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Monitoring, Reporting, and Verification (MRV)

robust and precise attribution/MRV is critical for scaling CDR

1. understanding mechanisms/impacts

2. building public/stakeholder confidence

3. fungibility on voluntary/compliance markets

but — must avoid bottlenecks at scale



https://carbonplan.org/research/oae-efficiency

efficiency       =
amount of carbon uptake 
in moles divided by the 
number of moles of 
alkalinity added to the 
ocean.

𝜂

Zhou et al., Nature Clim 

Change, 2024



• More realistically, enhancement will occur near/at a coastline

• Potentially with a quasi point-source injection

• Rivers are preferred locations also through enhanced weathering
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ALK only or ALK + DIC

All at 5km horizontal resolution

+ Jan100% and MayEqJan10% 

at 1km horizontal resolution

Efficiency



Seasonality + Scenario exploration



• Efficiency is higher for Spring than Winter, and for smaller than large additions

• Significant differences in the AE scenarios:

• Small differences across EW scenarios (loss is comparable and max is 15.6%)

0.5 < 𝜂 < 0.85



• Small additions of alkalinity to riverine discharge yield higher efficiency                       

Caveat: smaller perturbations maximize efficiency but may not achieve 

the total CO₂ uptake needed for large-scale mitigation

• In the Northern Gulf AE is more effective in summer than in winter 

Stronger stratification + shallower mixed layer promote a longer surface 

retention

• EW cases reveal only minor differences in ocean-side leakage: better  for 

strategy design. EW approaches should focus on land-based factors 

(mineral feedstock, weathering kinetics, cost, and signal resolvability...)

• For a given amount of ALK modification, EW approaches will result in 

more effective ocean carbon storage because they will deviate less 

strongly from the background ALK/DIC field during transient ALK 

modification.



Zhou, Reinhard, Ito, Bracco, et al, In Prep

RESOLUTION



Control runs  -  CO2 fluxes

1km 5km



ALK modification run  -  CO2 fluxes

1km 5km
Jan100%



Attribution framework

Ito and Reinhard, GBC 2025 ocean contributions

wind



η(t) = A * ∆F(t) / ∆Alk

F = change in the air-sea CO₂ flux 

inventory over time due to alkalinity 

modification / m2. 





Zhou, Bracco, Ito & Reinhard, In prep





Challenges

- Removing carbon from the atmosphere is, by and large, a multiscale problem for 

which a reliable representation of main physical processes is essential

- Missing physics remains potentially more important that actual carbon cycle 

perturbations. These simulations (2 years worth of CPU time on a DOE 

supercomputer!) remain uncoupled

- Long-time scales associated with climate-carbon perturbations from large-scale CDR 

deployments. We are not sampling those yet

- The multiscale problem is only getting more complicated.... Emulators may be the 

way forward
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