on ECCO-
improved 

observations, or 
another flux 

product)

Adjoint sensitivities 
(determined using ECCO-
improved model physics 

and ocean state)

This method hinges on the use of the adjoint sensitivity, 
essentially a partial derivative computed based on 
differentiation of the model prognostic equations

Sea level 

time series

Forcing (surface flux) at various 

locations & lead times

Adj sens of January E Gulf Coast sea level to heat flux out of ocean
Lead 4 weeks Lead 13 weeks

Lead 26 weeks Lead 39 weeks

Adjoint 

sensitivity
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Attribution of influences on U.S. Gulf Coast sea level

• A key strength of these adjoint sensitivity reconstructions of sea level is the clear attribution of sea level 
signals to forcings of specific types (freshwater flux including river discharge, heat flux, wind stress) at 
specific locations and lead times

• This has a number of advantages over general statistical analyses of observations or models, including:

• Links to local and remote forcings can be identified based on physics/dynamics derived from the 
model’s prognostic equations, rather than statistics only

• Forcings that individually have a small influence on sea level and are weakly correlated, can still be 
identified and their impact quantified

Adjoint 

sensitivity
Forcing (surface flux) anomaly at 

various locations & lead times

Sea level 

anomaly 
reconstruction
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Attribution: maps of forcing influence (variance explained)

• What is plotted here is:

• the variance explained in the relative SL 
anomaly altimetry time series

• by the contributions from forcing at each 
location, computed as (ECCO adj 
sens)*(ECCO-optimized flux)

• per unit area (units of m-2)

Influences on Eastern Gulf Coast, 
subannual timescales (2-12 month periods)

Freshwater flux Heat flux

Zonal wind stress Meridional wind stress
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Attribution: maps of forcing influence (variance explained)

• What is plotted here is:

• the variance explained in the relative SL 
anomaly altimetry time series

• by the contributions from forcing at each 
location, computed as (ECCO adj 
sens)*(ECCO-optimized flux)

• per unit area (units of m-2)

Freshwater flux Heat flux

Zonal wind stress Meridional wind stress

Influences on Eastern Gulf Coast, 
interannual timescales (1-10 year periods)
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Attribution: regions and types of forcing influence
• Identify contributions from forcing types as well as regions

Forcing regions

Fraction of W Gulf Coast altimetry variance explained
2-12 mo timescales 1-10 yr timescales

• Zonal (east-west) winds contribute the most to relative SL variability at subannual and interannual timescales

• Mostly forced within the Gulf, but some more remote contributions at interannual timescales
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Attribution: regional influence on decadal variation

Forcing regions

• Contributions from many regions, with comparable magnitudes…this is where ECCO’s attribution 
capabilities shine!

• Contribution from Mississippi discharge is no longer negligible (though mostly opposing the total variation)

Decadal (10-yr low-pass filtered) contributions to 
W Gulf Coast relative SL, from some forcing regions

Period of rapid SL rise 
(~2006-2017)
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Attribution: relative SL “rapid rise” 2006-2017

Forcing regions

• Rapid sea level rise in the western Gulf is driven by zonal (east-west) winds, but also heat flux

• Contributions from forcing in the Caribbean and Atlantic basin are actually larger than the local contribution

• Contribution from Mississippi discharge is negative (countering somewhat the rapid rise)

W Gulf Coast relative SL trend contributions from 
regions and forcing types, 2006-2017
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Concluding thoughts
• At monthly/subannual timescales, variability of Gulf sea level is mostly forced by winds within the Gulf and 

along the U.S. Atlantic coast – fast ocean response

• At longer timescales (especially decades), the forcing of Gulf sea level variations happens more in the 
Caribbean and the full North Atlantic basin – slower ocean response

• In addition to winds, air-sea heat fluxes and Mississippi river discharge are a secondary but important 
influence on sea level variations at decadal timescales (e.g., the “rapid rise”)

Future developments
• Site-based adjustments to adjoint sensitivities to allow for improved reconstructions and predictions at 

individual sites (e.g., tide gauge sites)

• Implementation of method with more coupled prediction models (e.g., ECMWF seasonal prediction model, 
centennial-scale climate models)

• Collaboration with NOAA to include physical models (weekly-to-seasonal timescale) in high-tide flooding 
risk projections

Questions: Feel free to contact me at andrewdelman@ucla.edu.

More information about ECCO can be found at https://ecco-group.org.
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Sea level attribution and prediction along the U.S. Gulf Coast
In this application of adjoint sensitivity-based prediction, we use 
the following to produce sea level “hindcasts”:

Adjoint sensitivities 𝝏𝜼/𝝏F

• Control function (numerator): relative sea level η (global mean 
removed) at either Pensacola, FL, or an along-coast average, i.e., 
Eastern Gulf Coast, Western Gulf Coast

• Fluxes (denominator): 4 different flux types (freshwater flux, 
heat flux, zonal wind stress, meridional wind stress) at lead 
times of 0-5 years

• Adjoint sensitivities vary seasonally (different set for month of 
the year: Jan, Feb, …, Dec)

Forcings F (surface flux anomalies)

• From the ECCOv4 release 4 state estimate

• Added JRA55-do river discharge to the ECCO freshwater fluxes, 
since ECCO freshwater fluxes do not include non-seasonal river 
runoff (only seasonal climatology)

Western 

Gulf Coast
Eastern Gulf 

Coast

Sea level averaging regions

SL 

reconstr/
prediction

Adjoint 

sensitivities

Surface flux anomalies 

(heat, freshwater, 
wind stress)



Attribution: relative SL “rapid rise” 2006-2017

Forcing regions

• Rapid sea level rise in the western Gulf is driven by zonal (east-west) winds, but also heat flux

• Contributions from forcing in the Caribbean and Atlantic basin are actually larger than the local contribution

• Contribution from Mississippi discharge is negative (countering somewhat the rapid rise)

Freshwater flux Heat flux

Zonal wind stress Merid wind stress

W Gulf Coast relative SL trend contributions per unit area forcing [mm/yr/m2], 2006-2017



Impact of flux product (ECCO vs. ERA5) in adjoint-based predictions 

• For predictions at a specific site (e.g., tide gauge site), 
“forcing” the adjoint sensitivities with ERA5 produces 
a slightly better prediction than ECCO-optimized 
fluxes

• For predictions in a larger coastal region, ECCO-
optimized fluxes produce a better prediction

→ ERA5 fluxes produce better results at smaller scales, 
ECCO fluxes perform better with larger spatial scales

Correlations with Pensacola tide gauge obs Correlations with Pensacola altimetry

Correlations with EasternGulfCoast altimetry

ECCO fluxes improve 
when validating with 
altimetry

ECCO fluxes 
improve in 
predictions for 
larger region 
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