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Abstract 30 

The export flux of organic carbon from the upper ocean is the starting point of the 31 

transfer and long term storage of photosynthetically-fixed carbon in the deep ocean. 32 

This “biological carbon pump” is a significant component of the global carbon cycle, 33 

reducing atmospheric CO2 levels by ~ 200 ppm. Carbon exported out of the upper 34 

ocean also fuels the productivity of the mesopelagic zone, including significant 35 

fisheries.  Here we show that, despite its importance, export flux is poorly constrained 36 

in Earth System Models, with the modelled range in projected future global-mean 37 

changes due to climate change spanning +1.8 to -41%. Fundamental constraints to 38 

understanding export flux arise because a myriad of interconnected processes make 39 

the biological carbon pump challenging to both observe and model. Our synthesis 40 

prioritises the processes likely to be most important to include in modern-day 41 

estimates (particle fragmentation and zooplankton vertical migration) and future 42 

projections (phytoplankton and particle size spectra, and temperature-dependent 43 

remineralisation) of export. We also identify the observations required to achieve more 44 

robust characterisation, and hence improved model parameterization, of export flux, 45 

and thus decrease uncertainties in current and future estimates of this important 46 

planetary carbon flux.  47 

 48 

Main text: 49 

Biological activity in the upper ocean takes up 50-60 GtC from the atmosphere 50 

annually, of which ~ 10% sinks out of the surface ocean1. This 'exported' carbon fuels 51 

the biological carbon pump and hence plays a central role in storing carbon in the 52 

ocean on climatically-relevant timescales2. Because of the complexity of the 53 
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processes that drive export flux, estimates of both the present-day and future 54 

magnitude of this important planetary carbon flux are poorly constrained3–5.    55 

 56 

Despite its importance, global climate models, such as those used in IPCC 57 

assessments, evince vastly different estimates of export flux (as well as primary 58 

production and export ratio6,7). Our analysis shows that the most recent generation of 59 

climate models project changes in particulate organic carbon (POC) export by 2100 of 60 

between +0.16 to -1.98 GtC yr-1 at 100m depth (+1.8 to -41%; Fig. 1a, b; SSP5-8.5 61 

scenario). Even the direction of change in export flux is uncertain: for 84% of the 62 

ocean, the models disagree on whether export will increase or decrease by the year 63 

2100 (Fig. 1c).  In addition, the differences among models in present-day export flux 64 

far exceed the projected changes by 2100 (Supplementary Fig. 1).  This casts doubt 65 

on the reliability of the modelled particle export flux, and its response and feedback to 66 

climate change.  67 

 68 

The key processes that influence present-day export flux, and which may determine 69 

the sensitivity of export flux to future climate change, are summarized in Table 1. 70 

Currently, several processes are missing from state-of-the-art climate models, partly 71 

due to a lack of understanding of their role in export flux and/or a paucity of suitable 72 

observations from which to derive parsimonious parameterisations (Supplementary 73 

Tables 1, 2). Here, we attempt to prioritise the currently missing processes that may 74 

be of most significance to improving understanding of both present-day and future 75 

export flux. 76 

   77 

Uncertainties in present-day export flux processes 78 
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Gravitational sinking of particles plays a key role in export flux8, and is represented in 79 

all climate models with a marine biogeochemistry module. However, the treatment of 80 

sinking particle generation and transformation varies widely (Table 1). The 81 

gravitational flux of carbon to depth by sinking particles is affected by (Fig. 2): a) the 82 

rate of particle sinking, which is influenced by particle size, density, shape9–11 and 83 

composition, as mineral ballasting12–14 or association with Transparent Exopolymer 84 

Particles (TEP) and other biological ‘glues’ can alter sinking speed15,16; b) the 85 

temperature-dependent viscosity of the water the particles are sinking through17,18; c) 86 

the rate at which microbes remineralise the sinking particles, which can be influenced 87 

by temperature, oxygen and resource availability19–21; d) zooplankton consumption 88 

and fragmentation of particles22,23; and e) the ability of microbes to access carbon 89 

within the particles24,25.  For many of these processes, it is relatively uncertain how 90 

significantly they would affect present-day export fluxes if incorporated into a model, 91 

or even in which direction they would drive the global export estimates (Table 1). Here 92 

we focus discussion on those processes for which sufficient understanding exists to 93 

quantify their contribution to export flux (albeit with high uncertainty in some cases).  94 

 95 

Fragmentation from large to small particles, both physically and biologically mediated, 96 

promotes microbial colonisation and POC remineralisation, due to the larger ratio of 97 

surface area to volume of small particles22,26. Recent observations from the 98 

biogeochemical-Argo float array suggest that fragmentation could drive up to 50% of 99 

mid-water remineralisation23. Fragmentation is included in only one of the current 100 

climate models (Table 1) due to a lack of understanding of its drivers and lack of 101 

observations to constrain it.  102 

 103 
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Migration by zooplankton and nekton is a significant component of flux, as carbon is 104 

transported from the upper ocean directly to the mesopelagic where the organisms 105 

excrete, egest, respire and sometimes die27,28. Vertical migration is not included in any 106 

of the current climate models (Table 1) due to uncertain mechanistic drivers. Inclusion 107 

of vertical migration of zooplankton and nekton could increase model estimates of 108 

present-day export by anywhere from 14-40% globally29–31 and potentially even more 109 

at specific locations32. Although currently poorly constrained by observations, the 110 

contribution to carbon flux by vertically migrating fish may contribute up to 16% of 111 

global export fluxes33.  Note that specifics of the plankton community structure are not 112 

considered here, e.g. contribution to flux by gelatinous zooplankton34 or mixotrophs35, 113 

as we conduct our analysis on coupled climate models which do not include explicit 114 

representation of plankton types (typically these models simulate 2-3 phytoplankton 115 

and 1-2 zooplankton classes).  Although a new class of models which attempt to 116 

mechanistically model plankton community structure exist (e.g. 36), these models have 117 

not been used to conduct coupled climate runs as the computational expense of 118 

adding many more tracers (in some cases, hundreds more) to centuries-long coupled 119 

runs is prohibitive. 120 

 121 

Finally, some processes have been quantified, but their contribution to total export flux 122 

is expected to be small.  Small-scale physical transport of both particulate and 123 

dissolved organic matter to depth8,37 is missing from climate models as the spatial 124 

resolution is too coarse to resolve (sub)mesoscales. The effect of unresolved 125 

mesoscale processes could have a large effect on export at local scales, but is unlikely 126 

to have a substantial impact on globally integrated export flux38 (< 2%).  Warmer water 127 
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has reduced viscosity, thus potentially enabling particles to sink more rapidly, however 128 

incorporating this effect into climate models is likely to have a small effect18 (~ 3%). 129 

 130 

It is relatively uncertain how much and in which direction other processes assessed 131 

here (temperature-dependent remineralization, oxygen-dependent remineralization, 132 

phytoplankton size effect on sinking, mineral ballasting, mineral protection and TEP 133 

production; Table 1) would affect modelled modern-day global export.  For instance, 134 

in the case of mineral ballasting, increased dissolved inorganic carbon in the oceans 135 

may increase coccolithophore abundance and export, but at the same time 136 

acidification reduces calcification and hence ballasting potential39.  Including the 137 

effects of seawater viscosity on particle sinking speed and small-scale physical 138 

transport are unlikely to significantly improve modern-day export estimates.  139 

Therefore, fragmentation may be the most important currently unaccounted for 140 

process for improving modern-day export flux simulations, followed by zooplankton 141 

vertical migration.  142 

 143 

Uncertainties in response of export flux to climate change 144 

The climate change response of export flux is likely to be sensitive to somewhat 145 

different processes than present-day export (Table 1, Supplementary Table 2).  For 146 

all processes, simulating a response to climate change requires its drivers to be 147 

understood and themselves modelled, otherwise the process will not respond to 148 

changing forcing.  Projected climate change-driven shifts in phytoplankton size and 149 

resultant sinking particle size are highly variable across simulations, however they are 150 

often a particularly strong driver of export decrease5,40,41. Projected decreases in 151 
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global export due to warming-driven increases in temperature-dependent 152 

remineralization are also wide-ranging, but may be as high as ~20% 20,42,43.  153 

 154 

Incorporating the effects of mineral ballasting44,45, seawater viscosity18 and changing 155 

stoichiometry of sinking particles46 will likely have a lesser, though non-negligible, 156 

influence on projections of future carbon export. Decreases in remineralization rates 157 

due to reduced oxygen availability should increase future export, but the size of this 158 

effect is not well quantified. The effect of predicted increases in compounds that 159 

promote aggregation (e.g. TEP) is also not well quantified, with studies disagreeing on 160 

the direction of the effect on export15,16,47. On the other hand, resolving the effects of 161 

future changes in mineral protection and eddy pump strength, no matter their direction, 162 

are likely to be relatively less important due to their smaller overall contributions to 163 

export globally38,48. The remaining processes examined here (fragmentation, and 164 

zooplankton and fish vertical migration) fall into the “known unknown” category, as 165 

there is great uncertainty as to how much and in which direction these may change 166 

with future warming (Supplementary Table 2), and therefore the importance of 167 

modelling these processes for projections of future export flux is unknown.  We thus 168 

conclude that, within the limits of our current understanding, inclusion of dynamic 169 

phytoplankton and sinking particle sizes, along with temperature-dependent 170 

remineralisation, are likely to have the most significant effect on modelled future export 171 

flux. 172 

 173 

Uncertainties in feedbacks between export and climate change 174 

Climate-driven changes in all of these processes can result in feedbacks to climate 175 

change (Fig. 3). The magnitude, and sometimes even direction, of these feedbacks 176 
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are poorly known.  An example of a positive feedback to climate (i.e. an initial climate-177 

driven change ultimately results in more climate change) occurs when warming 178 

increases ocean vertical temperature gradients and stratification, thus decreasing 179 

nutrient supply from the deep ocean to the euphotic zone (Fig. 3a). Lower nutrient 180 

availability favours smaller phytoplankton which results in smaller particles that sink 181 

more slowly and thus reduce export flux, potentially ultimately reducing ocean carbon 182 

storage. An example of a negative feedback to climate arises from decreased 183 

seawater viscosity due to ocean warming, leading to increased particle sinking speed 184 

and enhanced export fluxes that may result in greater ocean carbon sequestration 185 

(Fig. 3b). Another negative feedback is driven by increased upper ocean stratification, 186 

which decreases the depth of wintertime ventilation and along with it the depth that 187 

sinking particles must reach to contribute to long-term carbon sequestration. For other 188 

feedbacks, even the direction of the potential feedback effect is not readily inferred 189 

(Fig. 3c). For example, if zooplankton migrations become less frequent, export fluxes 190 

may be substantially reduced, possibly resulting in a positive feedback. If, on the other 191 

hand, future ocean conditions favour increased zooplankton biomass or more frequent 192 

migrations, this could result in enhanced export flux and a negative feedback on 193 

climate.  Export flux is also influenced by processes occurring deeper in the water 194 

column. For example, if particles are remineralised more shallowly or zooplankton do 195 

not migrate as deeply in the future, more nutrients will be retained in the upper ocean, 196 

which could fuel phytoplankton growth and enhance export, thus partially cancelling 197 

out the initial decreases30,41.  Greater understanding of these feedbacks is therefore 198 

also likely to contribute to improved model representation of mesopelagic 199 

remineralisation and sequestration flux. The uncertainties in the climate-export 200 

feedbacks highlighted here further emphasise the need for improved mechanistic 201 
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understanding and modelling of export processes, as these feedbacks are likely 202 

important for robustly quantifying global climate sensitivities.  203 

 204 

A bright future for understanding export processes  205 

Owing to the vastness of the ocean, many observations of export processes are 206 

sparse and biased towards regions and seasons that are convenient to sample (e.g. 207 

the North Atlantic during summer).  However, the recent rapid increase in deployments 208 

of autonomous platforms such as moorings, floats, gliders and surface vehicles, plus 209 

development of new sensors, is fuelling a significant increase in observations with the 210 

potential to provide insights into many of the export processes identified here 211 

(Supplementary Table 3).  212 

 213 

To predict the response to a changing environment, the knowledge of states such as 214 

chlorophyll or POC concentration, is insufficient: we need to understand the 215 

relationship between the different processes. For example, how do zooplankton 216 

interact with and fragment particles, and how does community size structure relate to 217 

sinking particle size spectra? While laboratory experiments have provided some 218 

insights, it is generally uncertain how these translate into the interactions occurring in 219 

the open ocean. Moreover, such experiments cannot provide data on the large spatial 220 

and temporal scales needed to understand the present-day magnitude and climate 221 

response of export processes. The rise of autonomous platforms offers a potential 222 

solution, as frequent and semi-Lagrangian sampling of state variables over time can 223 

be used to estimate rates, including carbon export and vertical sinking fluxes49,50, 224 

primary production and community respiration51,52, and particle fragmentation23.  225 

Additionally, multi-sensor sampling from the biogeochemical-Argo float initiative53, 226 
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deployment of uncrewed surface vehicles54, and time-series programmes which 227 

integrate moored platforms and autonomous vehicles55, are driving an exponential 228 

increase in data availability. In parallel, the development of new sensors is opening up 229 

new avenues of research, such as small, energy-efficient camera systems with the 230 

ability to image particles and plankton in situ at similar spatiotemporal scales and 231 

hence deduct abundance, distribution and composition of particles and plankton 232 

communities56–58.  233 

 234 

Synthesizing the information from these observations, made across a wide range of 235 

environmental conditions and spatio-temporal scales, into robust mechanistic 236 

parameterisations that can be implemented in global models, or into global validation 237 

datasets suitable to compare with model output, remains a challenge. Sparseness of 238 

data, particularly with sufficient spatial and temporal coverage, lack of information on 239 

episodic fluxes, and inconsistencies across different observational datasets (e.g. in 240 

the choice of export depth horizon59,60, definition of sinking particles, or treatment of 241 

dissolved organic matter) continue to hinder integration with model development.  242 

These efforts will benefit in coming years from simultaneous development of novel 243 

techniques and sensors, continuation of ship-based studies to observe export flux 244 

processes in great detail at a single location and time period, expansion of the global 245 

biogeochemical-Argo array and deployments of other autonomous platforms, and new 246 

remote sensing capabilities.  Improved process understanding from exploitation of 247 

ever-increasing observational datasets should be carried out hand-in-hand with model 248 

development.  Including many additional tracers in a coupled climate model, as used 249 

in IPCC simulations, is typically unfeasible and so simplified parameterisations should 250 

be developed where possible that ‘plug-and-play’ with tracers already common in 251 
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models (e.g. temperature or primary production).  New parameterisations should also 252 

be tested in a simplified 1-D framework or semi-empirical model initially, and 253 

potentially also in a computationally efficient 3-D framework, such as a transport 254 

matrix, e.g. 61,62.  Only if the additional processes are then shown to significantly alter 255 

modern-day export flux estimates should they then be implemented in a full climate 256 

model to make projections of the future magnitude and efficiency of the biological 257 

carbon pump.     258 

 259 

Conclusion 260 

This Perspective identifies 12 processes that are likely to have the greatest impact on 261 

present-day and future projections of export flux, of which 10 are currently missing 262 

from the majority of climate models. These processes: a) are significant contributors 263 

to export flux and/or its climate feedback, b) have the potential for technology and 264 

platform developments to generate sufficient data to act as a robust model constraint 265 

and/or develop new parameterisations, c) are computationally tractable (i.e. the 266 

process can be incorporated in a model without hugely increasing its complexity, and 267 

therefore run time), and d) can be applied on the centennial, global scale of climate 268 

models.  We are poised on the edge of a new era in biological carbon pump studies.  269 

As a community, there is now a potential route to reducing uncertainties in export flux, 270 

via common data sharing platforms, enhanced networks of ocean observations and 271 

synthesis activities (e.g. JETZON, Joint Exploration of the Twilight Zone Ocean 272 

Network63), the development of new technologies and platforms to overcome gaps in 273 

process understanding, and collaboration with modellers on developing the next 274 

generation of biogeochemical models. 275 

 276 
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 488 

Figure Legends 489 

Figure 1: Uncertain response of export flux to climate change.  (a) Percent 490 

change in export flux and (b) absolute change (Gt C yr-1) in export flux in 19 coupled 491 

climate models in the CMIP6 archive, forced with the SSP5-8.5 scenario.  Percent 492 

change is calculated with respect to the mean of years 1850-1900 for each model.  493 

Multi-model mean is shown as a thick black line.  (c) Multi-model mean change in 494 

export flux (gC m-2 yr-1) between the 2080-2100 average and the 1850-1900 495 

average.  Hatching indicates where 90% of models (i.e. at least 17 of 19) agree on 496 

the sign of the change in export flux.   497 

 498 

Figure 2: Potential response of export processes to climate change. Export will 499 

change in response to increasing temperature, decreasing oxygen concentration and 500 

ocean acidification.  Potential responses in: (a) phytoplankton size, (b) primary 501 
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production, (c) rate of microbial remineralization, (d) zooplankton abundance and 502 

size, (e) water viscosity, (f) mineral ballast are depicted.  However, there are high 503 

uncertainties in both the direction of many of these responses and the effect on 504 

export flux due to complex feedbacks. 505 

 506 

Figure 3: Feedbacks between changing export flux mechanisms and climate.    507 

Mechanisms are separated into those which are likely to have a positive, negative or 508 

uncertain feedback to climate. 509 

  510 
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Table 1: Influence of omitting specific mechanisms on modelled present-day 511 

and future export flux. We surveyed the IPCC CMIP6 archive for global climate 512 

models which incorporate explicit marine biogeochemistry (total of 19; Supplementary 513 

Table 4). The model structure was examined to determine whether the processes we 514 

identify as important to export flux are included. We also assess the direction of bias 515 

in present-day model estimates of export flux if processes are excluded, and the 516 

direction of change in future global export flux due to the same processes. Full details 517 

of the model assessment are in Supplementary Table 1, and the detailed rationale for 518 

our prioritisation is in Supplementary Table 2. 519 

 520 
 521 

Process Summary of climate 
model structure (*1) 

Bias in present-day 
modelled global export 
without this process (*2) 

Direction of change in 
future global export due 
to this process (*3) 

Key references 
for this process 

Fragmentation 
18  

1 

 

 

23,64 

Zooplankton vertical 
migration 19  

0 

 

 

29–31 

Phytoplankton size 
effect on sinking (*4) 13  

6 
           

5,41,65,66 

Temperature 
dependent 
remineralisation 

8  

11 
 

 4,20 

Oxygen dependent 
remineralisation 9  

10 
                   

19,20,67 

Viscosity of seawater 
18  

1 

  18 

Mineral ballasting 
14  

5 
         

 13,45,68 

Mineral protection 
14  

5 

  48,69 

Eddy pump (*5) 
19 

0 

  
 

8,38,70 

Fish vertical migration 
 19 

0 

 

 

33 
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Particle stickiness 
(including transparent 
exopolymers) 

19 

0 
  

15,16,47 

Variable stoichiometry 
in sinking particles 18 

1 
 

 46,71,72 

 522 
 523 
(*1) Summary of the 19 climate models included in the IPCC CMIP6 archive which include a 524 
marine biogeochemistry component.  525 
(*2) Plus (minus) symbols indicate models likely overestimate (underestimate) export flux if 526 
this process is missing, with the size of the symbol indicating the potential influence of the 527 
missing process. Question marks indicate that either the global-scale effect, or the size of 528 
the effect, is unknown. 529 
(*3) Up (down) arrows indicate that this process is likely to increase (decrease) future export 530 
flux, with the size of the symbol indicating the possible influence of the missing process.  531 
Question marks indicate that either the global-scale effect, or the size of the effect, is 532 
unknown. 533 
(*4) If sinking speed does not change with phytoplankton community composition, the model 534 
is classed as a “No” for this category. 535 
(*5) Model resolution varies from ¼ - 1 degree, and therefore none of the models are eddy-536 
resolving. 537 
 538 
 539 
  540 
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Figure 1: Uncertain response of export flux to climate change.  (a) Percent change in 
export flux and (b) absolute change (Gt C yr-1) in export flux in 19 coupled climate models in 
the CMIP6 archive, forced with the SSP5-8.5 scenario.  Percent change is calculated with 
respect to the mean of years 1850-1900 for each model.  Multi-model mean is shown as a 
thick black line.  (c) Multi-model mean change in export flux (gC m-2 yr-1) between the 2080-
2100 average and the 1850-1900 average.  Hatching indicates where 90% of models (i.e. at 
least 17 of 19) agree on the sign of the change in export flux.   
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Figure 2: Potential response of export processes to climate change. Export will change 
in response to increasing temperature, decreasing oxygen concentration and ocean 
acidification.  Potential responses in: (a) phytoplankton size, (b) primary production, (c) rate 
of microbial remineralization, (d) zooplankton abundance and size, (e) water viscosity, (f) 
mineral ballast are depicted.  However, there are high uncertainties in both the direction of 
many of these responses and the effect on export flux due to complex feedbacks. 
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Figure 3: Feedbacks between changing export flux mechanisms and climate.    
Mechanisms are separated into those which are likely to have a positive, negative or 
uncertain feedback to climate. 


