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Decision letter and referee reports: first round 

19th Jan 24 

Dear Dr Wang, 

 

Your manuscript titled "Organic matter transfer efficiency is the largest uncertainty for biological 

carbon pump in CMIP6 models" has now been seen by 3 reviewers, and we include their comments at 

the end of this message. They find your work of interest, but some important points are raised. In 

particular: 1) it is important that methods and terminology are clearly described so that readers know 

precisely what is meant when uncertainty is discussed, 2) the justification for, and limitations of, a 

Martin Curve approximation should be discussed, and 3) the models should be compared to 

observations to give readers context for the relative accuracy or inaccuracy of different modeling 

approaches. We are interested in the possibility of publishing your study in Communications Earth & 

Environment, but would like to consider your responses to these concerns and assess a revised 

manuscript before we make a final decision on publication. 

 

We therefore invite you to revise and resubmit your manuscript, along with a point-by-point response 

that takes into account the points raised. Please highlight all changes in the manuscript text file. 

 

We are committed to providing a fair and constructive peer-review process. Please don't hesitate to 

contact us if you wish to discuss the revision in more detail. 

 

Please use the following link to submit your revised manuscript, point-by-point response to the 

referees’ comments (which should be in a separate document to any cover letter), a tracked-changes 

version of the manuscript (as a PDF file) and the completed checklist: 

[redacted] 

** This url links to your confidential home page and associated information about manuscripts you 

may have submitted or be reviewing for us. If you wish to forward this email to co-authors, please 

delete the link to your homepage first ** 

 

We hope to receive your revised paper within six weeks; please let us know if you aren’t able to 

submit it within this time so that we can discuss how best to proceed. If we don’t hear from you, and 

the revision process takes significantly longer, we may close your file. In this event, we will still be 

happy to reconsider your paper at a later date, as long as nothing similar has been accepted for 

publication at Communications Earth & Environment or published elsewhere in the meantime. 

 

Please do not hesitate to contact us if you have any questions or would like to discuss these revisions 

further. We look forward to seeing the revised manuscript and thank you for the opportunity to review 

your work. 

 

Best regards, 

 

Michael Stukel, PhD 

Editorial Board Member 

Communications Earth & Environment 

orcid.org/0000-0002-7696-6739 

 

Clare Davis, PhD 

Senior Editor 

Communications Earth & Environment 

 



 

EDITORIAL POLICIES AND FORMATTING 

 

We ask that you ensure your manuscript complies with our editorial policies. Please ensure that the 

following formatting requirements are met, and any checklist relevant to your research is completed 

and uploaded as a Related Manuscript file type with the revised article. 

 

Editorial Policy: Policy requirements (Download the link to your computer as a PDF.) 

 

Furthermore, please align your manuscript with our format requirements, which are summarized on 

the following checklist: 

Communications Earth & Environment formatting checklist 

 

and also in our style and formatting guide Communications Earth & Environment formatting guide . 

 

*** DATA: Communications Earth & Environment endorses the principles of the Enabling FAIR data 

project (http://www.copdess.org/enabling-fair-data-project/ ). We ask authors to make the data that 

support their conclusions available in permanent, publically accessible data repositories. (Please 

contact the editor if you are unable to make your data available). 

 

All Communications Earth & Environment manuscripts must include a section titled "Data Availability" 

at the end of the Methods section or main text (if no Methods). More information on this policy, is 

available at http://www.nature.com/authors/policies/data/data-availability-statements-data-

citations.pdf. 

 

In particular, the Data availability statement should include: 

- Unique identifiers (such as DOIs and hyperlinks for datasets in public repositories) 

- Accession codes where appropriate 

- If applicable, a statement regarding data available with restrictions 

- If a dataset has a Digital Object Identifier (DOI) as its unique identifier, we strongly encourage 

including this in the Reference list and citing the dataset in the Data Availability Statement. 

 

DATA SOURCES: All new data associated with the paper should be placed in a persistent repository 

where they can be freely and enduringly accessed. We recommend submitting the data to discipline-

specific, community-recognized repositories, where possible and a list of recommended repositories is 

provided at http://www.nature.com/sdata/policies/repositories. 

 

If a community resource is unavailable, data can be submitted to generalist repositories such 

as figshare or Dryad Digital Repository. Please provide a unique identifier for the data (for example a 

DOI or a permanent URL) in the data availability statement, if possible. If the repository does not 

provide identifiers, we encourage authors to supply the search terms that will return the data. For 

data that have been obtained from publically available sources, please provide a URL and the specific 

data product name in the data availability statement. Data with a DOI should be further cited in the 

methods reference section. 

 

Please refer to our data policies at http://www.nature.com/authors/policies/availability.html. 
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Review of Wang and Fennel, “Organic matter transfer efficiency is the largest uncertainty for biological 

carbon pump in CMIP6 models” 

 

This manuscript analyses the suite of CMIP6 models that report data on particulate organic carbon 

export and 3-D fluxes to identify sources of uncertainty in the modern-day modelled biological carbon 

pump estimates. The manuscript presents an interesting approach to considering uncertainty and 

provides useful results to those working in the field of biogeochemical oceanography. 

 

The approach to estimating structural uncertainty is not described in the Methods section. In equation 

13 and 14, the TEcorrection term isn’t defined. This made it a bit confusing to understand the results. 

 

The use of the Martin curve as the “true” attenuation curve against which to assess parameterisation 

uncertainty makes the assumption that the Martin curve correctly describes the flux attenuation. 

However, there are many possible mathematical forms to describe the flux attenuation curve (Cael & 

Bisson, 2018, Frontiers Mar Sci). Although I understand the rationale behind choosing the Martin 

curve, the authors need to include a discussion of the implications of this assumption for their results. 

 

Please include a table in supplementary material with the key references describing the 

biogeochemical model structure for each of the CMIP6 models used in the analysis. 

 

Section 2.1: I found this section quite heavy-going as there are lots of numbers being cited. The 

authors should consider whether the detailed info on the fluxes and multiplication factors for the 

different biomes can be tabulated (or graphically presented), thus leaving the text to describe the key 

features. 

 

Line 124: how do these values of b compare to observations-based estimates? 

 

Line 125: do none of the models used here have temperature-dependent remineralisation? 

 

Line 142: it’s not clear what “neglecting the protections by opal” means here. 

 

Lin 162-163: It would be interesting to discuss the observation that the models used here have 

contrasting latitudinal patterns of transfer efficiency in the context of the ongoing discrepancy in 

observations-based global patterns of transfer efficiency (e.g. Henson et al., 2012 vs Marsay et al., 

2015). 

 

Line 167: include a reference for “oligotrophic regions tend to export fecal pellets and refractory 

organic particles”. Also, as written this sentence implies that fecal pellets aren’t exported at high 

latitudes. 

 

Figure 5a: Is the x-axis percentage (/100), as used in lines 198-220? What do negative contributions 

to uncertainty mean? Define Uf, Uep etc. in the caption. 

 

Line 239-241: the new paper by Ricour (2023, Nature Geosci) may provide some useful information 

on sequestration horizon. 

 

Figure 7: Define Up, Us etc. in the caption. 

 

Line 289: “more similar” than what? 

 



Section 2.5: this section was interesting, but rather an aside – it didn’t seem to address the main 

point of the manuscript at all. I got to the end of the section and couldn’t see how it was more than 

tangentially relevant. I suggest the authors rewrite this section. For example, what are the 

implications of the results to our understanding of future project changes to carbon storage? This 

section gives the impression that the only issue is paucity of observations and increasing the size of in 

situ datasets will make the models better, but there are also constraints on model parameterisation, 

complexity, structure etc. too that could be discussed. 

 

Figure 8b: how are the match-ups between the models and observations done? 

 

Line 339: why do the 14 models produce 2 contrasting patterns of transfer efficiency? 

 

Conclusion section: the manuscript ends rather abruptly! What are the implications of the results 

shown for model development? 

 

 

 

 

Reviewer #2 (Remarks to the Author): 

 

The manuscript “Organic matter transfer efficiency is the largest uncertainty for biological carbon 

pump in CMIP6 models” by Wang and Fennel analyzes CMIP6 models for their ocean biogeochemical 

diversity. The manuscript provides a highly useful comparison of the CMIP6models in their diversity in 

representing carbon export at 100 and transfer efficiency. However, I have three criticisms of the 

manuscript in its present form: 1) the authors are overly vague on their definition of “uncertainty”, 2) 

the authors do not compare the models in a quantitative way to available estimates of transfer 

efficiency to assess whether any of the models are reproducing observed patterns (with the exception 

of the qualitative statement comparing to Guidi et al., 2015) and 3) the separation between 

“structural” and “Parametric” uncertainty is unclear. All these concerns are described below and should 

be easily rectified in a revised version. 

 

7, 8, 9, and 10 - The general word “uncertainty” is used where I believe the more specific “model 

structural diversity” is intended. As the CMIP6 models are all derived from a similar set of scientific 

literature and often the same algorithms, they cannot be expected to span the true uncertainty range. 

As such, the analysis of CMIP6 models can only sample the realized structural diversity. On the flip 

side, it may be that some of this diversity can be falsified by observations such that the differences 

from observations should be characterized as “bias” rather than “uncertainty”. However, given that the 

Hawkins and Sutton use of “structural uncertainty” has become so pervasive, I think it is fine to use 

“structural uncertainty” throughout as long as the authors add a contextualization statement on the 

above limitations. 

9-10 – “but by uncertainty in” should be “and” 

41-43 – The sentence justifying a distinction between “structural” and “parametric” uncertainty - “The 

former arises from the choice of model structure while the latter is due to the assignment of poorly 

known parameters and the varying degrees of parameter tuning across different ESMs.” Is not 

compelling. I think I understand what the authors are getting at in terms of the difference in physics 

and chemistry between knowing the structural forms versus knowing the values of parameters, but in 

ocean biogeochemistry, such a clean distinction does not exist. There is typically no single “correct” 

structural form, just a bunch of semi-empirical options which must be calibrated and can give similar 

overall behaviors (e.g. Martin, versus Pace power functions, decreased remineralization timescale 

versus increased sinking speed, Monod versus Michaelis-Menten for growth. 

48 – I think “be” should be “have remained” 



146 - The authors mention Guidi et al., 2015 UVP transfer efficiency estimates as being supportive of 

GFDL CM4, but this is the only place where an independent verification is applied. The authors should 

conduct a quantitative assessment of models for transfer efficiency based on the available estimates 

including not only Guidi et al., 2015 but also: 

Henson et al 2012 https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2011GB004099 

Weber et al., 2016 https://www.pnas.org/doi/abs/10.1073/pnas.1604414113 

Devries and Weber, 2017 https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016GB005551 

I would note that while the Henson and Weber estimates have strongly divergent patterns, the Devries 

and Weber 2017 distinguish between the 1000m and 1000-2000 m transfer efficiency which illustrate 

very different regional patterns. 

Figure 5 – UF, UEP, and UTE should be defined in the caption. 

234 – Why is this true “especially in the North Atlantic and the North Pacific”? More clarification is 

necessary 

241 – this assertion is incorrect – sequestration horizons are provided in Nowicki et al., 2022: 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GB007083 

260 – It is not at all clear to me how the authors are able to distinguish between structural and 

parametric uncertainty. Looking through the methods, it seems that “structural” is being defined as 

the the Martin shape, and “parametric” as the deviation from that shape, or vice versa, but it seems 

that the term “TEdeviation” is defined towards the separation whereas “TEcorrection” is used in the 

definition of the structural uncertainty component, so it is not clear how all the terms are related. In 

any case, while I think it is potentially useful to frame the distinction between aspects of the transfer 

efficiency that are representable with the Martin curve in shape and its modulation through the b 

exponent versus that which is not, the authors need to explain what these definitions mean at the 

beginning of the section for it to be helpful. 

294 – Bringing up the constraints from nutrient and oxygen data begs the question of why the authors 

did not include these comparisons with observations as a means of reducing uncertainty… 

unfortunately, such an analysis is made extremely difficult as these models have radically different 

initialization/spinup procedures as detailed in Seferian et al., 2016 

(https://gmd.copernicus.org/articles/9/1827/2016/) for CMIP5 and Seferian et al., 2020 

https://link.springer.com/article/10.1007/s40641-020-00160-0) for CMIP6. The authors should point 

out that a more consistent protocol for model initialization/spinup would provide much better 

opportunity for model assessment in the future. 

 

 

 

 

Reviewer #3 (Remarks to the Author): 

 

Review of Wang & Fennel “Organic matter transfer efficiency is the largest uncertainty for biological 

carbon pump in CMIP6 models” 

 

In this manuscript, Wang & Fennel analyze earth system model output from the latest CMIP 

simulations to identify processes that result in uncertainty in the strength of the biological pump. 

Above 900m, carbon export by sinking particles is the greatest source of uncertainty, whereas, below 

900m, uncertainty is related to transfer efficiency, related to the rate of sinking particle 

remineralization. There are three groups of models, closely related to which biogeochemistry package 

is used: (1) with largely homogeonous transport efficiency (MARBL/HAMOCC) that is independent of 

temperature; (2) low transport efficiency in the subtropical gyres and high transport efficiency in the 

tropics and high latitudes (PISCES/COBALT) due to temperature dependence; and (3) high transport 

efficiency in the subtropical gyres and low transport efficiency in the tropics and high latitudes (BLING) 

due to ballasting. Either contrasting pattern from group (2) or (3) can be justified depending on which 



observations are considered. Introducing variable reactivity distributions for sinking particles flips the 

PISCES model from (2) to (3), suggesting that distinguishing between different size and composition 

particles is important for simulating the future response of the biological pump to climate changes. 

 

I thought this manuscript was interesting, well-written, and easy to follow. I only have a few 

suggestions: 

 

(1) The authors make a prominent point of defining biomes for their analysis (Figure 1), but don’t 

really apply them to the principal analysis. I think the discussion of results in section 2.1 would benefit 

from a box-and-whisker-plot for POC flux in each biome, and at each depth, with the location of each 

model indicated with a symbol. Similarly Figure 3. I am not really a fan of these “postage stamp” 

plots, I would prefer the authors did something more visual to highlight the patterns they are trying to 

emphasize, rather than making the reader scrutinize ~30 little panels each time. 

 

(2) Which group does the CMCC-ESM2/BFM model fall in to? Line 128 indicates “no distinct latitudinal 

pattern” and it is dismissed, but it looks like there is something interesting going on between the 

Southern Ocean and other regions. Does BFM have any particular mechanisms in common, or different 

from the three overall groups? 

 

Minor comments/clarifications: 

Line 66-67: Cael & Lauderdale (2021) also found a ~20-25uatm sensitivity of changing “b” values in a 

biogeochemical model. 

Line 70: Both export and transfer efficiency have structural and parametric uncertainty, the authors 

only make the distinction for transfer efficiency in this paper. 

Line 131: Add “(high)” for “b” in the subtropical gyres. 

Line 170-176: “PISCESv2 simulates two particle size classes with different sinking velocities”: yes, but 

why did it not produce a similar result to GFLD-CM4/BLING or PISCESv2_RC? 

Figure 4: did not calculate “b”. 

Line 240: Not exactly a global sequestration depth map (depends on how long you consider 

“sequestered”), but Hill et al. (2004, 10.1029/2002JC001598) have maps of residence times of carbon 

at different depths in the ocean form a model. 

Line 278: “structural uncertainty can be significant” see also Lauderdale & Cael (2021). 

Line 408 & 409: Define TE_correction. Is that related to TE_deviation? 
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We thank the reviewers for their constructive comments which we found very helpful while 

revising the manuscript. We considered all comments carefully and detail our responses and 

actions below. The complete reviewer comments are shown in black font followed by our 

responses to each comment in blue font.  

REVIEWER COMMENTS: 

Reviewer #1 (Remarks to the Author): 

Review of Wang and Fennel, “Organic matter transfer efficiency is the largest uncertainty 

for biological carbon pump in CMIP6 models” 

This manuscript analyses the suite of CMIP6 models that report data on particulate organic carbon 

export and 3-D fluxes to identify sources of uncertainty in the modern-day modelled biological 

carbon pump estimates. The manuscript presents an interesting approach to considering 

uncertainty and provides useful results to those working in the field of biogeochemical 

oceanography. 

Response: We would like to thank the reviewer for the positive assessment and constructive 

comments. 

The approach to estimating structural uncertainty is not described in the Methods section. In 

equation 13 and 14, the TEcorrection term isn’t defined. This made it a bit confusing to understand 

the results. 

Response: Sorry for the mistake caused by a mix-up of different manuscript versions. It should be 

𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 in equations 13 and 14:

𝑈𝐼𝐼 = 𝑣𝑎𝑟(log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ))

𝑈𝐼&𝐼𝐼 = 2 × 𝑣𝑎𝑟(log10(𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) , log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ))

In addition, we have re-defined the parametric (𝑈𝑃) and structural (𝑈𝑆) uncertainty as type I (𝑈𝐼)
and type II (𝑈𝐼𝐼) uncertainty. Please see our response to the following comment for more details.

The use of the Martin curve as the “true” attenuation curve against which to assess 

parameterisation uncertainty makes the assumption that the Martin curve correctly describes the 

flux attenuation. However, there are many possible mathematical forms to describe the flux 

attenuation curve (Cael & Bisson, 2018, Frontiers Mar Sci). Although I understand the rationale 

behind choosing the Martin curve, the authors need to include a discussion of the implications of 

this assumption for their results. 

Response: We appreciate this constructive and helpful comment. We agree with the reviewer that 

we cannot assume that the Martin curve or any other parameterization as the truth. In our revised 

manuscript, we re-defined the parametric (𝑈𝑃) and structural (𝑈𝑆) uncertainty as type I (𝑈𝐼) and

type II (𝑈𝐼𝐼) uncertainty to distinguish between model uncertainty of transfer efficiency that is

representable by the Martin curve by changing the exponent b (type I) and that which is not (type 

II). The motivation, definition, as well as interpretation and discussion of these two types of model 

uncertainty have been rephrased in our revised manuscript: 

Introduction section (changed text is highlighted in bold fond here): 

Author responses: first round
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“The BCP can be assessed by quantifying carbon export out of the euphotic zone and the 

depth-dependent transfer efficiency4–8, which measures the fraction of the exported carbon that 

survives respiration and reaches the deep ocean. Given the complex mechanisms controlling the 

transfer efficiency, simple parameterizations with different mechanistic underpinnings have 

been used to represent and to compare the transfer efficiency9,10. The Martin curve11, which 

normalizes the vertical carbon flux to a reference depth, e.g., 100 m, through the power-law 

equation F=F0×(z/z0)-b, is the most widely used parameterization12–16. The exponent b is an 

indicator of the carbon flux attenuation with depth: the larger the exponent b, the faster the 

attenuation and hence the lower the transfer efficiency. A recent estimate of the exponent b is 

0.84±0.1413, which is equivalent to a range in transfer efficiency from 5% (b=0.98) to 12% 

(b=0.70) at 2000 m and corresponds to an uncertainty in equilibrium atmospheric CO2 levels of 

2813,14 or 469 μatm depending on the climate model used. However, this neglects the uncertainty 

resulting from the choice of the Martin curve over a different parameterization, which has been 

estimated to contribute an additional uncertainty in atmospheric CO2 levels of 12 μatm9. Rather 

than using the simple parameterizations which are compared in ref.9, current ESMs simulate 

the transfer efficiency in a more mechanistic manner by resolving some key controlling 

processes, such as the ballast protection of organic matter17–19, temperature-18–20 and oxygen-

dependent17–21 remineralization, and aggregation/disaggregation20. The extent to which the 

uncertainty in transfer efficiency in state-of-the-art ESMs can be represented by changing the 

exponent b of the Martin curve, or not, warrants further evaluation. 

In this study, the model uncertainty in simulating the BCP is quantified by the variance of 

averaged vertical carbon flux over different spatial scales across ESMs. We distinguish between 

the model uncertainty within the euphotic zone and below by partitioning it into the model 

uncertainty of carbon export and the model uncertainty of transfer efficiency. Motivated by the 

wide application of the Martin curve, we further decomposed the latter into two components: 

the uncertainty which can be represented by changing the exponent b of the Martin curve 

(referred to here as type I) and the uncertainty which cannot (referred to as type II) ……” 

 

Section 2.4 (changed text is highlighted in bold fond here) 

“…… 

The Martin curve has been widely used to fit the sparse observations of deep vertical carbon 

flux for extrapolating and comparing the transfer efficiency. The exponent b has also been 

perturbed to assess the sensitivity of atmospheric CO2 levels to transfer efficiency14,32. Our 

results show that the model uncertainty of transfer efficiency is underestimated by using the 

Martin curve and exponent b. This is consistent with findings in ref.9 where six simple 

alternative parameterizations were compared with the Martin Curve. Therefore, sampling and 

using the vertical profiles of transfer efficiency is recommended rather than only reporting the 

exponent b when calibrating models.” 

 

Section 4.3 (changed text is highlighted in bold fond here) 

“…… 

The model uncertainty of the transfer efficiency (𝑈𝑇𝐸) is further decoupled into type I (𝑼𝑰, 

dimensionless) and type II (𝑼𝑰𝑰, dimensionless) to distinguish between model uncertainty of 

transfer efficiency which can be represented by changing the exponent b of the Martin curve or 

not. To achieve this, the simulated vertical profiles of transfer efficiency from each ESMs were 
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fitted to the Martin curve and the variance of the predicted transfer efficiency (𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) is 

exclusively due to the exponent b: 

 ……” 

 

Please include a table in supplementary material with the key references describing the 

biogeochemical model structure for each of the CMIP6 models used in the analysis.  

Response: Thanks for the suggestion. A table describing the mechanisms included in the different 

biogeochemical models with references has been added to our revised manuscript: 

 

Table 2. Mechanisms included in different biogeochemical models to simulate the vertical 

attenuation of vertical carbon flux 

 

Ocean BGC 

model 

Ballast effect Temperature 

dependence 

Oxygen 

dependence 

Bacteria 

utilization CaCO3 Opal dust 

MARBL17 Yes Yes Yes No Yes Implicitly 

BLINGv218 Yes No Yes Yes Yes Implicitly 

COBALTv219 Yes Yes Yes Yes Yes Implicitly 

PISCESv220 No No No Yes Yes Implicitly 

HAMOCC621,22 No No No No Yes Implicitly 

BFM5.225 No No No Yes No Explicitly 

 

 

Section 2.1: I found this section quite heavy-going as there are lots of numbers being cited. The 

authors should consider whether the detailed info on the fluxes and multiplication factors for the 

different biomes can be tabulated (or graphically presented), thus leaving the text to describe the 

key features.  

Response: Thanks for the suggestion. We have added a new figure (see below) in our revised 

manuscript to better visualize the variability across different ESMs and moved the previous Figure 

2 into the supplement. In addition, we have removed the redundant details from this section to 

focus more on the key messages.  
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Figure 1. Map of biogeochemical biomes (a) and the vertical carbon flux averaged over each biome 

at 100 m and 2000 m (b). Errorbars represent the mean and standard deviation of 14 CMIP6 models 

and black dots represent each single model. The global distributions of all models are shown in 

Figure S1. Abbreviations: Southern Ocean (SO), Equatorial Tropical Indian (ETI), Equatorial 

Tropical Upwelling regions (ETU), Subtropical Gyres (STG), North Pacific (NA), North Atlantic 

(NA), and Arctic Ocean (Arctic). 

 

Line 124: how do these values of b compare to observations-based estimates?  
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Response: Please see our revised manuscript text (changed text is highlighted in bold font): 

 

“The global median of the exponent b varies from 0.63 in IPSL-CM5A2-INCA to 1.01 in 

CMCC-ESM2. This is higher than the estimates of 0.64 and 0.54 from observations in refs.5,15. 

However, the global average of the exponent b ranging from 0.70 to 1.03 is consistent with a 

more recent data-constrained model estimate from 0.70 to 0.9813. …… 

…… 

In the three IPSL models and EC-Earth3-CC, the transfer efficiency at 2000 m is high in the 

productive high-latitude regions and the Equatorial Tropical Upwelling biome but low in the 

Subtropical Gyres. These broad qualitative features can also be found in global patterns derived 

from free-drifting neutrally buoyant sediment traps (NBSTs)12, an inverse model23, and a data-

assimilative ecosystem model24, which have also reported the lowest transfer efficiency in 

Subtropical Gyres. …… Comparisons show that the transfer efficiency at 1000 m simulated by 

the four PISCESv2 ESMs is in general higher than that in the inverse model23 (Figures S3-S5). 

The simulated transfer efficiency at 2000 m from 10.53±0.83% to 17.99±1.26% by the four 

PISCESv2 ESMs is also higher than the 5% to >8% range from the data-assimilative model24.  

In CMCC-ESM2, the latitudinal patterns of transfer efficiency are similar to the four 

PISCESv2 ESMs. …… In general, the simulated transfer efficiency at 2000 m in the CMCC-

ESM2 is comparable to the inverse model23 and the data-assimilative ecosystem model24 except 

that the transfer efficiency from CMCC-ESM2 is much higher in the North Atlantic and Arctic 

Ocean.  

In contrast, in GFDL-CM4, the transfer efficiency at 2000 m is high in the Subtropical Gyres 

and low in the productive regions. This is because the ballast effect of CaCO3 outweighs the 

temperature dependence of the remineralization rate and the ballast effect by opal is missing in 

this model18. General patterns of the fitted exponent b between the productive and oligotrophic 

regions are similar to two observational estimates5,15 (Figures S2-S3) despite regional 

discrepancies in transfer efficiency (Figures S6-S7). For instance, the elevated exponent b, 

which is equivalent to reduced transfer efficiency, near the equator is missing in ref.5 because 

it cannot be resolved by sparse concurrent measurements of carbon export and deep vertical 

carbon flux. In addition, the variation of b in GFDL-CM4 (0.50-1.03) is smaller than that of 

0.36-1.09 and 0.42-1.75 from refs.5,15 (Figure S3). ……” 

 

 
Figure S3. The regionalized exponent b within Longhurst provinces1 and transfer efficiency at 

1000 m which are estimated by refs.2–4. 



 6 

 
Figure S4. Comparisons of simulated transfer efficiency at 1000 m by CMIP6 models with 

estimates from ref.4 
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Figure S5. Spatial distributions of the transfer efficiency at 1000 m simulated by the CMIP6 

models. 
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Figure S6. Comparisons of the regionalized exponent b which is simulated by CMIP6 models 

with estimates from ref.3  
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Figure S7. Comparisons of the regionalized exponent b which is simulated by CMIP6 models 

with estimates from ref.2 
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Line 125: do none of the models used here have temperature-dependent remineralisation? 

 

Response: In MARBL and HAMOCC6, the temperature-dependence of remineralization is not 

considered. These two biogeochemical models are used by 4 CESM2 and 3 MPI ESMs. In our 

original manuscript, we focused on major mechanisms controlling the spatial patterns of transfer 

efficiency but neglect the discussion of other reasons. In our revised manuscript, we have 

attempted to make the discussion more comprehensive (changed text is highlighted in bold font): 

 

“……  

The simulated transfer efficiency at 2000 m is homogenous in the four CESM2 models, the 

three MPI models, and GFDL-ESM4 across latitudes except for the elevated transfer efficiency 

in Oxygen Minimum Zones (OMZs). This is because the remineralization rate is suppressed under 

low oxygen17,19,22 in these biogeochemical models (Tables 1-2). In GFDL-ESM4, the 

remineralization rate is dependent on temperature. The high temperature in low-latitude regions 

facilitates remineralization and should reduce the transfer efficiency. However, this effect is 

compensated for by the ballast effect of elevated CaCO3 and lithogenic fluxes in low latitude 

regions, which enhances the transfer efficiency by protecting organic matter from 

remineralization or by accelerating the sinking velocity19. In the four CESM2 models, the ballast 

effect of CaCO3 and opal are both simulated and may cancel each other out flattening the 

latitudinal gradient of transfer efficiency17, because the former is predominant in the 

Subtropical Gyres and the latter in productive regions. No temperature dependence is simulated 

in the four CESM2 and three MPI models17,21,22.  

……” 

 

Line 142: it’s not clear what “neglecting the protections by opal” means here. 

 

Response: Based on the ballast hypothesis, organic matter is protected from remineralization by 

minerals including CaCO3 and opal while sinking to the deep ocean. Given the elevated opal export 

in the productive regions due to diatoms, the ballast protection of organic matter by opal will 

increase transfer efficiency in productive regions and flatten the global pattern of transfer 

efficiency reported in GFDL-CM4. However, this mechanism is missing in the GFDL-CM4 model. 

In our revised manuscript, we have made this clearer (changed text is highlighted in bold font): 

 

“In contrast, in GFDL-CM4, the transfer efficiency at 2000 m is high in the Subtropical Gyres and 

low in the productive regions. This is because the ballast effect of CaCO3 outweighs the 

temperature dependence of the remineralization rate and the ballast effect by opal is missing in 

this model18.” 

 

Line 162-163: It would be interesting to discuss the observation that the models used here have 

contrasting latitudinal patterns of transfer efficiency in the context of the ongoing discrepancy in 

observations-based global patterns of transfer efficiency (e.g. Henson et al., 2012 vs Marsay et al., 

2015). 

 

Response: Thanks for the suggestion. We have added some discussion in our revised manuscript 

(changed text is highlighted in bold font): 
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“The contrasting global patterns of transfer efficiency have different implications for the 

future response of the BCP to climate change. Warming-enhanced stratification will likely reduce 

nutrient supply to the surface ocean, leading to an expansion of oligotrophic ecosystems. This may 

amplify or dampen the currently predicted reduction of transfer efficiency due to increased 

temperature. Currently, observation-based estimates of transfer efficiency suggest contrasting 

patterns with one supporting high transfer efficiency in oligotrophic ecosystems5,15 and the other 

favouring the opposite pattern12. This indicates that existing in-situ observations provide 

insufficient constraints and suggests that an expansion of concurrent measurements of carbon 

export and deep vertical carbon flux is necessary to reconcile the contrasting patterns or falsify 

one of them.” 

 

Line 167: include a reference for “oligotrophic regions tend to export fecal pellets and refractory 

organic particles”. Also, as written this sentence implies that fecal pellets aren’t exported at high 

latitudes. 

 

Response: Thanks for the suggestion. The fecal pellets are exported at both low and high latitude 

regions. In the low latitudes, however, the relative contributions of fecal pellets to the total export 

are higher than in the high latitudes where diatoms favour the formation of aggregates (Siegel et 

al., 2014; Nowicki et al., 2022). In our revised manuscript, we have removed this sentence to make 

the section more concise, but we have changed an earlier sentence in the same section to make the 

point clearer (changed text is highlighted in bold font): 

 

“Aside from ballast effects, this global pattern has also been suggested to be driven by particle 

composition because of the elevated relative contribution from fast-sinking fecal pellets in 

oligotrophic regions5,26,27.” 

 

Figure 5a: Is the x-axis percentage (/100), as used in lines 198-220? What do negative contributions 

to uncertainty mean? Define Uf, Uep etc. in the caption. 

 

Response: The x-axis represents the values of different uncertainties. Based on the definition of 

different uncertainties in the Methods section, the unit for the model uncertainty of the vertical 

carbon flux (UF) and the model uncertainty of carbon export (UEP) is (log(mg C m-2 day-1))2, while 

the model uncertainty of transfer efficiency (UTE) as well as type I and type II uncertainties (UI 

and UII) are dimensionless. We have clarified this in the Methods section in our revised manuscript. 

 

The negative contributions of the co-dependence between carbon export and transfer efficiency 

(UEP&TE) suggest that they are anti-correlated across the different ESMs that we compared. In other 

words, when the carbon export changes, the transfer efficiency changes in the opposite direction 

thus reducing differences in the deep vertical carbon flux across different ESMs. This is 

particularly important in the Arctic Ocean and the North Atlantic on the biome scale (P10 L224-

226) and in the Subtropical Gyres on the local scale (P10 L233-236). 

 

As suggested, the definition of different uncertainties has been added to the figure caption in our 

revised manuscript (changed text is highlighted in bold font): 
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“Figure 3. Partitioning of model uncertainty in the vertical carbon flux (𝑼𝑭) as a function of depth 

(a) and at 2000 m (b) into the model uncertainty of carbon export (𝑼𝑬𝑷), the model uncertainty 

of transfer efficiency (𝑼𝑻𝑬 ), and the co-dependence between carbon export and transfer 

efficiency (𝑼𝑬𝑷&𝑻𝑬) as described in Methods. The horizontal dashed black lines represent the 

crossover depth where the uncertainty of transfer efficiency (𝑼𝑻𝑬) starts to dominate the model 

uncertainty in the vertical carbon flux (𝑼𝑭).” 

 

 

Line 239-241: the new paper by Ricour (2023, Nature Geosci) may provide some useful 

information on sequestration horizon. 

 

Response: Thanks for the very helpful suggestion. We have revised our manuscript accordingly 

(changed text is highlighted in bold font): 

 

“With respect to long-term carbon sequestration and global climate, the relative importance of 

model uncertainty between carbon export and transfer efficiency depends on the competition 

between the crossover depth and the sequestration horizon, i.e. the depth where carbon is 

sequestered for climate-relevant timescales (e.g., >100 years). Typically, the deeper the organic 

carbon is respired, the longer it is sequestered28,29. The 1000 and 2000 m depths have been widely 

used as static horizons5–7,15,23,24. However, the sequestration horizon is spatially variable. There 

have been some published global maps about the carbon sequestration time27 and mean 

residence time at each depth30. A recent study suggests that carbon sequestration occurs 

throughout the water column and that about half of the sequestration is above 1000 m31. On the 

global scale, the crossover depth of 900 m underscores the importance of both model uncertainty 

of carbon export and transfer efficiency for understanding the century-scale sequestration. The 

importance of model uncertainty of transfer efficiency is expected to increase when considering 

longer-term sequestration.” 

 

Figure 7: Define Up, Us etc. in the caption. 

 

Response: We have renamed these two types of uncertainty as type I and type II uncertainty. 

Definitions were also added to the figure caption in our revised manuscript (changed text is 

highlighted in bold font): 

 

“Figure 5. The partitioning of model uncertainty of transfer efficiency (𝑼𝑻𝑬) as a function of depth 

(a) and at 2000 m (b) into the type I (𝑼𝑰) and type II (𝑼𝑰𝑰) uncertainties that are representable 

with the Martin curve and not, as well as their co-dependence (𝑼𝑰&𝑰𝑰) as described in Methods.”  

 

Line 289: “more similar” than what? 

 

Response: We have rewritten this section and removed this sentence in our revised manuscript. 

 

Section 2.5: this section was interesting, but rather an aside – it didn’t seem to address the main 

point of the manuscript at all. I got to the end of the section and couldn’t see how it was more than 

tangentially relevant. I suggest the authors rewrite this section. For example, what are the 
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implications of the results to our understanding of future project changes to carbon storage? This 

section gives the impression that the only issue is paucity of observations and increasing the size 

of in situ datasets will make the models better, but there are also constraints on model 

parameterisation, complexity, structure etc. too that could be discussed.  

Response: We really appreciate this constructive comment and suggestion. This section has been 

rewritten. Please see details in our revised manuscript. 

 

Figure 8b: how are the match-ups between the models and observations done? 

 

Response: The in-situ observations were compared with the monthly climatology of modelled 

POC fluxes in the nearest model grid cell of each ESMs. We have clarified this in a new section 

in our revised manuscript (new text): 

 

“4.2 In-situ observations of the vertical carbon flux 

In-situ observations of the vertical carbon flux were compiled by ref.59 and are available in the 

supporting information of ref.13. Most of the available in-situ observations (~90%) were collected 

by sediment traps deployed for less than 30 days and hence are compared to the monthly 

climatology in the nearest model grid cell of each ESMs.” 

 

Line 339: why do the 14 models produce 2 contrasting patterns of transfer efficiency? 

 

Response: As we discussed in section 2.2, this is because of the differences in model structures 

and model parameters across different ESMs. We have improved our discussion in section 2.2 in 

our revised manuscript to make it more comprehensive and revised this sentence to make it clearer 

(changed text is highlighted in bold font): 

 

Section 2.2 

“…… The simulated transfer efficiency at 2000 m can be classified into three, qualitatively 

different latitudinal patterns (Figures 2 and S2): the first is a homogenous transfer efficiency, 

the other two are opposite latitudinal patterns, either high in the oligotrophic Subtropical Gyre 

and low in productive regions or vice versa. 

The simulated transfer efficiency at 2000 m is homogenous in the four CESM2 models, the 

three MPI models, and GFDL-ESM4 across latitudes except for the elevated transfer efficiency 

in Oxygen Minimum Zones (OMZs). This is because the remineralization rate is suppressed under 

low oxygen17,19,22 in these biogeochemical models (Tables 1-2). In GFDL-ESM4, the 

remineralization rate is dependent on temperature. The high temperature in low-latitude regions 

facilitates remineralization and should reduce the transfer efficiency. However, this effect is 

compensated for by the ballast effect of elevated CaCO3 and lithogenic fluxes in low latitude 

regions, which enhances the transfer efficiency by protecting organic matter from 

remineralization or by accelerating the sinking velocity19. In the four CESM2 models, the ballast 

effect of CaCO3 and opal are both simulated and may cancel each other out flattening the 

latitudinal gradient of transfer efficiency17, because the former is predominant in the 

Subtropical Gyres and the latter in productive regions. No temperature dependence is simulated 

in the four CESM2 and three MPI models17,21,22.  

In the three IPSL models and EC-Earth3-CC, the transfer efficiency at 2000 m is high in the 

productive high-latitude regions and the Equatorial Tropical Upwelling biome but low in the 
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Subtropical Gyres. …… Global patterns in the three IPSL models and EC-Earth3-CC are due 

to the temperature-dependent remineralization rate and the differentiation of sinking velocities 

between two size classes of organic particles in their biogeochemical models, i.e., PISCESv220. 

In productive regions where diatoms are dominant, the exported organic particles tend to be large 

and fast sinking because diatoms aggregate efficiently. …… 

In CMCC-ESM2, the latitudinal patterns of transfer efficiency are similar to the four 

PISCESv2 ESMs. However, the transfer efficiency is low in the North Pacific and Equatorial 

Tropical Upwelling biomes. Unlike other models analyzed here, the utilization of organic 

particles by bacteria is simulated explicitly in CMCC-ESM2. It is dependent on the nutritional 

content of organic particles when bacteria are abundant and otherwise on temperature and 

bacterial biomass25. Although the bacterial utilization of organic particles can be modulated by 

oxygen, it appears that this oxygen-dependence is deactivated in the CMCC-ESM2 because 

transfer efficiency in OMZs is not elevated. …… 

In contrast, in GFDL-CM4, the transfer efficiency at 2000 m is high in the Subtropical Gyres 

and low in the productive regions. This is because the ballast effect of CaCO3 outweighs the 

temperature dependence of the remineralization rate and the ballast effect by opal is missing in 

this model18. …….” 

 

Conclusion (new text) 

“…… Owing to the discrepancies in model structures and parameters, the simulated transfer 

efficiency from 14 CMIP6 models can be classified into three broad categories, with the first 

category features a homogenous global pattern of transfer efficiency and the remaining categories 

encapsulate two contrasting patterns.” 

 

Conclusion section: the manuscript ends rather abruptly! What are the implications of the results 

shown for model development? 

 

Response: Thanks for the comment. We have rephrased the conclusion section in our revised 

manuscript (changed text is highlighted in bold font): 

 

“In this study, model uncertainty in simulating the BCP within state-of-the-art ocean 

biogeochemical models was partitioned into different contributors and analyzed. Comparisons 

across 14 CMIP6 models show large variations in carbon export at 100 m and increased 

variations at depth due to differences in transfer efficiency. Owing to the discrepancies in model 

structures and parameters, the simulated transfer efficiency from 14 CMIP6 models can be 

classified into three broad categories, with the first category features a homogenous global 

pattern of transfer efficiency and the remaining categories encapsulate two contrasting patterns. 

In addition, uncertainty analysis based on 6 of 14 representative CMIP6 models suggests an initial 

dominance of model uncertainty of carbon export which is overtaken by the model uncertainty of 

transfer efficiency at 900 m on the global scale. Since a recent study has suggested that the 

century-scale carbon sequestration is equivalently important above and below 1000 m31, model 

uncertainties of carbon export and transfer efficiency are both important, implying the necessity 

to improve model representations both within the euphotic zone and below. In addition, an 

expansion of observations of not only carbon export but also flux attenuation in the deep ocean 

is important. The model uncertainty of transfer efficiency was further decoupled into uncertainties 

that are representable by the Martin curve or not, both of which show comparable significance, 
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suggesting that the usage of Martin curve and exponent b for comparing transfer efficiency 

underestimates the model uncertainty of transfer efficiency. Therefore, the vertical profile of 

transfer efficiency is recommended for model validation rather than using the exponent b.” 
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Reviewer #2 (Remarks to the Author):  

 

The manuscript “Organic matter transfer efficiency is the largest uncertainty for biological carbon 

pump in CMIP6 models” by Wang and Fennel analyzes CMIP6 models for their ocean 

biogeochemical diversity. The manuscript provides a highly useful comparison of the CMIP6 

models in their diversity in representing carbon export at 100 and transfer efficiency. However, I 

have three criticisms of the manuscript in its present form: 1) the authors are overly vague on their 

definition of “uncertainty”, 2) the authors do not compare the models in a quantitative way to 

available estimates of transfer efficiency to assess whether any of the models are reproducing 

observed patterns (with the exception of the qualitative statement comparing to Guidi et al., 2015) 

and 3) the separation between “structural” and “Parametric” uncertainty is unclear. All these 

concerns are described below and should be easily rectified in a revised version. 

 

Response: We really appreciate these constructive comments and suggestions. 

 

Regarding the first point, we defined the uncertainty as the variance of the averaged properties of 

interest (i.e. vertical carbon flux, transfer efficiency) over different spatial scales (i.e., global ocean, 

biomes) across the different CMIP6 models. We have revised the introduction section in our 

revised manuscript to make it clearer (new text): 

 

“…… 

In this study, the model uncertainty in simulating the BCP is quantified by the variance of 

averaged vertical carbon flux over different spatial scales across ESMs…….” 

 

Regarding the second point, we have added quantitative comparisons of transfer efficiency in our 

revised manuscript as suggested. For details, please see our responses to the specific comments 

below.  

 

Finally, with respect to the separation between parametric and structural uncertainties, we have re-

defined these two types of uncertainty as type I (𝑈𝐼) and type II (𝑈𝐼𝐼) uncertainty. Type I represents 

the uncertainty of transfer efficiency that is representable with the Martin curve by changing the 

exponent b. Type II is the uncertainty that cannot be represented as such. Since the Martin curve 

and its exponent b have been widely used to extrapolate and compare the transfer efficiency, we 

believe that this distinction will be helpful to discuss whether the usage of Martin curve is 

appropriate. The motivation, definition, as well as interpretation and discussion of these two types 

of model uncertainty have been rephrased in our revised manuscript. Please see our response to 

the following specific comments for details. 

 

7, 8, 9, and 10 - The general word “uncertainty” is used where I believe the more specific “model 

structural diversity” is intended. As the CMIP6 models are all derived from a similar set of 

scientific literature and often the same algorithms, they cannot be expected to span the true 

uncertainty range. As such, the analysis of CMIP6 models can only sample the realized structural 

diversity. On the flip side, it may be that some of this diversity can be falsified by observations 

such that the differences from observations should be characterized as “bias” rather than 

“uncertainty”. However, given that the Hawkins and Sutton use of “structural uncertainty” has 
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become so pervasive, I think it is fine to use “structural uncertainty” throughout as long as the 

authors add a contextualization statement on the above limitations. 

 

Response: Thanks for pointing this out. We agree and have added a definition and a statement of 

caveat in the Introduction section of our revised manuscript (new text): 

“…… 

In this study, the model uncertainty in simulating the BCP is quantified by the variance of 

averaged vertical carbon flux over different spatial scales across ESMs. ……” 

 

“…… A caveat is that the uncertainty analyzed is sampled over the realized diversity of the 

selected CMIP6 models which do not necessarily span the real uncertainty range. ……”  

 

9-10 – “but by uncertainty in” should be “and” 

Response:  Addressed as suggested. 

 

41-43 – The sentence justifying a distinction between “structural” and “parametric” uncertainty - 

“The former arises from the choice of model structure while the latter is due to the assignment of 

poorly known parameters and the varying degrees of parameter tuning across different ESMs.” Is 

not compelling. I think I understand what the authors are getting at in terms of the difference in 

physics and chemistry between knowing the structural forms versus knowing the values of 

parameters, but in ocean biogeochemistry, such a clean distinction does not exist. There is typically 

no single “correct” structural form, just a bunch of semi-empirical options which must be 

calibrated and can give similar overall behaviors (e.g. Martin, versus Pace power functions, 

decreased remineralization timescale versus increased sinking speed, Monod versus Michaelis-

Menten for growth). 

 

Response: We agree with the reviewer that there is no single “correct” structural form. In our 

revised manuscript, we re-defined the parametric (𝑈𝑃) and structural (𝑈𝑆) uncertainty as type I (𝑈𝐼) 
and type II (𝑈𝐼𝐼) uncertainty as follows: 

 

Introduction section (changed text is highlighted in bold fond here):  

“The BCP can be assessed by quantifying carbon export out of the euphotic zone and the 

depth-dependent transfer efficiency4–8, which measures the fraction of the exported carbon that 

survives respiration and reaches the deep ocean. Given the complex mechanisms controlling the 

transfer efficiency, simple parameterizations with different mechanistic underpinnings have 

been used to represent and to compare the transfer efficiency9,10. The Martin curve11, which 

normalizes the vertical carbon flux to a reference depth, e.g., 100 m, through the power-law 

equation F=F0×(z/z0)-b, is the most widely used parameterization12–16. The exponent b is an 

indicator of the carbon flux attenuation with depth: the larger the exponent b, the faster the 

attenuation and hence the lower the transfer efficiency. A recent estimate of the exponent b is 

0.84±0.1413, which is equivalent to a range in transfer efficiency from 5% (b=0.98) to 12% 

(b=0.70) at 2000 m and corresponds to an uncertainty in equilibrium atmospheric CO2 levels of 

2813,14 or 469 μatm depending on the climate model used. However, this neglects the uncertainty 

resulting from the choice of the Martin curve over a different parameterization, which has been 

estimated to contribute an additional uncertainty in atmospheric CO2 levels of 12 μatm9. Rather 

than using the simple parameterizations which are compared in ref.9, current ESMs simulate 
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the transfer efficiency in a more mechanistic manner by resolving some key controlling 

processes, such as the ballast protection of organic matter17–19, temperature-18–20 and oxygen-

dependent17–21 remineralization, and aggregation/disaggregation20. The extent to which the 

uncertainty in transfer efficiency in state-of-the-art ESMs can be represented by changing the 

exponent b of the Martin curve, or not, warrants further evaluation. 

In this study, the model uncertainty in simulating the BCP is quantified by the variance of 

averaged vertical carbon flux over different spatial scales across ESMs. We distinguish between 

the model uncertainty within the euphotic zone and below by partitioning it into the model 

uncertainty of carbon export and the model uncertainty of transfer efficiency. Motivated by the 

wide application of the Martin curve, we further decomposed the latter into two components: 

the uncertainty which can be represented by changing the exponent b of the Martin curve 

(referred to here as type I) and the uncertainty which cannot (referred to as type II) ……” 

 

Section 2.4 (changed text is highlighted in bold fond here) 

“…… 

The Martin curve has been widely used to fit the sparse observations of deep vertical carbon 

flux for extrapolating and comparing the transfer efficiency. The exponent b has also been 

perturbed to assess the sensitivity of atmospheric CO2 levels to transfer efficiency14,32. Our 

results show that the model uncertainty of transfer efficiency is underestimated by using the 

Martin curve and exponent b. This is consistent with findings in ref.9 where six simple 

alternative parameterizations were compared with the Martin Curve. Therefore, sampling and 

using the vertical profiles of transfer efficiency is recommended rather than only reporting the 

exponent b when calibrating models.” 

 

Section 4.3 (changed text is highlighted in bold fond here) 

“…… 

The model uncertainty of the transfer efficiency (𝑈𝑇𝐸) is further decoupled into type I (𝑼𝑰, 

dimensionless) and type II (𝑼𝑰𝑰, dimensionless) to distinguish between model uncertainty of 

transfer efficiency which can be represented by changing the exponent b of the Martin curve or 

not. To achieve this, the simulated vertical profiles of transfer efficiency from each ESMs were 

fitted to the Martin curve and the variance of the predicted transfer efficiency (𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) is 

exclusively due to the exponent b: 

 ……” 

 

48 – I think “be” should be “have remained” 

 

Response: Revised as suggested and this sentence has been revised further and moved to section 

2.5 (changed text is highlighted as bold fond here): 

 

“Unlike the euphotic zone, model representations of flux attenuation have remained relatively 

simple35 and there is no agreement on which processes should be included.” 

 

146 - The authors mention Guidi et al., 2015 UVP transfer efficiency estimates as being 

supportive of GFDL CM4, but this is the only place where an independent verification is applied. 

The authors should conduct a quantitative assessment of models for transfer efficiency based on 

the available estimates including not only Guidi et al., 2015 but also:  
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Henson et al 2012 https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2011GB004099  

Weber et al., 2016 https://www.pnas.org/doi/abs/10.1073/pnas.1604414113  

Devries and Weber, 2017 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016GB005551 

I would note that while the Henson and Weber estimates have strongly divergent patterns, the 

Devries and Weber 2017 distinguish between the 1000m and 1000-2000 m transfer efficiency 

which illustrate very different regional patterns. 

 

Response: Thanks for the suggestion. We have added quantitative comparisons of transfer 

efficiency between 14 CMIP6 models with previous observational and modelling estimates in our 

revised manuscript. The estimate of transfer efficiency from Devries and Weber (2017) was not 

used for point-to-point comparisons because we do not have access to their model output. With 

respect to the contrasting patterns of transfer efficiency between Zeu-1000m and 1000-2000m, as 

discussed in Devries and Weber (2017), this is not enough to reverse the latitudinal patterns of 

transfer efficiency between the different depth horizons. As a result, the pattern of transfer 

efficiency at 2000 m is similar with that at 1000 m. We have added this discussion in our revised 

manuscript (changed text is highlighted in bold font): 

 

“The global median of the exponent b varies from 0.63 in IPSL-CM5A2-INCA to 1.01 in 

CMCC-ESM2. This is higher than the estimates of 0.64 and 0.54 from observations in refs.5,15. 

However, the global average of the exponent b ranging from 0.70 to 1.03 is consistent with a 

more recent data-constrained model estimate from 0.70 to 0.9813. …… 

…… 

In the three IPSL models and EC-Earth3-CC, the transfer efficiency at 2000 m is high in the 

productive high-latitude regions and the Equatorial Tropical Upwelling biome but low in the 

Subtropical Gyres. These broad qualitative features can also be found in global patterns derived 

from free-drifting neutrally buoyant sediment traps (NBSTs)12, an inverse model23, and a data-

assimilative ecosystem model24, which have also reported the lowest transfer efficiency in 

Subtropical Gyres. …… Comparisons show that the transfer efficiency at 1000 m simulated by 

the four PISCESv2 ESMs is in general higher than that in the inverse model23 (Figures S3-S5). 

The simulated transfer efficiency at 2000 m from 10.53±0.83% to 17.99±1.26% by the four 

PISCESv2 ESMs is also higher than the 5% to >8% range from the data-assimilative model24.  

In CMCC-ESM2, the latitudinal patterns of transfer efficiency are similar to the four 

PISCESv2 ESMs. …… In general, the simulated transfer efficiency at 2000 m in the CMCC-

ESM2 is comparable to the inverse model23 and the data-assimilative ecosystem model24 except 

that the transfer efficiency from CMCC-ESM2 is much higher in the North Atlantic and Arctic 

Ocean.  

In contrast, in GFDL-CM4, the transfer efficiency at 2000 m is high in the Subtropical Gyres 

and low in the productive regions. This is because the ballast effect of CaCO3 outweighs the 

temperature dependence of the remineralization rate and the ballast effect by opal is missing in 

this model18. General patterns of the fitted exponent b between the productive and oligotrophic 

regions are similar to two observational estimates5,15 (Figures S2-S3) despite regional 

discrepancies in transfer efficiency (Figures S6-S7). For instance, the elevated exponent b, 

which is equivalent to reduced transfer efficiency, near the equator is missing in ref.5 because 

it cannot be resolved by sparse concurrent measurements of carbon export and deep vertical 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2011GB004099
https://www.pnas.org/doi/abs/10.1073/pnas.1604414113
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016GB005551
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carbon flux. In addition, the variation of b in GFDL-CM4 (0.50-1.03) is smaller than that of 

0.36-1.09 and 0.42-1.75 from refs.5,15 (Figure S3). ……” 

 

 
Figure S3. The regionalized exponent b within Longhurst provinces1 and transfer efficiency at 

1000 m which are estimated by refs.2–4. 
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Figure S4. Comparisons of simulated transfer efficiency at 1000 m by CMIP6 models with 

estimates from ref.4 
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Figure S5. Spatial distributions of the transfer efficiency at 1000 m simulated by the CMIP6 

models. 
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Figure S6. Comparisons of the regionalized exponent b which is simulated by CMIP6 models 

with estimates from ref.3  
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Figure S7. Comparisons of the regionalized exponent b which is simulated by CMIP6 models 

with estimates from ref.2 
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Figure 5 – UF, UEP, and UTE should be defined in the caption. 

 

Response: Revised as suggested (changed text is highlighted in bold font): 

 

“Figure 3. Partitioning of model uncertainty in the vertical carbon flux (𝑼𝑭) as a function of depth 

(a) and at 2000 m (b) into the model uncertainty of carbon export (𝑼𝑬𝑷), the model uncertainty 

of transfer efficiency (𝑼𝑻𝑬 ), and the co-dependence between carbon export and transfer 

efficiency (𝑼𝑬𝑷&𝑻𝑬) as described in Methods. The horizontal dashed black lines represent the 

crossover depth where the uncertainty of transfer efficiency (𝑼𝑻𝑬) starts to dominate the model 

uncertainty in the vertical carbon flux (𝑼𝑭).” 

 

234 – Why is this true “especially in the North Atlantic and the North Pacific”? More clarification 

is necessary. 

 

Response: Thanks for pointing out this. This should be in the North Atlantic and the Arctic Ocean. 

As we discussed in P10 L222-223, the model uncertainty of carbon export is high and remains 

dominant above 1900 m and 1700 m in these two biomes, respectively. We have corrected this 

and added explanations in our revised manuscript (changed text is highlighted in bold font): 

 

“…… the model uncertainty of the carbon export is more important when studying mesopelagic 

ecosystems especially in the North Atlantic and the Arctic Ocean where the model uncertainty of 

carbon export is dominant above 1900 and 1700 m, respectively (Figure 3).” 

 

241 – this assertion is incorrect – sequestration horizons are provided in Nowicki et al., 

2022: https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GB007083 

 

Response: Thanks for the very helpful comment. We have removed this sentence and revised our 

manuscript (changed text is highlighted in bold font): 

 

“With respect to long-term carbon sequestration and global climate, the relative importance of 

model uncertainty between carbon export and transfer efficiency depends on the competition 

between the crossover depth and the sequestration horizon, i.e. the depth where carbon is 

sequestered for climate-relevant timescales (e.g., >100 years). Typically, the deeper the organic 

carbon is respired, the longer it is sequestered28,29. The 1000 and 2000 m depths have been widely 

used as static horizons5–7,15,23,24. However, the sequestration horizon is spatially variable. There 

have been some published global maps about the carbon sequestration time27 and mean 

residence time at each depth30. A recent study suggests that carbon sequestration occurs 

throughout the water column and that about half of the sequestration is above 1000 m31. On the 

global scale, the crossover depth of 900 m underscores the importance of both model uncertainty 

of carbon export and transfer efficiency for understanding the century-scale sequestration. The 

importance of model uncertainty of transfer efficiency is expected to increase when considering 

longer-term sequestration.” 

 

260 – It is not at all clear to me how the authors are able to distinguish between structural and 

parametric uncertainty. Looking through the methods, it seems that “structural” is being defined 

as the the Martin shape, and “parametric” as the deviation from that shape, or vice versa, but it 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GB007083
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seems that the term “TEdeviation” is defined towards the separation whereas “TEcorrection” is 

used in the definition of the structural uncertainty component, so it is not clear how all the terms 

are related. In any case, while I think it is potentially useful to frame the distinction between aspects 

of the transfer efficiency that are representable with the Martin curve in shape and its modulation 

through the b exponent versus that which is not, the authors need to explain what these definitions 

mean at the beginning of the section for it to be helpful. 

 

Response: Thanks for pointing out this. We are sorry for a mistake in the previous version caused 

by a mix-up of different manuscript versions. It should be 𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 in equations 13 and 14: 

𝑈𝐼𝐼 = 𝑣𝑎𝑟(log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )) 

𝑈𝐼&𝐼𝐼 = 2 × 𝑣𝑎𝑟(log10(𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) , log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )) 

In addition, we have renamed the parametric (𝑈𝑃) and structural (𝑈𝑆) uncertainty to type I (𝑈𝐼) and 

type II (𝑈𝐼𝐼) uncertainty. Type I is the uncertainty of transfer efficiency that is representable with 

the Martin curve by changing the exponent b. Type II is the uncertainty that cannot be represented 

by changes in b. The motivation, definition, as well as interpretation and discussion of these two 

types of model uncertainty have been rephrased in our revised manuscript. Detailed revisions in 

our manuscript can be seen in our response to a similar comment above. Finally, definitions are 

also explained in the beginning of the section 2.4, as suggested (changed text is highlighted in bold 

font): 

 

“As shown in Figure 5a, all sources of uncertainty grow with depth. The type I uncertainty (can 

be represented by variations in the exponent b of the Martin curve) is initially the largest source 

of uncertainty before the type II uncertainty (not representable by variations in b) takes over.” 

 

294 – Bringing up the constraints from nutrient and oxygen data begs the question of why the 

authors did not include these comparisons with observations as a means of reducing uncertainty… 

unfortunately, such an analysis is made extremely difficult as these models have radically different 

initialization/spinup procedures as detailed in Seferian et al., 2016 

(https://gmd.copernicus.org/articles/9/1827/2016/) for CMIP5 and Seferian et al., 

2020 https://link.springer.com/article/10.1007/s40641-020-00160-0) for CMIP6. The authors 

should point out that a more consistent protocol for model initialization/spinup would provide 

much better opportunity for model assessment in the future. 

 

Response: Thanks for the suggestion. We have added this statement and discussion in the section 

2.5 in our revised manuscript (new text): 

 

“…… However, assessing model uncertainty in simulating the BCP through comparisons with 

these biogeochemical measurements is made difficult by the fact that the CMIP6 models are 

initialized and spun up following different procedures33. A consistent protocol for model 

initialization and spin-up would provide better opportunities for model assessment. ……” 

  

https://gmd.copernicus.org/articles/9/1827/2016/
https://link.springer.com/article/10.1007/s40641-020-00160-0
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Reviewer #3 (Remarks to the Author):  

Review of Wang & Fennel “Organic matter transfer efficiency is the largest uncertainty for 

biological carbon pump in CMIP6 models”  

 

In this manuscript, Wang & Fennel analyze earth system model output from the latest CMIP 

simulations to identify processes that result in uncertainty in the strength of the biological pump. 

Above 900m, carbon export by sinking particles is the greatest source of uncertainty, whereas, 

below 900m, uncertainty is related to transfer efficiency, related to the rate of sinking particle 

remineralization. There are three groups of models, closely related to which biogeochemistry 

package is used: (1) with largely homogeonous transport efficiency (MARBL/HAMOCC) that is 

independent of temperature; (2) low transport efficiency in the subtropical gyres and high transport 

efficiency in the tropics and high latitudes (PISCES/COBALT) due to temperature dependence; 

and (3) high transport efficiency in the subtropical gyres and low transport efficiency in the tropics 

and high latitudes (BLING) due to ballasting. Either contrasting pattern from group (2) or (3) can 

be justified depending on which observations are considered. Introducing variable reactivity 

distributions for sinking particles flips the PISCES model from (2) to (3), suggesting that 

distinguishing between different size and composition particles is important for simulating the 

future response of the biological pump to climate changes. 

 

I thought this manuscript was interesting, well-written, and easy to follow. I only have a few 

suggestions: 

 

Response: We are grateful for the positive comments. 

 

(1) The authors make a prominent point of defining biomes for their analysis (Figure 1), but don’t 

really apply them to the principal analysis. I think the discussion of results in section 2.1 would 

benefit from a box-and-whisker-plot for POC flux in each biome, and at each depth, with the 

location of each model indicated with a symbol. Similarly Figure 3. I am not really a fan of these 

“postage stamp” plots, I would prefer the authors did something more visual to highlight the 

patterns they are trying to emphasize, rather than making the reader scrutinize ~30 little panels 

each time. 

 

Response: Following this suggestion, we have added new figures to replace our original Figures 

2 and 3 in our revised manuscript and moved the original Figures 2 and 3 into the supplement. We 

have grouped the simulated transfer efficiency by the 14 CMIP6 models into 3 categories in Figure 

2 to highlight the different global patterns of transfer efficiency.  
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Figure 1. Map of biogeochemical biomes (a) and the vertical carbon flux averaged over each biome 

at 100 m and 2000 m (b). Errorbars represent the mean and standard deviation of 14 CMIP6 models 

and black dots represent each single model. The global distributions of all models are shown in 

Figure S1. Abbreviations: Southern Ocean (SO), Equatorial Tropical Indian (ETI), Equatorial 

Tropical Upwelling regions (ETU), Subtropical Gyres (STG), North Pacific (NA), North Atlantic 

(NA), and Arctic Ocean (Arctic). 
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Figure 2. Three different latitudinal patterns of simulated transfer efficiency at 2000 m are 

displayed by the CMIP6 models (a). Error bars represent the interquartile range within a 5-degree 

latitudinal band. The global distribution of transfer efficiency at 2000 m from 4 representative 

models is shown in panels (b). The global distributions of all models are shown in Figure S2. 

 

(2) Which group does the CMCC-ESM2/BFM model fall in to? Line 128 indicates “no distinct 

latitudinal pattern” and it is dismissed, but it looks like there is something interesting going on 

between the Southern Ocean and other regions. Does BFM have any particular mechanisms in 

common, or different from the three overall groups? 

 

Response: The CMCC-ESM2 model falls into the same group as the four PISCESv2 ESMs. 

However, unlike four PISCESv2 ESMs, the transfer efficiency in CMCC-ESM2 is low in the 

North Pacific and near the equator. The CMCC-ESM2 is different from all of the other 13 CMIP6 

models because it is the only model which simulates the utilization of organic particles by bacteria 

explicitly. When bacteria are abundant, the utilization rate of organic particles is dependent on the 

nutritional content of organic particles. In contrast, when bacterial abundance is low, the utilization 

rate is dependent on temperature and bacterial biomass. In addition, the oxygen dependence can 

be activated/deactivated depending on the parameterization used. We have included this 

information in our revised manuscript (new text): 
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“In CMCC-ESM2, the latitudinal patterns of transfer efficiency are similar to the four 

PISCESv2 ESMs. However, the transfer efficiency is low in the North Pacific and Equatorial 

Tropical Upwelling biomes. Unlike other models analyzed here, the utilization of organic 

particles by bacteria is simulated explicitly in CMCC-ESM2. It is dependent on the nutritional 

content of organic particles when bacteria are abundant and otherwise on temperature and 

bacterial biomass25. Although the bacterial utilization of organic particles can be modulated by 

oxygen, it appears that this oxygen-dependence is deactivated in the CMCC-ESM2 because 

transfer efficiency in OMZs is not elevated. In general, the simulated transfer efficiency at 2000 

m in the CMCC-ESM2 is comparable to the inverse model23 and the data-assimilative ecosystem 

model24 except that the transfer efficiency from CMCC-ESM2 is much higher in the North 

Atlantic and Arctic Ocean.” 

 

Minor comments/clarifications: 

 

Line 66-67: Cael & Lauderdale (2021) also found a ~20-25uatm sensitivity of changing “b” values 

in a biogeochemical model. 

 

Response: Thank you for pointing this out. Indeed, a sensitivity of -21.6/+24.8 uatm (which 

combines to 46 uatm) was identified by changing the exponent b from 0.70 to 0.98. We have added 

this into our revised manuscript as suggested (changed text is highlighted in bold font): 

 

“A recent estimate of the exponent b is 0.84±0.1413, which is equivalent to a range in transfer 

efficiency from 5% (b=0.98) to 12% (b=0.70) at 2000 m and corresponds to an uncertainty in 

equilibrium atmospheric CO2 levels of 2813,14 or 469 μatm depending on the climate model used” 

 

Line 70: Both export and transfer efficiency have structural and parametric uncertainty, the authors 

only make the distinction for transfer efficiency in this paper. 

 

Response: Yes, this is correct. However, based on comments by other reviewers, we have re-

defined the parametric (𝑈𝑃 ) and structural (𝑈𝑆 ) uncertainty as type I (𝑈𝐼 ) and type II (𝑈𝐼𝐼 ) 

uncertainty. The former is the model uncertainty of transfer efficiency that can be represented with 

the Martin curve by changing the exponent b while the latter is the remaining uncertainty which 

cannot be represented that way. Since the Martin curve and its exponent b have been widely used 

to extrapolate and compare the transfer efficiency, we believe that this distinction will be helpful 

to discuss whether the usage of Martin curve is appropriate. The motivation, definition, as well as 

interpretation and discussion of these two types of model uncertainty have been rephrased in our 

revised manuscript (see responses to the other reviewers for details). 

 

Line 131: Add “(high)” for “b” in the subtropical gyres. 

 

Response: We have decided to remove the parenthetical references to b throughout the manuscript 

for the sake of simplifying the text. We only describe the patterns in the transfer efficiency, since 

we state at the beginning that high transfer efficiency corresponds to low b, and vice versa. 

 

Line 170-176: “PISCESv2 simulates two particle size classes with different sinking velocities”: 

yes, but why did it not produce a similar result to GFLD-CM4/BLING or PISCESv2_RC? 
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Response: For reasons why patterns in PISCESv2 are different from GFDL-CM4/BLING see our 

discussion in section 2.2 (changed text is highlighted in bold font): 

“In the three IPSL models and EC-Earth3-CC, the transfer efficiency at 2000 m is high in the 

productive high-latitude regions and the Equatorial Tropical Upwelling biome but low in the 

Subtropical Gyres. …… Global patterns in the three IPSL models and EC-Earth3-CC are due 

to the temperature-dependent remineralization rate and the differentiation of sinking velocities 

between two size classes of organic particles in their biogeochemical models, i.e., PISCESv220. 

In productive regions where diatoms are dominant, the exported organic particles tend to be large 

and fast sinking because diatoms aggregate efficiently. …… 

…… 

In contrast, in GFDL-CM4, the transfer efficiency at 2000 m is high in the Subtropical Gyres 

and low in the productive regions. This is because the ballast effect of CaCO3 outweighs the 

temperature dependence of the remineralization rate and the ballast effect by opal is missing in 

this model18. …….” 

 

With respect to differences between PISCESv2 and PISCESv2_RC, in our original manuscript we 

attributed these to the reactivity spectrums of organic particles. However, we double checked the 

relevant paper (Aumont et al., 2017) and found that the two simulations with and without the 

reactivity spectrums produced similar global patterns of the exponent b (see Figure 10 from 

Aumont et al. (2017) inserted below). The authors suggested that the zooplankton activity was a 

major driver for the high exponent b in the productive regions by running a sensitivity simulation 

without flux feeding by zooplankton (see Figure S3 from Aumont et al. (2017) inserted below). 

Therefore, we have removed the paragraph (P7-8 L150-161) from our original manuscript and 

changed the text to (new text): 

 

“In addition, zooplankton activity can be another reason as high mesopelagic zooplankton 

abundance can be sustained by carbon export in productive regions and in turn can attenuate the 

vertical carbon flux efficiently16.” 
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Figure 10 from Aumont et al., (2017). Anomalies of 

exponent b from the global median value from 

simulations without (a) and with (b) inclusion of 

reactivity spectrums of organic particles. 

 

 

 

  

 

Figure S3 from Aumont et al., (2017). Anomalies of 

exponent b from the global median value from 

simulations without flux feeding by zooplankton (a) 

or reactivity spectrums of organic particles (b)  
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Figure 4: did not calculate “b”. 

 

Response: As stated in the previous response, we have removed this figure in our revised 

manuscript. 

 

Line 240: Not exactly a global sequestration depth map (depends on how long you consider 

“sequestered”), but Hill et al. (2004, 10.1029/2002JC001598) have maps of residence times of 

carbon at different depths in the ocean form a model. 

 

Response: Thanks for the very helpful suggestion. We have removed this sentence and revised 

our manuscript as follows (changed text is highlighted in bold font): 

 

“With respect to long-term carbon sequestration and global climate, the relative importance of 

model uncertainty between carbon export and transfer efficiency depends on the competition 

between the crossover depth and the sequestration horizon, i.e. the depth where carbon is 

sequestered for climate-relevant timescales (e.g., >100 years). Typically, the deeper the organic 

carbon is respired, the longer it is sequestered28,29. The 1000 and 2000 m depths have been widely 

used as static horizons5–7,15,23,24. However, the sequestration horizon is spatially variable. There 

have been some published global maps about the carbon sequestration time27 and mean 

residence time at each depth30. A recent study suggests that carbon sequestration occurs 

throughout the water column and that about half of the sequestration is above 1000 m31. On the 

global scale, the crossover depth of 900 m underscores the importance of both model uncertainty 

of carbon export and transfer efficiency for understanding the century-scale sequestration. The 

importance of model uncertainty of transfer efficiency is expected to increase when considering 

longer-term sequestration.” 

 

Line 278: “structural uncertainty can be significant” see also Lauderdale & Cael (2021). 

 

Response: Yes, thank you. We have added a reference to Lauderdale & Cael (2021) (new text): 

 

“Our results show that the model uncertainty of transfer efficiency is underestimated by using the 

Martin curve and exponent b. This is consistent with findings in ref.9 where six simple alternative 

parameterizations were compared with the Martin Curve.” 

 

Line 408 & 409: Define TE_correction. Is that related to TE_deviation?  

 

Response: Sorry for mistakes caused by a mixing of different manuscript versions. It should be 

𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 in equations 13 and 14: 

𝑈𝐼𝐼 = 𝑣𝑎𝑟(log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )) 
𝑈𝐼&𝐼𝐼 = 2 × 𝑣𝑎𝑟(log10(𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) , log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )) 

As we replied above, we have re-defined the parametric (𝑈𝑃) and structural (𝑈𝑆) uncertainty to 

type I (𝑈𝐼) and type II (𝑈𝐼𝐼) uncertainty. 
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Abstract 5 

Model uncertainty in simulating the biological carbon pump was quantified and partitioned using 6 

14 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). Uncertainty 7 

increases with depth. On the global scale, uncertainty in carbon export dominates above 900 m 8 

and uncertainty in transfer efficiency below. Reducing model uncertainty in carbon export and 9 

transfer efficiency offers similar benefits for understanding century-scale carbon sequestration and 10 

climate. The CMIP6 models produce three different qualitative patterns in transfer efficiency: one 11 

where it is globally homogenous and two opposite latitudinal patterns due to different model 12 

structures and parameters. The exponent b of the Martin curve, which has long been used to 13 

compare different representations of transfer efficiency, is shown here to underestimate 14 

uncertainty in transfer efficiency. This highlights the importance of using vertical profiles of 15 

transfer efficiency rather than the single exponent b in model validation and intercomparison 16 

exercises.  17 

 18 

1. Introduction 19 

The ocean’s biological carbon pump (BCP) is a key mechanism for the ocean’s uptake and 20 

sequestration of CO2 from the atmosphere. It comprises the fixation of CO2 through photosynthesis 21 

in the surface ocean and the subsequent transport of organic carbon into the deep ocean where it 22 

is remineralized and sequestered. Therefore, accurate estimation of the BCP is important for 23 

understanding the ocean’s role in the global carbon cycle and for predicting how it may be 24 

changing as climate warms. 25 

Earth System Models (ESMs) are considered the best tools for predicting the ocean’s response 26 

to climate change on decadal to centennial timescales. Under global warming, ESMs project a 27 

decline in carbon export, i.e. the carbon flux leaving the euphotic zone, over the 21st century1–3. 28 

However, there are large variations in the underlying drivers and magnitude of the decline among 29 

mailto:Bin.Wang@dal.ca
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the different ESMs which implies that uncertainty in these estimates is large. The model-to-model 30 

difference is larger than the projected reductions in carbon export during the 21st century1. 31 

Therefore, it is necessary to partition and diagnose the different factors that contribute to model 32 

uncertainty in simulating the BCP and to reduce it. 33 

The BCP can be assessed by quantifying carbon export out of the euphotic zone and the depth-34 

dependent transfer efficiency4–8, which measures the fraction of the exported carbon that survives 35 

respiration and reaches the deep ocean. Given the complex mechanisms controlling the transfer 36 

efficiency, simple parameterizations with different mechanistic underpinnings have been used to 37 

represent and to compare the transfer efficiency9,10. The Martin curve11, which normalizes the 38 

vertical carbon flux to a reference depth, e.g., 100 m, through the power-law equation F=F0×(z/z0)-39 

b, is the most widely used parameterization12–16. The exponent b is an indicator of the carbon flux 40 

attenuation with depth: the larger the exponent b, the faster the attenuation and hence the lower 41 

the transfer efficiency. A recent estimate of the exponent b is 0.84±0.1413, which is equivalent to 42 

a range in transfer efficiency from 5% (b=0.98) to 12% (b=0.70) at 2000 m and corresponds to an 43 

uncertainty in equilibrium atmospheric CO2 levels of 2813,14 or 469 μatm depending on the climate 44 

model used. However, this neglects the uncertainty resulting from the choice of the Martin curve 45 

over a different parameterization, which has been estimated to contribute an additional uncertainty 46 

in atmospheric CO2 levels of 12 μatm9. Rather than using the simple parameterizations which are 47 

compared in ref.9, current ESMs simulate the transfer efficiency in a more mechanistic manner by 48 

resolving some key controlling processes, such as the ballast protection of organic matter17–19, 49 

temperature-18–20 and oxygen-dependent17–21 remineralization, and aggregation/disaggregation20. 50 

The extent to which the uncertainty in transfer efficiency in state-of-the-art ESMs can be 51 

represented by changing the exponent b of the Martin curve, or not, warrants further evaluation. 52 

In this study, the model uncertainty in simulating the BCP is quantified by the variance of 53 

averaged vertical carbon flux over different spatial scales across ESMs. We distinguish between 54 

the model uncertainty within the euphotic zone and below by partitioning it into the model 55 

uncertainty of carbon export and the model uncertainty of transfer efficiency. Motivated by the 56 

wide application of the Martin curve, we further decomposed the latter into two components: the 57 

uncertainty which can be represented by changing the exponent b of the Martin curve (referred to 58 

here as type I) and the uncertainty which cannot (referred to as type II). To achieve this goal, we 59 

chose the 14 ESMs that are used by the Coupled Model Intercomparison Project Phase 6 (CMIP6) 60 
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and report depth-resolved vertical carbon flux (Table 1). We averaged their estimates over the 61 

global ocean and different biological biomes prior to the uncertainty analysis (Figure 1a). A caveat 62 

is that the uncertainty analyzed is sampled over the realized diversity of the selected CMIP6 63 

models which do not necessarily span the real uncertainty range. However, our results indicate 64 

which aspects of ESMs should be prioritized for improvement to reduce model uncertainty and 65 

should guide future observational strategies.  66 

 67 

Table 1. List of the 14 CMIP6 models compared in this study and the subset of 6 models, shown 68 

in bold, that are used in the uncertainty analysis. Acronyms: National Center for Atmospheric 69 

Research, USA (NCAR), NOAA Geophysical Fluid Dynamics Laboratory, USA (GFDL), Institut 70 

Pierre Simon Laplace, France (IPSL), Max Planck Institute for Meteorology, Germany (MPI-M), 71 

Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy (CMCC) 72 

Institute Model name Ocean BGC 

model 

Model Grid Output 

frequency 

NCAR CESM2 MARBL 320×384×60 monthly 

CESM2-FV2 MARBL 320×384×60 monthly 

CESM2-WACCM MARBL 320×384×60 monthly 

CESM2-WACCM-FV2 MARBL 320×384×60 monthly 

GFDL GFDL-CM4 BLINGv2 1440×1080×75 monthly 

GFDL-ESM4 COBALTv2 720×576×75 monthly 

IPSL IPSL-CM5A2-INCA PISCESv2 182×149×31 monthly 

IPSL-CM6A-LR PISCESv2 362×332×75 monthly 

IPSL-CM6A-LR-INCA PISCESv2 362×332×75 monthly 

EC-Earth consortium EC-Earth3-CC PISCESv2 362×292×75 yearly 

HAMMOZ-Consortium MPI-ESM-1-2-HAM HAMOCC6 256×220×40 monthly 

MPI-M MPI-ESM1-2-HR HAMOCC6 802×404×40 monthly 

MPI-ESM1-2-LR HAMOCC6 256×220×40 monthly 

CMCC CMCC-ESM2 BFM5.2 362×292×50 yearly 
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2. Results and discussion 73 

2.1 Vertical carbon flux from CMIP6 models 74 

As shown in Figures 1b and S1, the globally integrated carbon export flux at 100 m varies 75 

by a factor of 1.8 from 5.4 Pg C yr-1 (15 g C m-2 yr-1) in CMCC-ESM2 to 9.2 Pg C yr-1 (26 g C m-76 

2 yr-1) in GFDL-CM4. At 2000 m, the model-to-model variations increase to a factor of 6.2. On 77 

biome and local scales, the carbon export flux at 100 m is consistently low in the Subtropical Gyres 78 

and high in the Equatorial Tropical Upwelling across different CMIP6 models. Nevertheless, the 79 

model-to-model variability in these two biomes reaches factors of 2.3 and 1.6 at 100 m and 80 

increases to factors of 14 and 16 at 2000 m, respectively. In addition, there are large disagreements 81 

in the spatial patterns across biomes between the different CMIP6 models. At 100 m, the North 82 

Atlantic and the North Pacific tend to be the two biomes with the highest carbon export flux in the 83 

4 CESM2 and 2 GFDL models and especially in GFDL-CM4. However, in the 3 MPI models, the 84 

average carbon export flux in these two biomes is even lower than in the Subtropical Gyres. As a 85 

result, the model-to-model variability in carbon export at 100 m reaches factors of 8.0 and 5.7 in 86 

these two biomes. Unlike the Subtropical Gyres and the Equatorial Tropical Upwelling region, the 87 

North Atlantic and the North Pacific experience a relatively mild increase of model-to-model 88 

variability at 2000 m. In the Southern Ocean, the averaged carbon export flux at 100 m is relatively 89 

high in the 2 GFDL models, the 3 IPSL models, EC-Earth3-CC, and CMCC-ESM2. However, the 90 

high carbon export flux is confined to the Subantarctic Ocean in the 3 MPI models, and the average 91 

carbon export flux is even lower than in the Subtropical Gyres in the 4 CESM2 models. As a result, 92 

the model-to-model variability in the Southern Ocean is about a factor of 2.4 at 100 m and grows 93 

to a factor of 10 at 2000 m. 94 

In summary, there are substantial differences in the simulated vertical carbon flux across 95 

different CMIP6 models on biome and local scales. In addition, the model-to-model variability in 96 

vertical carbon flux at 2000 m is much larger than that of the carbon export at 100 m, which 97 

suggests large discrepancies in transfer efficiency across different CMIP6 models. 98 

 99 
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 100 

Figure 1. Map of biogeochemical biomes (a) and the vertical carbon flux averaged over each biome 101 

at 100 m and 2000 m (b). Errorbars represent the mean and standard deviation of 14 CMIP6 models 102 

and black dots represent each single model. The global distributions of all models are shown in 103 

Figure S1. Abbreviations: Southern Ocean (SO), Equatorial Tropical Indian (ETI), Equatorial 104 

Tropical Upwelling regions (ETU), Subtropical Gyres (STG), North Pacific (NA), North Atlantic 105 

(NA), and Arctic Ocean (Arctic). 106 
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 107 

2.2 Transfer efficiency from CMIP6 models 108 

The global median of the exponent b varies from 0.63 in IPSL-CM5A2-INCA to 1.01 in 109 

CMCC-ESM2. This is higher than the estimates of 0.64 and 0.54 from observations in refs.5,15. 110 

However, the global average of the exponent b ranging from 0.70 to 1.03 is consistent with a more 111 

recent data-constrained model estimate from 0.70 to 0.9813. The simulated transfer efficiency at 112 

2000 m can be classified into three, qualitatively different latitudinal patterns (Figures 2 and S2): 113 

the first is a homogenous transfer efficiency, the other two are opposite latitudinal patterns, either 114 

high in the oligotrophic Subtropical Gyre and low in productive regions or vice versa. 115 

The simulated transfer efficiency at 2000 m is homogenous in the four CESM2 models, the 116 

three MPI models, and GFDL-ESM4 across latitudes except for the elevated transfer efficiency in 117 

Oxygen Minimum Zones (OMZs). This is because the remineralization rate is suppressed under 118 

low oxygen17,19,22 in these biogeochemical models (Tables 1-2). In GFDL-ESM4, the 119 

remineralization rate is dependent on temperature. The high temperature in low-latitude regions 120 

facilitates remineralization and should reduce the transfer efficiency. However, this effect is 121 

compensated for by the ballast effect of elevated CaCO3 and lithogenic fluxes in low latitude 122 

regions, which enhances the transfer efficiency by protecting organic matter from remineralization 123 

or by accelerating the sinking velocity19. In the four CESM2 models, the ballast effect of CaCO3 124 

and opal are both simulated and may cancel each other out flattening the latitudinal gradient of 125 

transfer efficiency17, because the former is predominant in the Subtropical Gyres and the latter in 126 

productive regions. No temperature dependence is simulated in the four CESM2 and three MPI 127 

models17,21,22.  128 

In the three IPSL models and EC-Earth3-CC, the transfer efficiency at 2000 m is high in the 129 

productive high-latitude regions and the Equatorial Tropical Upwelling biome but low in the 130 

Subtropical Gyres. These broad qualitative features can also be found in global patterns derived 131 

from free-drifting neutrally buoyant sediment traps (NBSTs)12, an inverse model23, and a data-132 

assimilative ecosystem model24, which have also reported the lowest transfer efficiency in 133 

Subtropical Gyres. However, the transfer efficiency is not elevated in the Equatorial Tropical 134 

Upwelling region in the NBST-derived global estimate12. Global patterns in the three IPSL models 135 

and EC-Earth3-CC are due to the temperature-dependent remineralization rate and the 136 

differentiation of sinking velocities between two size classes of organic particles in their 137 
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biogeochemical models, i.e., PISCESv220. In productive regions where diatoms are dominant, the 138 

exported organic particles tend to be large and fast sinking because diatoms aggregate efficiently. 139 

This is consistent with findings from an inverse model analysis suggesting that the transfer 140 

efficiency is tightly correlated with changes in temperature and phytoplankton community 141 

structure23. We therefore use the empirical relationship from ref23 to re-calculate their transfer 142 

efficiency at 1000 m for comparison with the CMIP6 models. The ballast effects are neglected in 143 

this analysis because model output of the SiO2:POC ratio in ref23 is not available. This 144 

underestimates their transfer efficiency in the Antarctic Ocean but has minor impacts elsewhere. 145 

Comparisons show that the transfer efficiency at 1000 m simulated by the four PISCESv2 ESMs 146 

is in general higher than that in the inverse model23 (Figures S3-S5). The simulated transfer 147 

efficiency at 2000 m from 10.53±0.83% to 17.99±1.26% by the four PISCESv2 ESMs is also 148 

higher than the 5% to >8% range from the data-assimilative model24.  149 

In CMCC-ESM2, the latitudinal patterns of transfer efficiency are similar to the four 150 

PISCESv2 ESMs. However, the transfer efficiency is low in the North Pacific and Equatorial 151 

Tropical Upwelling biomes. Unlike other models analyzed here, the utilization of organic particles 152 

by bacteria is simulated explicitly in CMCC-ESM2. It is dependent on the nutritional content of 153 

organic particles when bacteria are abundant and otherwise on temperature and bacterial biomass25. 154 

Although the bacterial utilization of organic particles can be modulated by oxygen, it appears that 155 

this oxygen-dependence is deactivated in the CMCC-ESM2 because transfer efficiency in OMZs 156 

is not elevated. In general, the simulated transfer efficiency at 2000 m in the CMCC-ESM2 is 157 

comparable to the inverse model23 and the data-assimilative ecosystem model24 except that the 158 

transfer efficiency from CMCC-ESM2 is much higher in the North Atlantic and Arctic Ocean.  159 

In contrast, in GFDL-CM4, the transfer efficiency at 2000 m is high in the Subtropical Gyres 160 

and low in the productive regions. This is because the ballast effect of CaCO3 outweighs the 161 

temperature dependence of the remineralization rate and the ballast effect by opal is missing in 162 

this model18. General patterns of the fitted exponent b between the productive and oligotrophic 163 

regions are similar to two observational estimates5,15 (Figures S2-S3) despite regional 164 

discrepancies in transfer efficiency (Figures S6-S7). For instance, the elevated exponent b, which 165 

is equivalent to reduced transfer efficiency, near the equator is missing in ref.5 because it cannot 166 

be resolved by sparse concurrent measurements of carbon export and deep vertical carbon flux. In 167 

addition, the variation of b in GFDL-CM4 (0.50-1.03) is smaller than that of 0.36-1.09 and 0.42-168 
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1.75 from refs.5,15 (Figure S3). Aside from ballast effects, this global pattern has also been 169 

suggested to be driven by particle composition because of the elevated relative contribution from 170 

fast-sinking fecal pellets in oligotrophic regions5,26,27. Although production of aggregates by 171 

phytoplankton and fecal pellets by zooplankton are formulated in the 14 CMIP6 models, there is 172 

no differentiation between their remineralization rates and sinking velocities. In addition, 173 

zooplankton activity can be another reason as high mesopelagic zooplankton abundance can be 174 

sustained by carbon export in productive regions and in turn can attenuate the vertical carbon flux 175 

efficiently16. 176 

 177 

Figure 2. Three different latitudinal patterns of simulated transfer efficiency at 2000 m are 178 

displayed by the CMIP6 models (a). Error bars represent the interquartile range within a 5-degree 179 

latitudinal band. The global distribution of transfer efficiency at 2000 m from 4 representative 180 

models is shown in panels (b). The global distributions of all models are shown in Figure S2. 181 

 182 
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Table 2. Mechanisms included in different biogeochemical models to simulate the vertical 183 

attenuation of vertical carbon flux 184 

Ocean BGC 

model 

Ballast effect Temperature 

dependence 

Oxygen 

dependence 

Bacteria 

utilization CaCO3 Opal dust 

MARBL17 Yes Yes Yes No Yes Implicitly 

BLINGv218 Yes No Yes Yes Yes Implicitly 

COBALTv219 Yes Yes Yes Yes Yes Implicitly 

PISCESv220 No No No Yes Yes Implicitly 

HAMOCC621,22 No No No No Yes Implicitly 

BFM5.225 No No No Yes No Explicitly 

 185 

The contrasting global patterns of transfer efficiency have different implications for the future 186 

response of the BCP to climate change. Warming-enhanced stratification will likely reduce 187 

nutrient supply to the surface ocean, leading to an expansion of oligotrophic ecosystems. This may 188 

amplify or dampen the currently predicted reduction of transfer efficiency due to increased 189 

temperature. Currently, observation-based estimates of transfer efficiency suggest contrasting 190 

patterns with one supporting high transfer efficiency in oligotrophic ecosystems5,15 and the other 191 

favouring the opposite pattern12. This indicates that existing in-situ observations provide 192 

insufficient constraints and suggests that an expansion of concurrent measurements of carbon 193 

export and deep vertical carbon flux is necessary to reconcile the contrasting patterns or falsify 194 

one of them. 195 

 196 

2.3 Model uncertainties of carbon export and transfer efficiency 197 

As shown in Table 1, there are 6 different biogeochemical models that are used by the 14 198 

ESMs analyzed here. Despite other model discrepancies, e.g., resolution, the ESMs that use the 199 

same biogeochemical model tend to produce similar magnitudes and global patterns of vertical 200 

carbon flux (Figure S1) and transfer efficiency (Figures 2 and S2). Therefore, a subset of 6 201 

representative ESMs, using different biogeochemical models, namely CESM2, GFDL-CM4, 202 

GFDL-ESM4, IPSL-CM5A2-INCA, MPI-ESM1-2-HR, and CMCC-ESM2 (Table 1), are used to 203 

calculate the different uncertainties that are described in the Methods.  204 

As shown in Figure 3a, the model uncertainty of the vertical carbon flux (𝑈𝐹) at 100 m is 205 

exclusively contributed by the model uncertainty of carbon export (𝑈𝐸𝑃), because at that depth the 206 

transfer efficiency is defined as 100% in all CMIP6 models. Thereafter, due to discrepancies in 207 
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the transfer efficiency between different CMIP6 models, the model uncertainty of the vertical 208 

carbon flux grows quickly with depth following the model uncertainty of transfer efficiency (𝑈𝑇𝐸), 209 

which eventually dominates over the model uncertainty of carbon export and the co-dependence 210 

between carbon export and transfer efficiency (𝑈𝐸𝑃&𝑇𝐸). The crossover depth is defined as the 211 

depth where the model uncertainty of transfer efficiency starts to dominate the model uncertainty 212 

of the vertical carbon flux, i.e., it is the largest source of uncertainty and its relative contribution 213 

is >50%. On the global scale, the crossover depth is located at 900 m, leading to the dominance of 214 

model uncertainty of transfer efficiency at 2000 m which alone can contribute to about 83% of 215 

model uncertainty of the vertical carbon flux. On the biome scale, after excluding the Arctic Ocean 216 

and the North Atlantic, the crossover depth varies from 500 m in the Equatorial Tropical Upwelling 217 

to 1500 m in the Subtropical Gyres, indicating differences in the relative importance of model 218 

uncertainties due to carbon export versus transfer efficiency in different biomes. Nevertheless, the 219 

model uncertainty of transfer efficiency has become the dominant source of uncertainty at 2000 m, 220 

with the relative contributions ranging from 57% in the North Pacific to above 85% in the Southern 221 

Ocean and the Equatorial Tropical Upwelling. In the Arctic Ocean and the North Atlantic, the 222 

model uncertainty of carbon export is high and remains dominant until 1900 m and 1700 m, 223 

respectively. Unlike other biomes, the simulated carbon export and transfer efficiency are weakly 224 

anti-correlated (corr > -0.5) across the CMIP6 models and hence their co-dependence counteracts 225 

about 23% and 71% of model uncertainty of the vertical carbon flux in these two biomes. 226 

On the local scale, the model uncertainty of the vertical carbon flux at 2000 m is in general 227 

dominated by the model uncertainty of transfer efficiency (Figure 3b). The simulated vertical 228 

carbon flux at 2000 m is highly uncertain in the Arctic Ocean, the Gulf Stream regions, the western 229 

part of equatorial Atlantic Ocean, the subtropical gyre in the South Atlantic Ocean, the OMZs in 230 

the equatorial Pacific Ocean and the Indian Ocean, the Pacific Ocean around 40°N and 40°S, and 231 

the Indian Ocean around 40°S, primarily because the model uncertainty of transfer efficiency is 232 

high in these regions. In addition, the co-dependence can amplify or dampen the model uncertainty 233 

of the vertical carbon flux because the simulated carbon export and transfer efficiency can be 234 

highly correlated (corr > 0.5) or anti-correlated (corr < -0.5) around the latitude of 40° and in the 235 

Subtropical Gyres, respectively (Figures 3b and 4). 236 

The relative importance of the model uncertainty of carbon export versus model uncertainty 237 

of transfer efficiency for the BCP varies with the depth scale of interest. Since the BCP provides 238 
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energy and material for metabolisms in the mesopelagic zone, the model uncertainty of the carbon 239 

export is more important when studying mesopelagic ecosystems especially in the North Atlantic 240 

and the Arctic Ocean where the model uncertainty of carbon export is dominant above 1900 and 241 

1700 m, respectively (Figure 3). With respect to long-term carbon sequestration and global climate, 242 

the relative importance of model uncertainty between carbon export and transfer efficiency 243 

depends on the competition between the crossover depth and the sequestration horizon, i.e. the 244 

depth where carbon is sequestered for climate-relevant timescales (e.g., >100 years). Typically, 245 

the deeper the organic carbon is respired, the longer it is sequestered28,29. The 1000 and 2000 m 246 

depths have been widely used as static horizons5–7,15,23,24. However, the sequestration horizon is 247 

spatially variable. There have been some published global maps about the carbon sequestration 248 

time27 and mean residence time at each depth30. A recent study suggests that carbon sequestration 249 

occurs throughout the water column and that about half of the sequestration is above 1000 m31. On 250 

the global scale, the crossover depth of 900 m underscores the importance of both model 251 

uncertainty of carbon export and transfer efficiency for understanding the century-scale 252 

sequestration. The importance of model uncertainty of transfer efficiency is expected to increase 253 

when considering longer-term sequestration.  254 
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 255 

Figure 3. Partitioning of model uncertainty in the vertical carbon flux (𝑈𝐹) as a function of depth 256 

(a) and at 2000 m (b) into the model uncertainty of carbon export (𝑈𝐸𝑃), the model uncertainty of 257 

transfer efficiency (𝑈𝑇𝐸), and the co-dependence between carbon export and transfer efficiency 258 

(𝑈𝐸𝑃&𝑇𝐸) as described in Methods. The horizontal dashed black lines represent the crossover depth 259 
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where the uncertainty of transfer efficiency (𝑈𝑇𝐸) starts to dominate the model uncertainty in the 260 

vertical carbon flux (𝑈𝐹).  261 

 262 

 263 

Figure 4. Correlations between the simulated carbon export at 100 m and transfer efficiency at 264 

2000 m. Black contour lines represent the correlation coefficient being ±0.5. 265 

 266 

2.4 Type I and type II uncertainties 267 

As shown in Figure 5a, all sources of uncertainty grow with depth. The type I uncertainty (can 268 

be represented by variations in the exponent b of the Martin curve) is initially the largest source of 269 

uncertainty before the type II uncertainty (not representable by variations in b) takes over. Both 270 

have significant contributions to the model uncertainty of transfer efficiency. On the global scale, 271 

both type I and type II uncertainties at 2000 m contribute about 30% of the model uncertainty of 272 

transfer efficiency individually with the remaining 40% attributed to their co-dependence. On the 273 

biome scale, the contribution of the type I uncertainty ranges from 24% in the Subtropical Gyres 274 

to 47% in the Equatorial Indian biome. The relative contribution from the type II uncertainty varies 275 

over a wider range across biomes. It can reach up to 73% in the North Atlantic and can be as low 276 

as 16% in the Equatorial Indian biome. On the local scale, all these sources of uncertainty have 277 

comparable contributions to the model uncertainty of transfer efficiency, except in the western part 278 

of the Equatorial Atlantic, the boundary along the Subtropical Gyres, and the west coast of the 279 

Indian Ocean, which are characterized by high type I uncertainty (Figure 5b).  280 
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The Martin curve has been widely used to fit the sparse observations of deep vertical carbon 281 

flux for extrapolating and comparing the transfer efficiency. The exponent b has also been 282 

perturbed to assess the sensitivity of atmospheric CO2 levels to transfer efficiency14,32. Our results 283 

show that the model uncertainty of transfer efficiency is underestimated by using the Martin curve 284 

and exponent b. This is consistent with findings in ref.9 where six simple alternative 285 

parameterizations were compared with the Martin Curve. Therefore, sampling and using the 286 

vertical profiles of transfer efficiency is recommended rather than only reporting the exponent b 287 

when calibrating models. 288 



 15 

 289 

Figure 5. The partitioning of model uncertainty of transfer efficiency (𝑈𝑇𝐸) as a function of depth 290 

(a) and at 2000 m (b) into the type I (𝑈𝐼) and type II (𝑈𝐼𝐼) uncertainties that are representable with 291 

the Martin curve and not, as well as their co-dependence (𝑈𝐼&𝐼𝐼) as described in Methods.   292 
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2.5 Future implications 293 

In this study, we find large variability in simulating the BCP across different CMIP6 models 294 

because of discrepancies in model structures and parameters. This casts doubt on the reliability of 295 

future projections. Which model aspects need prioritized improvement depends on the depth and 296 

time scales of interest. When the global, century-scale carbon sequestration is of interest, the model 297 

uncertainties of carbon export and transfer efficiency are both important.  298 

A reduction of model uncertainty requires a mechanistic understanding of the carbon export 299 

and flux attenuation within the euphotic zone and below, and the integration of this knowledge 300 

into ESMs. Model skill and model representation in the euphotic zone have seen many 301 

improvements between the fifth and sixth phases of Coupled Model Intercomparison Project 302 

(CMIP5 and CMIP6), e.g., an increase in the number of phytoplankton/zooplankton functional 303 

groups and allowance of variable nutrient stoichiometries33,34. Unlike the euphotic zone, model 304 

representations of flux attenuation have remained relatively simple35 and there is no agreement on 305 

which processes should be included. For instance, temperature-dependent remineralization7,12,35 306 

and particle composition5,7,35 are key drivers in setting the global patterns of transfer efficiency, 307 

but are not included in all CMIP6 models. A recent study prioritized these two processes along 308 

with fragmentation and zooplankton migration as key mechanisms to be included in the next 309 

generation of ESMs1. However, adding a new mechanism does not necessarily bring about 310 

improvements in models’ predictive skills, as it may introduce additional uncertainty which cannot 311 

be constrained by observations. Therefore, comprehensive evaluations of the value added and 312 

uncertainty of different mechanisms should be conducted before routine use in ESMs.  313 

Apart from model structures, the divergent degrees of parameter tuning across different 314 

CMIP6 models can contribute to model uncertainty. Parameter optimization should be applied to 315 

address this issue by searching the optimal values and providing a range of acceptable solutions of 316 

parameters that are related to the BCP24,27,35–37.  317 

It is worth noting that both refinement of model structures and optimization of model 318 

parameters critically depend on appropriate observations38. Given the fact that the currently 319 

available in-situ observations of vertical carbon flux are biased to productive regions, increased 320 

availability of observations in Subtropical Gyres would be desirable and should reduce the large 321 

model uncertainty there. In addition, models producing opposite global patterns of transfer 322 

efficiency may have only minor differences in model’s goodness-of-fit when compared with in-323 
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situ observations, e.g., the GFDL-CM4, GFDL-ESM4, and IPSL-CM6A-LR-INCA (Figure S8). 324 

This suggests that an increase in observations of not only carbon export but also depth-resolved 325 

deep vertical carbon flux is urgently needed.  326 

Over the past decades, the vertical carbon flux has been measured by sediment traps39,40 and 327 

radioactive tracers such as 234Th-238U and 210Po-210Pb but these are limited due to logistical 328 

constraints41–43. These constraints are now being alleviated by autonomous profiling platforms.  329 

Biogeochemical-Argo (BGC-Argo) floats that are equipped with bio-optical sensors such as 330 

backscatter and optical sediment traps can inform us on vertical carbon flux in a cost-effective 331 

manner44–46. They also bring about a large expansion of biogeochemical measurements including 332 

nutrient and oxygen, which reflect the accumulative effects of production, respiration, and 333 

transport of organic matter23,24,47–51. However, assessing model uncertainty in simulating the BCP 334 

through comparisons with these biogeochemical measurements is made difficult by the fact that 335 

the CMIP6 models are initialized and spun up following different procedures33. A consistent 336 

protocol for model initialization and spin-up would provide better opportunities for model 337 

assessment. Since different mechanisms can cancel out each other, leading to the same vertical 338 

carbon flux, observations of the vertical carbon flux are insufficient on their own to tease apart 339 

different mechanisms52,53. This is a well-known issue of underdetermination and is common in 340 

biogeochemical models38. Although independent observations are becoming more readily 341 

accessible through BGC-Argo floats, their utilization for model assessment requires the 342 

corresponding tracers to be included explicitly in ESMs. For instance, the availability of particle 343 

size distribution has increased rapidly via the separation between small and large particles based 344 

on high-frequency measurements of backscatter54,55 and is expected to further expand due to the 345 

emergence of miniaturized imaging sensors56. This information can not only provide 346 

supplementary constraints on the vertical carbon flux but also gain process-level insights into the 347 

distinction between remineralization and fragmentation, which are two complementary processes 348 

in setting the vertical carbon flux but leave contrasting effects on the particle size distributions52,57. 349 

However, model comparison with these independent observations requires at least two particle 350 

size classes to be simulated. 351 

3. Conclusions 352 

In this study, model uncertainty in simulating the BCP within state-of-the-art ocean 353 

biogeochemical models was partitioned into different contributors and analyzed. Comparisons 354 
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across 14 CMIP6 models show large variations in carbon export at 100 m and increased variations 355 

at depth due to differences in transfer efficiency. Owing to the discrepancies in model structures 356 

and parameters, the simulated transfer efficiency from 14 CMIP6 models can be classified into 357 

three broad categories, with the first category features a homogenous global pattern of transfer 358 

efficiency and the remaining categories encapsulate two contrasting patterns. In addition, 359 

uncertainty analysis based on 6 of 14 representative CMIP6 models suggests an initial dominance 360 

of model uncertainty of carbon export which is overtaken by the model uncertainty of transfer 361 

efficiency at 900 m on the global scale. Since a recent study has suggested that the century-scale 362 

carbon sequestration is equivalently important above and below 1000 m31, model uncertainties of 363 

carbon export and transfer efficiency are both important, implying the necessity to improve model 364 

representations both within the euphotic zone and below. In addition, an expansion of observations 365 

of not only carbon export but also flux attenuation in the deep ocean is important. The model 366 

uncertainty of transfer efficiency was further decoupled into uncertainties that are representable 367 

by the Martin curve or not, both of which show comparable significance, suggesting that the usage 368 

of Martin curve and exponent b for comparing transfer efficiency underestimates the model 369 

uncertainty of transfer efficiency. Therefore, the vertical profile of transfer efficiency is 370 

recommended for model validation rather than using the exponent b. 371 

 372 

4. Methods  373 

4.1 CMIP6 models 374 

To assess different factors that contribute to model uncertainty in simulating the BCP within 375 

state-of-the-art biogeochemical ocean models, we chose the 14 ESMs that are part of the CMIP6 376 

and report depth-resolved vertical carbon flux (Table 1). Model outputs from the historical 377 

simulations were averaged over 15 years (2000-2014) to produce the climatology of vertical 378 

carbon flux. Only one ensemble member (r1i1p1f1) is used for each model. To facilitate 379 

comparisons between models, the model outputs were first remapped onto a common 1°×1° 380 

regular grid with a vertical resolution of 100 m and then compared with different spatial averaging, 381 

i.e., from single grid cells to the global average. On biome scales, the simulated vertical carbon 382 

flux is averaged over different biomes which encapsulate the large-scale variability in 383 

biogeochemical properties (Figure 1a). This map of biomes is adapted from ref.58 by combining 384 

the subtropical regions of the Pacific Ocean and the Atlantic Ocean in the northern and southern 385 
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hemisphere into the Subtropical Gyres (STG). In addition, the equatorial upwelling regions of the 386 

Pacific Ocean and the Atlantic Ocean are combined into the Equatorial Tropical Upwelling (ETU). 387 

 388 

4.2 In-situ observations of the vertical carbon flux 389 

In-situ observations of the vertical carbon flux were compiled by ref.59 and are available in 390 

the supporting information of ref.13. Most of the available in-situ observations (~90%) were 391 

collected by sediment traps deployed for less than 30 days and hence are compared to the monthly 392 

climatology in the nearest model grid cell of each ESMs.  393 

 394 

4.3 Different sources of model uncertainty in simulating the BCP 395 

To diagnose the model uncertainty in simulating the BCP, we describe the vertical carbon flux 396 

at depth 𝑧 (𝐹(𝑧)̅̅ ̅̅ ̅̅ ) as a product of the carbon export (𝐸𝑃̅̅ ̅̅ ) and transfer efficiency (𝑇𝐸(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ): 397 

𝐹(𝑧)̅̅ ̅̅ ̅̅ = 𝐸𝑃̅̅ ̅̅ × 𝑇𝐸(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ,                                                             (1) 398 

where the carbon export is defined as the vertical carbon flux at 100 m and the overbar represents 399 

the average over different spatial scales. Although the depth horizon of 100 m does not necessarily 400 

separate the upper layer from the lower layer where no organic particles are produced, it facilitates 401 

comparisons between different models.  402 

The model uncertainty in simulating the BCP is calculated based on the variance of the vertical 403 

carbon flux across different ESMs and hence is referred to as the model uncertainty of the vertical 404 

carbon flux (𝑈𝐹 , in unit of (log (𝑚𝑔 𝐶 𝑚−2 𝑑𝑎𝑦−1))2). In addition, prior to the calculation of 405 

variance, a log-transformation is applied to the vertical carbon flux which varies by orders of 406 

magnitude: 407 

log10(𝐹(𝑧)̅̅ ̅̅ ̅̅ ) = log10(𝐸𝑃̅̅ ̅̅ ) + log10(𝑇𝐸(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ),                                      (2) 408 

𝑈𝐹 = 𝑣𝑎𝑟(log10(𝐹𝑍
̅̅ ̅)).                                                         (3) 409 

The model uncertainty of the vertical carbon flux can then be decomposed into the model 410 

uncertainty of carbon export (𝑈𝐸𝑃, in unit of (log (𝑚𝑔 𝐶 𝑚−2 𝑑𝑎𝑦−1))2), the model uncertainty 411 

of transfer efficiency (𝑈𝑇𝐸, dimensionless), and the co-dependence between carbon export and 412 

transfer efficiency (𝑈𝐸𝑃&𝑇𝐸, in unit of (log (𝑚𝑔 𝐶 𝑚−2 𝑑𝑎𝑦−1))2): 413 

𝑈𝐹 = 𝑈𝐸𝑃 + 𝑈𝑇𝐸 + 𝑈𝐸𝑃&𝑇𝐸 ,                                                    (4) 414 

𝑈𝐸𝑃 = 𝑣𝑎𝑟(log10(𝐸𝑃̅̅ ̅̅ )),                                                        (5) 415 

𝑈𝑇𝐸 = 𝑣𝑎𝑟(log10(𝑇𝐸̅̅ ̅̅ )),                                                        (6) 416 
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𝑈𝐸𝑃&𝑇𝐸 = 2 × 𝑣𝑎𝑟(log10(𝐸𝑃̅̅ ̅̅ ) , log10(𝑇𝐸̅̅̅̅ )).                                      (7) 417 

The model uncertainty of the transfer efficiency (𝑈𝑇𝐸) is further decoupled into type I (𝑈𝐼, 418 

dimensionless) and type II (𝑈𝐼𝐼 , dimensionless) to distinguish between model uncertainty of 419 

transfer efficiency which can be represented by changing the exponent b of the Martin curve or 420 

not. To achieve this, the simulated vertical profiles of transfer efficiency from each ESMs were 421 

fitted to the Martin curve and the variance of the predicted transfer efficiency (𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) is 422 

exclusively due to the exponent b: 423 

𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = (
𝑧

100
)

−𝑏

.                                                        (8) 424 

The simulated transfer efficiency is represented as: 425 

𝑇𝐸(𝑧)̅̅ ̅̅ ̅̅ ̅̅ = 𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ × 𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ,                                       (9) 426 

where the 𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝑧) represents the deviations of the simulated transfer efficiency from the 427 

corresponding Martin curve. By applying a log-transformation, equ. (9) becomes: 428 

log10(𝑇𝐸(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ) = log10(𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) + log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝑧)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) .             (10) 429 

Therefore, the model uncertainty of the transfer efficiency (𝑈𝑇𝐸) can be expressed as the sum of 430 

the type I (𝑈𝐼), type II (𝑈𝐼𝐼), and their co-dependence (𝑈𝐼&𝐼𝐼 , dimensionless): 431 

𝑈𝑇𝐸 = 𝑈𝐼 + 𝑈𝐼𝐼 + 𝑈𝐼&𝐼𝐼                                                       (11) 432 

𝑈𝐼 = 𝑣𝑎𝑟(log10(𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅))                                                (12) 433 

𝑈𝐼𝐼 = 𝑣𝑎𝑟(log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ))                                            (13) 434 

𝑈𝐼&𝐼𝐼 = 2 × 𝑣𝑎𝑟(log10(𝑇𝐸𝑚𝑎𝑟𝑡𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) , log10(𝑇𝐸𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ))                       (14) 435 
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