
We wish to thank reviewer #1 for the detailed analysis of our paper and his/her
thoughtful comments, which have been very helpful and greatly improved the quality of
this manuscript. A detailed reply to each point follows below:

Response to Reviewer Comment #1

Reviewer Comment: This manuscript describes in detail the differences
between 4 global biogeochemical models in the way that they represent the
processes of POC production and sinking. Future projections are used to as-
sess how the different model formulations lead to the wide range of projected
changes in export production. The manuscript provides useful information
for model users wishing to understand in greater detail how uncertainty in
projections of future export arise and how individual models construct es-
timates of export. Although the manuscript doesnt really have a big, novel
conclusion as such, as it is more about model exploration, it is nevertheless
worthy of publication in Biogeosciences. I have only a few minor comments:

Reviewer Comment: Page 19943, Line 24: lower/higher this isnt clear
and confused me. Please rephrase.

Author Response: The sentence reads now: “Also this controlling factor is afflicted
with high uncertainties, particularly since the models differ already substantially with
regard to both the initial (present-day) distribution of diatoms (between 20 11-94% in
the Southern Ocean) and the diatom contribution to particle formation (0.6 - 3.8 times
higher than their contribution to biomass).”

Reviewer Comment: Page 19949, Line 10: Should refer to Figure 5

Author Response: We have corrected the reference to Figure 5.

Reviewer Comment:Page 19950, Line 10: Parameter values are listed in
tables 5-8, not in appendix

Author Response: We have corrected this and refer to Tables5-8 now.

Reviewer Comment:Model descriptions section refer to the relevant ta-
bles with parameter values when discussing the different models. Also is the
model output annual average? Or monthly?

Author Response: We have added references to the Tables. Also, we use monthly
mean model output, this is mentioned in Section 2.3: Data processing: “Our analysis is
based on depth-resolved monthly mean output for the 2012- 2100 period. “
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Reviewer Comment: Page 19953, Line 20: Is this 35% a fixed value or
an average?

Author Response: This is a fixed value, the sentence reads now: “A constant fraction
(35%) of the biomass losses due to microzooplankton mortality and the linear part of
mesozooplankton mortality are routed to the small particle pool.”

Reviewer Comment:Page 19954, Line 17: Lima et al. 2015 not in refer-
ences list

Author Response: This paper is in preparation, but the publication date has been
postponed. We have removed the sentence from the manuscript.

Reviewer Comment:Model evaluation: although all of the models have
been validated in detail elsewhere, I think it would be useful to include a
Taylor diagram (or some other quantitative informa- tion) on how model
and satellite-derived export estimates compare, alongside Figure 2 which just
gives a visual overview.

Author Response: Done, we have added a panel with a Taylor Diagram comparing
model and satellite-based export estimates, please find the figure at the end of this pdf.

Reviewer Comment:Page 19962, Line 21: I think this makes more sense
if written as e.g. 12 to 14% of NPP as +2[%NPP]

Author Response: Done, the sentence reads now: As an example we describe an in-
crease in efficiency of a pathway from e.g. 12% of NPP to 14% of NPP as +2[%NPP].

Reviewer Comment:Page 19962, Line 23: High latitudes, not just South-
ern Ocean as written here.

Author Response: Done, the sentence reads now: “The changes in efficiency in each
particle formation mechanism are shown in Fig. 8 in the low and high latitudes for all
models”.

Reviewer Comment:Page 19969, Line 21: this process not entirely clear
what the authors are referring to here. Do you mean the fraction of grazed
material that becomes sinking/exported as faecal pellets?

Author Response: Yes! Done. The new sentence is: “Improved observational con-
straints for this process the fraction of grazed material that becomes faecal pellets will
be critical to improve the simulation and projected changes of the e-ratio.”
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Reviewer Comment:Page 19970, Lines 7-10: reference to realistic e-ratio
changes, the processes how particles are formed etc. If only we knew what
the important processes, their mag- nitude and variability were in the real
world! Then we could really say whether one model was better than another.
But just the huge range in satellite-based global e-ratio estimates (like the
Dunne and Henson algorithms used here) emphasises that we dont know
how the real world behaves either! Some discussion of how this uncertainty
makes it difficult to judge whether a model is realistic or not would round
out the discussion.

Author Response: We agree, and we have included the following sentence in that para-
graph: “However, the most important processes, their magnitude and variability have
not yet been identified, and observations to constrain parameters of potential candidate
processes are sparse. “

Reviewer Comment:Page 19971, Line 5-10: But how would/should we
choose/identify the most important processes? Im sure every observational-
ist you ask would give a different answer of what is most important! Can
you make any suggestions about what the most important processes might be?

Author Response: We agree with the reviewer that it is a hard task to identify the
most important processes. We contribute to the solution of this problem by pointing
out which of the already modeled processes are a) particularly weak constrained and b)
have the potential to contribute significantly to the total particle formation according to
the models that implement them. We give a summary of these processes at the end of
the paper: “In order to increase the reliability of e-ratio projections, a concerted effort
including observations and targeted laboratory studies of plankton community struc-
ture, particle composition and sinking behaviour, particle aggregation rates, ballasting
effects and grazing controls to support further model development and a rigorous model
evaluation will be needed. ‘ Our results can unfortunately not be used to infer anything
about the importance of processes that are not included in the analysed models. ‘

Reviewer Comment:Appendix: add reference to the relevant parameter
tables (tables 5-8) in the model descriptions.

Author Response: Done.

Reviewer Comment:Figure 7: The numbers on this figure were so tiny I
really struggled to read them. Label the 2 columns low latitude and high lat-
itude to make it easier for the reader. In TOPAZ, high latitude, the grazing
and mortality arrows dont seem to go through the zooplankton box. Note in
the caption that PISCES includes DOC aggregation; and that diatom and
nanophytoplankton are denoted D and N respectively in the green boxes.
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Author Response: Done.
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a) BEC b) PISCES

c) TOPAZ d) REcoM2

e) Henson f) Dunne

Figure 0.1: Modeled export production averaged over the 2012-2031 period and
observation-based estimates by Dunne et al. 2007 and Henson et al. 2012.
The unit is mol C m−2 yr−1, note the non-linear color scale.
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REcoM2

BEC
TOPAZ2

PISCES

Comparison with Dunne et al. 2007
Comparison with Henson et al. 2011

Figure 0.2: Taylor diagram comparing modeled export production averaged over the
2012-2031 period with satellite-based estimates by Dunne et al. 2007 and
Henson et al. 2012. The angle describes the correlation between model
and satellite-based estimate, the distance from the origin is the normalized
standard deviation and the distance from the point REF is the root mean
squared error.
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We wish to thank reviewer #2 for the thorough analysis of our paper and his/her
thoughtful and very detailed comments, which have been very helpful and improved the
quality of this manuscript. A detailed reply to each point follows below:

Response to Reviewer Comment #2

Reviewer Comment: Page 19943, Line 24: lower/higher this isnt clear and
confused me. Please rephrase.

Author Response: The sentence reads now: “Also this controlling factor is afflicted
with high uncertainties, particularly since the models differ already substantially with
regard to both the initial (present-day) distribution of diatoms (between 20 11-94% in
the Southern Ocean) and the diatom contribution to particle formation (0.6 - 3.8 times
higher than their contribution to biomass).”

Reviewer Comment: Pg 19944, Line 23: Leung et al. (2015) show that
there is some agreement on the mechanisms driving changes in NPP among
the CMIP5 models within the Southern Ocean, so perhaps saying that there
is no agreement on the mechanisms among the models is a bit too strong.

Author Response: We have changed the sentence to “little agreement” and cited the
Leung-paper.

Reviewer Comment: Pg 19947, Line 21: Could you explain with one
more sentence or so how/why aggregation and mortality are wrapped up in
the same APOC term? What processes are meant to be simulated within this
term (aggregation, viral lysis, other specific mortality-inducing processes)?

Author Response: We have included both aggregation and mortality in one APOC

term as they are first-order functions of biomass of the respective PFT, in contrast to
grazing which usually depends also on grazer biomass and temperature. The term APOC

summarizes phytoplankton aggregation and all other forms of mortality that are mod-
eled in the respective models. We have changed the sentence in the manuscript to: “The
mechanisms by which sinking particles are formed are faecal pellet production during

grazing on the phytoplankton types (G
zooi→phytoj
POC ) and first-order biomass losses via ag-

gregation and mortality of the different phytoplankton and zooplankton types (Ai
POC,

not parameterized in all models).”

Reviewer Comment: Pg 19948, Line 21: Although defining export produc-
tion as the amount of POC sinking out of 100 m depth is a common practice,
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it is not always the right way to think about export if we actually care about
the amount of carbon making it down to the deep ocean. See Palevsky et al.
(2016). It would be nice to mention this briefly.

Author Response: We agree and added the following sentence:
“We define particle export production (EP) as the amount of particles that sink

through the 100m depth level. While this depth does not necessarily reflect the amount
of carbon that reaches the deep ocean, it separates surface processes from mechanisms
governing deep ocean carbon fluxes and is useful for comparing the models with each
other and with observations. “

Reviewer Comment: Section 2.2, in general: I think that it would be a lot
clearer if you presented all equations separately for each model with clear la-
bels as to which model is being represented. Example 1: Equation 8 could be
written out separately for BEC and PISCES, so that you can represent what
happens in BEC with biomass concnetrations greater than 22 mmolC/m2
and can also add in the linear mortality term. Its a bit cumbersome to do
the mental gymnastics of altering equation 8 for each different model as one
reads the text. Example 2: Equation 11 could be written out separately for
each model, so that there isnt as much confusion about which parameters
depend on which variables differently within each model. This would make
the textual explanation a lot easier to follow. fgrazPOC could have a sub-
script for BEC as one example. You could also denote that fgrazPOC is a
function of temperature for TOPAZ as another example. I do like the way
that the equations are done in Section 2.2.3.

Author Response: We use those “overview equations” as a means to underline the
similarities between the models and to shorten the manuscript. The full parameters
and equations are in the Appendix for readers who are interested in that level of detail.
We have followed the reviewer’s suggestion and written Eq. 8 separately for BEC and
PISCES but prefer to keep Eq. 11 in the overview-form to avoid unnecessary repetition.

Reviewer Comment: Pg 19950, Lines 11-14: Here you say that aggrega-
tion grows linearly with biomass after a certain biomass concentration, but
then say that there is also an additional linear mortality of phytoplankton
that you ignore. Im a bit confused by this; are you referring to the same
term? Also, do you justify that leaving this term out really doesnt matter? I
dont see the harm in adding this linear term to the quadratic term and call-
ing that the total mortality/aggregation, assuming that they are representing
the same processes.

Author Response: We agree and we have added the linear mortality term to the equa-
tion.

Reviewer Comment: Pg 19950, Line 16: You say that aggregation in-
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creases under nutrient limitation for diatoms in PISCES, but Im unsure of
what equation to look at to see how this really works. Could you point out
which equations represent this phenomenon?

Author Response: Apologies - the equation is given in the parameter Table for PISCES
(Table 6). We have added a reference to make this more clear.

Reviewer Comment: Pg 19950, Line 24: Could you help me more eas-
ily see how in both BEC and PISCES high and low diatom fractions allow
higher aggregation than intermediate diatom fractions? Im again unsure of
what equation to look at to see how this works (not equation 8, right?).

Author Response: We have tried to explain this better. The text reads now: “In
REcoM2, aggregation depends on total biomass and is independent of the diatom frac-
tion. In contrast, in both BEC and PISCES aggregation depends on the biomass of the
individual PFTs. Because of the exponential increase in aggregation at high biomass
values, high or low diatom fractions can result in higher aggregation than intermediate
diatom fractions in BEC and PISCES. “

Reviewer Comment: Pg 19952, Line 11-12: What does it mean mecha-
nistically/physically for zooplankton grazing to be modeled implicitly and to
be independent of zooplankton biomass? Could you add one more sentence
or so to explain this more?

Author Response: In contrast to the other models, grazing does not depend on zoo-
plankton biomass but only on phytoplankton biomass (and temperature). Therefore
changes in grazing are either caused by changes in phytoplankton biomass or tempera-
ture, but not by a change in zooplankton biomass. We have extended the sentence in the
manuscript: “Second, zooplankton grazing is modeled implicitly and does not depend
on zooplankton biomass but only on phytoplankton biomass and temperature.”

Reviewer Comment: Pg 19952, Line 12-13: This is confusing when read
with Pg 19951, Line 12. The way Pg 19951, Line 12 was worded made it
seem like BEC was the exception, but now we find out that TOPAZ was
the exception. To clarify, I suggest listing in parentheses the name of the
three models with constant fgrazPOC and taking out the word however on
Pg 19951, Line 12.

Author Response: Yes. We have changed the sentence to: “..with f→POC
graz denoting

the fraction of the grazed material that is routed to POC. f→POC
graz is constant in RE-

com2. In BEC and TOPAZ, a bigger fraction of grazed diatoms is routed to POC than
grazed nanophytoplankton. In PISCES, it does not depend on food source, however
a higher/lower fraction of material is routed to POC when grazed by mesozooplank-
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ton/microzooplankton. “

Reviewer Comment: Pg 19952, Line 17: You say finally to denote the
last way in which TOPAZ is different on Line 12, but now you add another
difference. Please tweak this wording.

Author Response: Done, we use “finally” now in the final sentence.

Reviewer Comment: Pg 19952, Line 19: Why do you choose to compare
the fractions routed to POC at 0 degrees C? Is this the average temperature
at some meaningful depth?

Author Response: The difference between the partitioning of grazed material is biggest
at 0◦C. We have added this information, it reads now: “Finally, a much higher fraction of
grazed diatoms is routed to POC (the partitioning depends on temperature, the biggest
difference is at 0◦C where 93% of diatoms vs. 18% of nanophytoplankton are routed to
POC). “

Reviewer Comment: Pg 19952, Line 21-23: Could you add a sentence or
two on how particles would mechanistically be formed via zooplankton con-
sumption by higher trophic levels? Is this by production of fecal matter by
higher trophic level biota after consuming zooplankton?

Author Response: Yes, that includes fecal matter and also dead zooplankton carcasses.
We have added a sentence: “A fraction of this biomass loss due to mortality is assumed
to end up as fecal pellets from larger zooplankton as well as dead zooplankton carcasses
that sink. “

Reviewer Comment: Model evaluation section: I agree with Reviewer 1 on
the need for some Taylor diagrams. It would be great to see these diagrams
for grazing, e-ratio, and export.

Author Response: We agree that it would be great to see a thorough statistical com-
parison of modeled export, e-ratio and grazing with observations. We have included a
Taylor diagram of modeled export versus satellite-based export estimates, please find
the figure at the end of this file. A Taylor diagram of e-ratio estimates is included in
the supplement. In terms of grazing, the available measurements are unfortunately too
sparse for a more statistical comparison. For example, the data presented in Calbet
et al. 2004 is summarized for 9 ocean basins. Statistical metrics like correlations and
normalized standard deviations calculated from 9 modeled and observed values are not
very meaningful.

Reviewer Comment: Pg 19954, Line 26 and Pg 19955, Line 4: I would
caution against calling the satellite- based maps of export observational es-
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timates or observations, but would rather them be called observationally-
based, empirically-based, or satellite-based esti- mates due to the fact that
they are based on observed empirical relationships rather than direct obser-
vations themselves.

Author Response: Done, we changed all occurences of “observational estimates” to
“satellite-based”.

Reviewer Comment: Pg 19955, Line 2: It would also be nice to see global
maps of e-ratio within each of the 4 models compared to observationally-
based maps of e-ratio.

Author Response: We have included global maps of e-ratio in the models in the sup-
plementary material.

Reviewer Comment: Pg 19955, Line 16: I would again caution against
using the word observations.

Author Response: Done, see above.

Reviewer Comment: Pg 19958, Line 23-24: I appreciate the separation
into high and low latitudes as a starting point for understanding different
mechanistic changes throughout the ocean. However, Im unsure if this is
the most meaningful way of understanding how processes differ in different
regions as it obscures and mashes together potentially very different trophic
regimes. Have you tried looking at different ways of breaking up the ocean
(namely, recreations of Figures 5 and 7) to see if it makes much of a differ-
ence? One quick starting point could be just looking at productive equatorial
upwelling regions separated from the subtropics and the high latitudes. An-
other method would be to use biomes as in Sarmiento et al. (2004) and
CabreIA et al. (2014).

Author Response: We agree that a simple seperation into high and low latitudes
mashes together potentially different tropic regimes. However, our main point here is
to demonstrate how different the internal carbon fluxes in the models are and that it
can lead to very different responses to climate change. Splitting the ocean into multiple
biomes as in the work of Sarmiento et al. (2004) and Cabre et al. (2014) would make
the paper a lot longer. But as we don’t have the observations to evaluate carbon fluxes
in the models, we belive that the additional information gain would be rather small.

Reviewer Comment: Pg 19959, Line 21-22: Add increase and decrease
percentages for the Southern Ocean and Arctic as well.

Author Response: Done, sentence reads now: Particle production (and e-ratio) de-

5



crease relatively by about -7% in the low latitudes, increase in the Southern Ocean
(+3%) and decrease in the Arctic (-12%).

Reviewer Comment: Pg 19960, Section 4.4: It might be nicer for this
section to be written more like the previous sections; that is, by describing
one model at a time, rather than by comparing between all models within the
same paragraph. It is still easy to see the differences between the models this
way, but makes it much easier to follow and read.

Author Response: Done, Section 4.4 reads now: “The models show substantial differ-
ences in the efficiency of the different carbon pathways, i.e. the fraction of NPP that is
routed along that pathway.

In TOPAZ only a small fraction of NPP (8.8-26.5%) is transformed to sinking par-
ticles, and particles are exclusively formed during grazing. In the low latitudes (30◦S -
30◦N), nanophytoplankton grazing flux (5.5% of NPP) is more important than diatom
grazing flux (3.3% of NPP), while in the high latitudes (> 50◦N/S) the diatom grazing
flux (17.3% of NPP) dominates over nanophytoplankton grazing flux (9.5% of NPP).

In REcoM2, phytoplankton aggregation is the dominant mechanism with which par-
ticles are formed. In the low latitudes, nanophytoplankton aggregation constitudes the
larger flux (25.7% of NPP is routed to POC via nanophytoplankton aggregation) while in
the high latitudes diatom aggregation constitutes the larger carbon flux (45% of NPP).

In BEC, the nanophytoplankton grazing flux (14.0% of NPP) and to a lesser extent
the diatom grazing flux (4.7% of NPP) are the largest fluxes in the low latitudes. In cold
high latitude water diatom aggregation provides the largest carbon flux, about 44% of
NPP is transformed to POC along that pathway.

PISCES has the most complex carbon routing among the models in this study. Zoo-
plankton mortality (including mesozooplankton grazing on microzooplankton) provides
the largest flux of carbon to particulate organic carbon in both low and high latitudes
(26.4% and 23% of NPP, respectively). Grazing of nanophytoplankton is the second
largest flux (16% of NPP in both high and low latitudes). The third-most important
flux in the low latitudes is aggregation of DOC (12% of NPP). Aggregation of DOC is
only half as strong in the high latitudes (6.7%), but diatom aggregation constitutes a
large flux (9% of NPP). Finally, in PISCES zooplankton not only produce particles but
also graze on particles. This reduction of particles is particularly efficient in the low
latitudes, where almost a third of the formed particles are grazed again, while in the
high latitudes less than ten percent of the formed particles are grazed. “

Reviewer Comment: Pg 19960, Line 23: Need to add and between the two
grazing flux terms. I think that these terms shouldve been introduced and
used earlier, namely when equation 11 was being explained and possibly even
earlier.

Author Response: Done, we introduce it with Eq. 11 now.
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Reviewer Comment: Pg 19964, Line 13-17: Could you include a figure to
show this?

Author Response: We have included a Figure at the end of this document showing
that the average depth of the maximum phytoplankton concentration changes by less
than 5m between 2012 and 2100 in both low latitudes and Southern Ocean. We did
not make a seperate figure for the particle formation processes as the particle formation
processes occur at the depth where the biomass is concentrated.

Reviewer Comment: Pg 19968, Line 13-14: Could you provide some ex-
amples of non-diatom large phytoplankton in the real ocean?

Author Response: Yes, the sentence reads now: “ Furthermore, most models do not
differentiate between large phytoplankton (e.g. dinoflagellates and other large eukary-
otes) and diatoms (with TOPAZ being the only exception).”

Reviewer Comment: Pg 19968, last paragraph: This paragraphs wording
and sentence order is a little confusing. I suggest the following: - Take out
but see. Also cite Guidi et al. (2016). - Im unsure why our previous as-
sumption of negligible small phytoplankton aggregation consequentially leads
to these fluxes constituting at most a few percent of total EP in the models.
Are you saying that the model creators used this idea to purposely make ag-
gregation for the smaller phytoplankton less? If instead you are suggesting
that these fluxes constitute too little of total EP in the models based on the
new information from Richardson and Jackson (2007), then make that clear.
- I would move sentence 3 (However, contributions of pico- and nanoplank-
ton. . .) earlier. After citing Richard- son and Jackson (2007), you could
then say For example, contributions of pico- and nanoplankton to total ex-
port of up to ... and THEN talk about how the models get these fluxes too low.

Author Response: We have changed the wording and structure of the paragraph to
make it more clear: “Measurements of the relative contribution of phyto- and zooplank-
ton types to the sinking particle pool are sparse. In the low latitudes, aggregation of
pico- and nanophytoplankton has until recently been assumed negligible and consequen-
tially these fluxes constitute at the most a few percent of total EP in the models in our
study, with REcoM2 being the only exception. However, significant export production
by pico- and nanoplankton has been inferred from inverse analysis (Richardson et al.
2007) and subsequently contributions of pico- and nanoplankton to total export of up to
33±27% have been measured by Lomas et al. (2011). In the Southern Ocean, phytode-
trital aggregates can contribute up to 30% of total carbon export (measured during the
initiation of the spring bloom by Laurenceau et al. 2014). The available observations
suggest that the contributions of phyto- and zooplankton to particle formation are both
temporally and spatially variable in the Southern Ocean, making it difficult to constrain
the contribution of phytoplankton aggregation to particle formation on coarser temporal
and spatial scales.Recently published metagenomic data and data on particle size dis-
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tributions might be an important step forward in elucidating the complicated interplay
between different members of the planktonic ecosystem and the carbon flux to depth
(Guidi et al. 2016). ”

Reviewer Comment: Pg 19971, Line 20: Could you give some more spe-
cific examples of what you mean by idealized simulations?

Author Response: Yes. We have changed the sentence to: “Simulatons in which one or
several of these processes are held constant would help to further explore the ballasting
and temperature effects and improve our understanding of the role of temperature for
the changes in e-ratio. “

Reviewer Comment: Table 3, Remin. length scale: Add in the range of
remin length scales for PISCES (small POC at slowest remin rate to large
POC with fastest remin rate).

Author Response: Done

Reviewer Comment: Table 4: Add in units for NPP and EP. What does
the +21% mean in the grazed % of NPP column?

Author Response: Done. For PISCES, we give 57% microzooplankton grazing + 21%
mesozooplankton grazing. We have edited the Table to explain this better.

Reviewer Comment: Figure 1: Make the arrowheads going from POC to
Zoo, Zoo to POC (brown), Zoo to POC (gray, right), Aggregation of DOC
bigger. They are hard to see right now.

Author Response: Done.

Reviewer Comment: Figure 4: A vertical line at 0% change in each subplot
would help. From this, it looks like NPP changes are driving export changes
a lot more within PISCES and REcoM2. In all of the models, however,
it looks like the zonal variations in export change match (i.e., are corre-
lated with) those in NPP change. In PISCES, it looks like NPP and e-ratio
changes are very well anti-correlated, while in TOPAZ they are somewhat
well- correlated. What might be some reasons behind this?

Author Response: We have added a 0% change line.

Reviewer Comment: Figure 5: I think the images of the phytoplankton
and zooplankton in a) are not necessary here and are instead kind of dis-
tracting.
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Author Response: Thanks for the feedback, we have removed the images.

Reviewer Comment: Figure 7 caption: Zooplanktonmortality should be
two words. Change comma to a period after fluxes are given in percent of
total NPP.

Author Response: Done.

Reviewer Comment: Figure 7: I found it very confusing for the largest
fluxes to have red arrows. I think that the size of the flux should just be rep-
resented by the width of the arrow, so that you can immediately tell which
fluxes are largest by that alone. The fact that the arrows are red and then the
numbers denoting the changes are red, too, is another cause for confusion.
Thus, just leaving those numbers red, while making all of the flux arrows
black will be clearer. Make arrowheads larger, as they are sometimes invisi-
ble. Why are there dashed arrows for REcoM2 high latitudes? As Reviewer
1 noted, TOPAZ high latitude grazing arrows are on top of the zooplankton
box unlike the other diagrams, and it would be nice to have titles at the top
of each column saying low latitudes and high latitudes.

Author Response: Done, thanks for the feedback.

Reviewer Comment: Conclusions: It would be nice to mention the role of
physics (both model-resolved and those occurring on scales smaller than the
models can resolve) in driving EP and caveats of leaving physical effects out
of this analysis. See Omand et al. (2015), for example. It would also be nice
to see where the largest differences between models lie and to thus speculate
on what may be the biggest source of uncertainty for projecting future EP
changes (at least among the models analyzed here). Is it in p-ratios, s-ratios,
or NPP? Mechanistically, is it grazing efficiency, aggregation efficiency, ag-
gregation/mortality functional form, temperature dependence, etc.?

Author Response: We have included the following sentences in the conclusions: “Our
analysis focuses on the differences in the biogeochemistry models, a detailed analysis of
the role of circulation is beyond the scope of this work. We acknowledge that changes
in ocean circulation play an important role in driving future export production, both
on large and small scales (e.g., Najjar et al. (2007), Omand et al. (2015). Future
work should try to quantify the differences in physics, for instance by using modeling
frameworks in which one biogeochemistry model can be coupled to different circulation
models (e.g., Allen et al. (2010). “ Regarding the biggest source of uncertainty, we
have added the following: “The most uncertain process among the models analysed in
this work is the change in particle formation (p-ratio), where models don’t even agree
on the direction of change. Mechanistically, this is caused by large differences in the
inclusion and parameterization of phytodetritus, zooplankton faecal pellet production,
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zooplankton mortality losses and particle aggregation dynamics on particle formation
rates. “

Reviewer Comment: Technical Corrections: Pg 19947, Line 24: Change
(DOC), moreover to (DOC). Moreover, Pg 19948, Line 19: length misspelled
Pg 19949, Line 17-18: Change to: We use the terms grazing efficiency and
aggre- gation efficiency to describe the fraction of NPP that is transformed
into particles via grazing and aggregation processes, respectively. Pg 19951,
Line 12: four models, however in should be four models. However, in or
with a semi-colon rather than a period. Or change to four models, while in
BEC fPOCgraz is larger for grazed diatoms compared to grazed nanophy-
toplankton. Pg 19951, Line 21: It might be clearer to say Pj dependence
here, instead of just P-dependence. Pg 19952, Line 16: particle formation,
however ... should be particle formation. However, . . . Pg 19953, Line 24:
Suffers should be suffer. Pg 19959, Line 19: Change , to ; Pg 19970, Line
8: Change if they capture the processes how particles are formed to if they
capture the processes dictating how particles are formed or something like
this. Table 1: GFDL-ESM2M should be under the CMIP5 project. Table 3
caption: Change from a comma to a period after Agg is short for aggregation.

Author Response: Done
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a) BEC b) PISCES

c) TOPAZ d) REcoM2

e) Henson f) Dunne

Figure 0.1: Modeled export production averaged over the 2012-2031 period and
observation-based estimates by Dunne et al. 2007 and Henson et al. 2012.
The unit is mol C m−2 yr−1, note the non-linear color scale.
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REcoM2

BEC
TOPAZ2

PISCES

Comparison with Dunne et al. 2007
Comparison with Henson et al. 2011

Figure 0.2: Taylor diagram comparing modeled export production averaged over the
2012-2031 period with satellite-based estimates by Dunne et al. 2007 and
Henson et al. 2012. The angle describes the correlation between model
and satellite-based estimate, the distance from the origin is the normalized
standard deviation and the distance from the point REF is the root mean
squared error.
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Abstract.

Accurate projections of marine particle export production (EP) are crucial for predicting the re-

sponse of the marine carbon cycle to climate change, yet models show a wide range in both global

EP and their responses to climate change. This is, in part, due to EP being the net result of a series

of processes, starting with net primary production (NPP) in the sunlit upper ocean, followed by the5

formation of particulate organic matter and the subsequent sinking and remineralization of these par-

ticles, with each of these processes responding differently to changes in environmental conditions.

Here, we compare future projections in EP over the 21st century, generated by four marine ecosys-

tem models under IPCC’s high emission scenario RCP8.5, and determine the processes driving these

changes. The models simulate small to modest decreases in global EP between -1% and -12%. Mod-10

els differ greatly with regard to the drivers causing these changes. Among them, the formation of

particles is the most uncertain process with models not agreeing on either magnitude or the direc-

tion of change. The removal of the sinking particles by remineralization is simulated to increase in

the low and intermediate latitudes in three models, driven by either warming-induced increases in

remineralization or slower particle sinking, and show insignificant changes in the remaining model.15

1



Changes in ecosystem structure, particularly the relative role of diatoms matters as well, as diatoms

produce larger and denser particles that sink faster and are partly protected from remineralization.

Also this controlling factor is afflicted with high uncertainties, particularly since the models differ

already substantially with regard to both the initial (present-day) distribution of diatoms (between

11-94% in the Southern Ocean) and the diatom contribution to particle formation (0.6 - 3.8 times20

lower/higher than their contribution to biomass). As a consequence, changes in diatom concentration

are a strong driver for EP changes in some models but of low significance in others. Observational

and experimental constraints on ecosystem structure and how the fixed carbon is routed through the

ecosystem to produce export production are urgently needed in order to improve current generation

ecosystem models and their ability to project future changes.25

1 Introduction

Oceanic export production (EP) controls the input of particulate organic matter into the mesopelagic

zone and reduces surface ocean CO2 content, thereby directly influencing oceanic carbon uptake

(Falkowski et al., 2003; Sarmiento and Gruber, 2006). Accurate projections of global warming-

driven changes in EP are therefore crucial for predicting the oceanic feedback to climate change.30

The majority of modelling studies that analysed future changes in EP suggested decreases in global

integrated future EP (Bopp et al., 2001, 2005; Schmittner et al., 2008; Steinacher et al., 2010; Mari-

nov et al., 2013; Taucher and Oschlies, 2011), however the magnitude of the global changes is

uncertain. Among CMIP5 models, EP changes range from -5% to -20% under RCP8.5 (Bopp et al.,

2013; Cabré et al., 2014; Fu et al., 2015). Understanding the underlying drivers of EP changes is in-35

dispensable to reduce the uncertainty in current projections. Much work has been spent on analysing

drivers of net primary production (NPP) as one of the main drivers for export in models (Steinacher

et al., 2010; Dutkiewicz et al., 2013; Laufkötter et al., 2015). Stratification-induced decreases in nu-

trient supply in the low latitudes have been suggested as the main driver of NPP changes (Bopp et al.,

2005; Steinacher et al., 2010; Marinov et al., 2013). Additionally, Laufkötter et al. (2015) showed40

warming-induced increases in grazing pressure and other loss processes as an important additional

factor responsible for reduced future biomass and NPP. In the Southern Ocean, models project an

increase in NPP and EP, but there is no
::::
little

:
agreement on the mechanisms among the models

(Laufkötter et al., 2015; Hauck et al., 2015)
:::::::::::::::::::::::::::::::::::::::::::::::::::
(Laufkötter et al., 2015; Hauck et al., 2015; Leung et al., 2015) .

Beyond the modification by changing NPP, future projections of EP are also affected by changes45

in the e-ratio (also called export efficiency), the fraction of NPP that is exported through the 100m

depth level. The e-ratio represents the net effect of a variety of poorly understood processes that gov-

ern the formation of sinking particles in the upper ocean and the decomposition and re-packaging

of sinking particles through the water column. Active scientific debate surrounds the contribution

of different zoo- and phytoplankton functional types to particle formation (Smetacek et al., 2012;50
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Lomas and Moran, 2011), the importance of a ballasting effect of minerals by protection against

degradation or by an increase in the density and hence faster sinking speed (Armstrong et al., 2002;

Klaas and Archer, 2002; Wilson et al., 2012; Iversen and Robert, 2015) and temperature effects on

particle formation and remineralization (Kim et al., 2011; Marsay et al., 2015). Marine ecosystem

models reflect this ongoing research by incorporating different processes in their equations, e.g.,55

some models include mineral ballasting effects (Moore et al., 2002; Dunne et al., 2012), other mod-

els parameterize different particle size classes with different sinking speeds or particle aggregation

effects (Aumont and Bopp, 2006). While several publications have analysed trends in NPP, the

processes affecting particle formation and sinking have received considerably less attention. In pre-

vious studies, decreases in diatom biomass have been shown to be the main driver for global e-ratio60

changes in the models PISCES and BEC (Bopp et al., 2005; Marinov et al., 2010, 2013; Lima et al.,

2014).

In this work we identify and compare the drivers responsible for the future global export and

e-ratio changes projected by four marine ecosystem models run under the Intergovernmental Panel

on Climate Change (IPCC) Representative Concentration Pathways (RCP) scenario 8.5 (van Vuuren65

et al., 2011). We show that changes in NPP and changes in e-ratio are of equal importance for the

projected changes in export production. We then analyse the carbon fluxes through the modelled

ecosystems and the processes and environmental forcing variables causing the changes in e-ratio.

Our results show that models differ strongly in the dominant carbon pathways through the ecosystem

and the sinking behaviour of particles. Consequentially, we find no agreement on the processes70

leading to the changes in e-ratio. In particular, the effects of changes in relative diatom contribution

to total biomass exhibit strongly opposing effects both regionally and between models.

2 Model descriptions

We analyse projections from 4 marine ecosystem models coupled to or forced with different Earth

System Models for the 2012-2100 period under IPCC’s emission scenario RCP8.5. We included all75

model projections in our study where the carbon fluxes between the plankton types and the sink-

ing particle pool are available or recalculable. We refer to the projections using the ecosystem

model name. Two of the simulations (models BEC (Moore et al., 2002) and REcoM2 (Hauck et al.,

2013)) were obtained from the ”MARine Ecosystem Model Intercomparison Project” (MAREMIP,

http://pft.ees.hokudai.ac.jp/ maremip/index.shtml, (Vogt et al., 2013; Sailley et al., 2013; Hashioka80

et al., 2013)). The other two simulations (PISCES (Aumont and Bopp, 2006) and TOPAZ (Dunne

et al., 2013)) are ensemble members of the Coupled Model Intercomparison Project 5 (CMIP5,

(Taylor et al., 2012)) runs of these models. The main references describing the models and further

information on model set-up, resolution and spin-up time are given in Table 1. An overview on the

ecosystem models is given in Table 2. The ecosystem models differ in the number of plankton func-85
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tional types (PFTs) they consider, in the dependence of phytoplankton growth on light, nutrients and

temperature, in cell stochiometry, in carbon routing through the ecosystem and in sinking behaviour

of the particles. In terms of PFT structure, all models parameterize at least two phytoplankton PFTs,

diatoms and nanophytoplankton, and one zooplankton type. TOPAZ and BEC additionally model

a diazotrophic phytoplankton, PISCES differentiates between meso- and microzooplankton. RE-90

coM2 parameterizes nutrient limitation by three different nutrients (nitrate, iron and silicate). The

other models additionally include phosphate and ammonium. In this work we focus on the carbon

fluxes within the ecosystem and on export production, which will be described in the following. The

full equations and parameters for particulate organic carbon formation and sinking in the individual

models are given in the Appendix. For the equations governing phytoplankton growth and NPP in95

all models, we refer to Laufkötter et al. (2015).

2.1 Carbon fluxes in the ecosystem models

In the following we describe the processes related to formation and sinking of non-living particulate

organic carbon in the models as illustrated in Fig. 1. We do not consider here the generation, decom-

position, and export of dissolved organic carbon (DOC), even though DOC contributes about 20% to100

global export (Najjar et al., 2007; Hansell and Carlson, 2002). This choice is motivated by particle

export being much better constrained by observations and also because the DOC export fluxes are

seldom available from models (unless specifically saved) owing to the need to compute them from a

full physical flux analysis.

Organic carbon is created during net primary production (NPP) of the phytoplankton functional105

types (p-PFTs) within the euphotic zone. We only consider NPP in the upper 100m. NPPi of a

p-PFT i is calculated in all models as the product of carbon biomass Pi and it’s growth rate µi. The

growth rate is modified by light and nutrient limitation and temperature. Total NPP is the sum of

NPPi of the respective p-PFTs:

NPP =
∑
i

µi×Pi (1)

Organic carbon is then routed through the simulated ecosystem components, partly forming new110

biomass, partly being converted back to inorganic carbon or dissolved organic carbon and partly

forming non-living particulate organic carbon (POC), in the following called sinking particles or

just particles.

The mechanisms by which sinking particles are formed are faecal pellet production during grazing

on the phytoplankton types (G
zooi→phytoj
POC ) and

::::::::
first-order

:::::::
biomass

:::::
losses

:::
via aggregation or mortality115

of the different phytoplankton and zooplankton types (AiPOC, not parameterized in all models). In

PISCES, particles also originate from the aggregation of dissolved organic carbon (DOC), moreover

:
.
:::::::::
Moreover, PISCES also parameterizes zooplankton grazing on particles. An overview of which

mechanism is included in which model is shown in Table 3. In all models, the total particle formation
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is then modeled as the sum of the organic carbon arriving into sinking particles via the different120

pathways:

particle formation =
∑
i,j

G
zooi→phytoi
POC +

∑
i

AiPOC (2)

Once formed, particles start sinking towards the ocean interior. During sinking, particles are

subject to degradation and remineralization, that is, they are transformed back into their inorganic

constituents by zooplankton and bacteria. As a result, particle concentration decreases with depth.

The amount of particles that survive degradation in the upper ocean depends on the strength of125

remineralization/degradation and the particle sinking speed.

In the parameterizations of the models, particle degradation depends linearly on particle concen-

tration and is temperature dependent in REcoM2 and PISCES but independent of temperature in

TOPAZ. REcoM2 considers one class of particles, which sink with a sinking speed that increases

with depth (Hauck et al., 2013; Kriest and Oschlies, 2008). PISCES differentiates between two types130

of particles, small and large, that sink with different sinking speeds (Aumont and Bopp, 2006). BEC

and TOPAZ parameterize a ballasting effect on the particles, where a fraction of the carbon that is

associated with mineral ballast is protected from remineralization (Moore et al., 2013; Dunne et al.,

2013). Moreover, in BEC a fraction of the organic carbon is associated with a ballasting material

(silicate, CaCO3 or lithogenic dust) and therefore has a longer remineralization lenght
:::::
length

:
scale135

(Moore et al., 2004, 2013).

We define particle export production (EP) as the amount of particles that sink through the 100m

depth level.
:::::
While

:::
this

:::::
depth

::::
does

:::
not

::::::::::
necessarily

:::::
reflect

:::
the

::::::
amount

:::
of

::::::
carbon

:::
that

::::::
reaches

:::
the

:::::
deep

:::::
ocean,

::
it
::::::::
separates

::::::
surface

::::::::
processes

:::::
from

::::::::::
mechanisms

:::::::::
governing

:::::
deep

:::::
ocean

::::::
carbon

:::::
fluxes

::::
and

::
is

:::::
useful

:::
for

:::::::::
comparing

:::
the

::::::
models

:::::
with

::::
each

:::::
other

:::
and

::::
with

::::::::::::
observations.

:
The fraction of NPP that140

contributes to EP is often called e-ratio (or export efficiency):

e-ratio =
EP

NPP
(3)

The e-ratio summarizes both the formation and the sinking of particles. We therefore decompose it

into two ratios which describe the efficiency with which particles are formed and the efficiency with

which particles are sinking, respectively:

e-ratio = p-ratio×s-ratio (4)

where the p-ratio is the fraction of NPP that is formed to particles:145

p-ratio =
particle formation

NPP
(5)

and the s-ratio the fraction of particles that escape remineralization at surface and sink through the

100m depth level:
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s-ratio =
EP

particle formation
(6)

If the p-ratio is high, a large fraction of NPP is turned into POC. If the s-ratio is high, a large

fraction of the particles sinks through the 100m depth level, i.e. only a small part is remineralized.

A conceptional illustration of the different ratios is shown in Fig. 1 .
:::
and

::::
Fig.

:
6
::
a.

:
150

2.2 Factors influencing the p-ratio

The p-ratio (the efficiency of particle formation) can be calculated as the sum of the efficiencies of

the particle formation mechanisms, that is

p-ratio =

∑
i,jG

zooi→phytoj
POC +

∑
iA

i
POC

NPP
(7)

In the following we describe the factors influencing efficiency of particle formation during aggrega-

tion and grazing. We use the terms ”grazing efficiency” and ”aggregation efficiency” to describe the155

efficiency of particle formation, i.e. the fraction of NPP that is transformed into particles via grazing

and aggregation processes, respectively.

2.2.1 Particle formation via phytoplankton aggregation

Phytoplankton aggregation describes the collision and coagulation of phytoplankton cells which

results in larger aggregates that sink (Burd and Jackson, 2009). In all models (except for TOPAZ160

that does not account for aggregation), aggregation losses of phytoplankton depend quadratically on

biomass, such that they are small at low biomass levels but become increasingly important under

bloom conditions. In BEC and PISCES they are calculated as:

AiPOC{PISCES, BEC}POC{PISCES}
:::::::::

= pi×P 2
i (8)

AiPOC{BEC}= min

pi×P 2
i

amax
i ×Pi

(9)

where pi denotes a mortality rate which is constant and has the same value for diatoms and

nanophytoplankton in both models (see Appendix
:::::
Tables

::
5
:::
and

::
8
:
for parameter values). Pi de-

notes the biomass of PFT i. In BECEquation 9 is modified such that for ,
::
at
:
biomass concentrations

> 22 mmolC m−3 aggregation grows linearly with biomass. BEC also parameterizes an additional

linear mortality of phytoplankton, but the rates are very low and are therefore not discussed here.

In PISCES the aggregation rate is reduced by 99% below the mixed layer depth. Moreover, ag-

gregation increases under nutrient limitation for diatoms, resulting in an increasingly higher diatom

aggregation than nanophytoplankton aggregation under stronger nutrient limitation
:::
(see

:::::
Table

::
6

::
in
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::
the

::::::::::
Appendix). While in BEC and PISCES the aggregation of PFT i depends on biomass of i as

described in Eq. 9, the aggregation of PFT i in REcoM2 depends on the total living and dead particle

concentration, i.e. J includes diatoms, nanophytoplankton and detritus
:::::::::
(Parameter

::::::
values

:::::
listed

::
in

::::
Table

:::
7):

AiPOC{REcoM2}=
∑
j∈J

(pj×Pj)×Pi

Resulting from the form of the aggregation equation and the associated parameter choices in
::
In

REcoM2, aggregation depends on total biomass in REcoM2 but
:::
and is independent of the diatom165

fraction. In contrast, in both BEC and PISCES
::::::::::
aggregation

:::::::
depends

::
on

:::
the

:::::::
biomass

::
of

:::
the

:::::::::
individual

:::::
PFTs.

:::::::
Because

::
of

:::
the

::::::::::
exponential

:::::
nature

::
of

:::
the

::::::::::
aggregation

:::::::::
equations, high and low diatom fractions

allow
::::
result

::
in
:
higher aggregation than intermediate diatom fractions

::
in

::::
BEC

::::
and

:::::::
PISCES.

Aggregation of dissolved organic carbon (DOC) to small and big particles (POCs, POCb) is pa-

rameterized only in PISCES and is calculated as170

ΦDOC→POCs =φ1×sh×DOC2 +φ2×sh×DOC×POCs+φ3×DOC2 (10)

ΦDOC→POCb =φ4×sh×DOC×POCb (11)

Here, φi are constant aggregation rates, and sh denotes the shear rate set to 1s−1 within the mixed

layer and 0.01s−1 elsewhere.

2.2.2 Particle formation via grazing

Another important source of particles is faecal pellet production during grazing. Particle formation

during grazing is generally calculated as:

G
zooi→phytoj
POC = f→POC

graz ×umax×Tf ×{P-dependence}×Zi (12)

with f→POC
graz denoting the fraction of the grazed material that is routed to POCwhich

:
.
:::::::
f→POC

graz is

constant in three of the four models, however in BEC
::::::::
REcom2.

::
In

:::::
BEC

:::
and

:::::::
TOPAZ,

:
a bigger frac-175

tion of grazed diatoms is routed to POC than grazed nanophytoplankton.
::
In

:::::::
PISCES,

::
it
::::
does

::::
not

::::::
depend

::
on

:::::
food

::::::
source,

:::::::
however

::
a
::::::::::
higher/lower

:::::::
fraction

:::
of

:::::::
material

::
is

:::::
routed

::
to
:::::
POC

:::::
when

::::::
grazed

::
by

::::::::::::::::::::::::::::::
mesozooplankton/microzooplankton.

::::
We

:::
call

:::
the

:::::::
particle

::::::::
formation

:::
via

:::::::
grazing

::
on

:::::::
diatoms

::::
and

:::::::::::::::
nanophytoplankton

:::::::
”diatom

:::::::
grazing

::::
flux”

::::
and

::::::::::::::::
”nanophytoplankton

:::::::
grazing

:::::
flux”,

::::::::::
respectively.

:
umax

denotes the maximal grazing rate and is also constant in all models. In BEC and REcoM2, the graz-180

ing rate is higher on nanophytoplankton than on diatoms due to parameter choices
:::::
(Table

::
5
::::
and

:
7;

in PISCES the microzooplankton grazing rate is constant/independent of prey but higher than the

mesozooplankton grazing rate. Tf describes the temperature sensitivity of zooplankton grazing. All

models use the same temperature function for phytoplankton growth and zooplankton grazing, ex-

cept for mesozooplankton in PISCES which has a stronger temperature dependence (Q10, meso = 2.14,185
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Q10, other = 1.8 in PISCES). Zi denotes zooplankton biomass, and P-dependence
:::::::::::::
Pj-dependence de-

scribes the dependence on phytoplankton biomass
:::::::
biomass

::
of

::::::::::::
phytoplankton

::
j. Three models use

a Holling type III function (sigmoidal shape, both low end threshold and high end saturating P-

dependence) for P-dependence, albeit with different parameterizations. Mesozooplankton grazing

in PISCES uses a Holling type II function (saturating dependence without a low threshold). Addi-190

tionally, PISCES is the only model that parameterizes grazing on particles. Mesozooplankton grazes

on large particles according to a Michaelis-Menten type function:

Gmeso→POCb = gFF×ωPOCb×Tf ×POCb×Zmeso (13)

with gFF denoting the maximum grazing rate on particles and ωPOCb is the sinking speed of the

big particles. The sinking speed ωPOCb increases with depth but does not change over time.

Particle formation in TOPAZ differs in several ways from particle formation in other models.195

First, TOPAZ does not calculate aggregation or mortality of phytoplankton; grazing is the only

phytoplankton loss rate and also the only mechanism with which particles are produced. Second,

zooplankton grazing is modeled implicitly and does not depend on zooplankton biomass . Finally
:::
but

::::
only

::
on

::::::::::::
phytoplankton

:::::::
biomass

:::
and

:::::::::::
temperature.

:::::
Third, the fraction of grazed material that is routed

to POC (f→POC
graz ) is not constant like in the other models but depends on temperature, with higher200

temperatures leading to lower POC formation in favour of DOC production and remineralization.

In contrast to the other models, grazing on diazotrophs in TOPAZ also leads to particle formation,

however
:
.
:::::::::
However, less than 1% of NPP is transfered along this pathway and hence we will not

discuss diazotroph grazing further. Finally, a much higher fraction of grazed diatoms is routed to

POC (
::
the

::::::::::
partitioning

:::::::
depends

::
on

:::::::::::
temperature,

:::
the

::::::
biggest

::::::::
difference

::
is

::
at

::::
0◦C

:::::
where 93% of diatoms205

vs. 18% of nanophytoplankton at 0◦C
:::
are

:::::
routed

::
to
:::::
POC).

2.2.3 Particle formation via zooplankton mortality

The last mechanism by which particles are created in models is zooplankton mortality, which rep-

resents mortality due to consumption by higher trophic levels that are not explicitly modeled.
::
A

::::::
fraction

:::
of

:::
this

::::::::
biomass

::::
loss

:::
due

:::
to

::::::::
mortality

::
is

::::::::
assumed

::
to

::::
end

::
up

:::
as

:::::
fecal

::::::
pellets

::::
from

::::::
larger210

::::::::::
zooplankton

::
as

::::
well

:::
as

::::
dead

:::::::::::
zooplankton

::::::::
carcasses

:::
that

:::::
sink.

:
Zooplankton mortality is calculated

as a function of zooplankton concentration. The functional form varies among models with some

models assuming a quadratic dependency (REcoM2, PISCES) and others assuming both a linear

and a quadratic dependency (BEC). In TOPAZ, the carbon due to zooplankton mortality is immedi-

ately remineralized and therefore not further discussed here. In REcoM2, zooplankton mortality is215

calculated as

Zmort
REcoM2 = pzoo×Z2 (14)
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with Z denoting zooplankton biomass and pzoo a mortality rate. The biomass loss due to mortality

is entirely routed to the sinking particle pool. BEC uses the sum of a linear and a quadratic mortality:

Zmort
BEC =mzooZ+pzooZ

2 (15)

with mzoo denoting a linear mortality rate and Z, pzoo as above. Particle formation during zoo-

plankton mortality depends on the food source, with a higher fraction being routed to POC when220

grazing on diatoms as zooplankton is assumed to represent rather larger mesozooplankton when

feeding on diatoms.

In PISCES, microzooplankton mortality is a function of zooplankton biomass, moreover it de-

pends on temperature (Tf ) and on oxygen levels:

Zmicromort
PISCES =mmicro×Tf ×

Zmicro

Kmicro +Zmicro
×Zmicro×f(O2) (16)

The oxygen factor f(O2) is set to 1.0 for oxygen levels > 6 µmol O2 L−1 and decreases strongly225

below 6 µmol O2 L−1. In contrast to the other models, PISCES separates between meso- and

microzooplankton. Mesozooplankton mortality consists of a linear part and a quadratic closure

term:

Zmesomort
PISCES =mmeso×Tf ×

Zmeso

Kmeso +Zmeso
×Zmeso×f(O2)+pmeso×Z2

meso (17)

:
A
::::::::
constant

::::::
fraction

:
(35%

:
) of the biomass losses due to microzooplankton mortality and the linear

part of mesozooplankton mortality are routed to the small particle pool. The mesozooplankton230

biomass loss due to the quadratic closure term is routed to big particles.

In addition to the mortality losses, microzooplankton suffers
::::
suffer

:
grazing losses from mesozoo-

plankton.

2.3 Data processing

Our analysis is based on depth-resolved monthly mean output for the 2012- 2100 period. To enable235

comparison between models, we regridded the PISCES output to a 360x180 degree grid using the bi-

linear regridding algorithm of the Earth System Modeling Framework (ESMF) as part of the NCAR

Command Language (NCL) version 6.1.2. All other models (BEC, TOPAZ and REcoM2) provided

output on a 360x180 degree grid. The carbon fluxes through the ecosystem (grazing, aggregation

and mortality fluxes) were not included in the BEC output and have been recalculated using monthly240

mean data and the equations as given in the Appendix. All changes presented in this work have been

calculated by taking the difference between the 2012-2031 and 2081-2100 periods. The diagrams

showing the mean carbon fluxes in different regions have been calculated by taking temporal and

spatial averages for the first 20 years of model output.

9



3 Model evaluation245

The models presented in this study have all been evaluated against observations individually in

previous studies (see references in Table 1). Moreover, a detailed evaluation of the sinking particle

flux will be done in Lima et al. (in prep). In the following, we give a brief overview on model

skill in simulating the most important variables for this work. A comparison between observational

::::::::::::::::::
observationally-based estimates for global NPP and export production is given in Table 4. Modeled250

NPP ranges between 24.1 GtC yr−1 (PISCES) and 81.3 GtC yr−1 (TOPAZ), the latter exceeding

the satellite-based estimates of NPP (50.7±9.5 GtC yr−1, Carr et al., 2006). A further evaluation

of NPP including its spatial structure is given in Laufkötter et al. (2015). The simulated global

annual particle export fluxes (EP) range from 4.6 to 7.7 Gt C yr−1, which is at the lower end but

within the range of the observational estimates (Table 4). A regional comparison between modeled255

average export production during the 2012-2031 period and observational
::::::::::::
satellite-based estimates

of annual mean export production by Henson et al. (2012) and Dunne et al. (2007) is given in Fig. 2.

:
A
:::::::
regional

::::::::::
comparison

::
of

:::
the

::::::
e-ratio

:::
can

::
be

::::::
found

::
in

:::
the

::::::::::::
supplementary

:::::::
material.

:
We have chosen to

show two satellite-based estimates to reflect the wide range in current observational estimates. All

models capture the general spatial pattern shown in the observations
::::::::::::
satellite-based

::::::::
estimates, with260

low values (<2 mol C m2 yr−1) in the subtropical gyres and higher values (>5 mol C m2 yr−1)

in upwelling regions and in the intermediate and high latitudes, particularly in the North Atlantic

and the Southern Ocean. This is reflected in high
::
the

:
spatial correlation between modeled and

observed
:::::::::::
satellite-based

:
export (between 0.65 and 0.76

::::
0.35

:::
and

::::
0.57

:
for all models and all export

estimates). In terms of bias, BEC and TOPAZ are closer to the estimates by Dunne et al. (2007) in265

the low latitudes, while PISCES and REcoM2 are closer to the Henson et al. (2012) estimate. In the

high latitudes, all models are closer to the Dunne et al. (2007) estimates. However, the database of
234Th-derived export measurements used for the Henson et al. (2012) estimate has a considerable

scatter in cold waters, which might explain the discrepancy between the Henson estimate and other

observational
::::::::::::
satellite-based estimates in the high latitudes (Henson et al., 2011).

::::::
Finally,

::
all

:::::::
models270

::::
have

:
a
::::::::::
significantly

::::::
higher

::::::
spatial

:::::::
variance

::
in

::::::
export

:::::::::
production

::::
than

:::
the

::::::::::::
satellite-based

::::::::
estimates.

:

Next, we compare the grazing flux in the model output with observations
::::::::::::::::::
observationally-based

:::::::
estimates

:
of grazing. We use the fraction of NPP that is grazed by microzooplankton reported from

Calbet and Landry (2004) and the fraction of NPP that is grazed by mesozooplankton (obtained by

dividing the mesozooplankton grazing estimate by Calbet (2001) with the NPP estimate by Behren-275

feld and Falkowski (1997)). As grazing is the only loss term for phytoplankton in TOPAZ (besides

physical advection/subduction), grazing must balance NPP almost completely in TOPAZ and a com-

parison with grazing observations has only limited relevance. According to measurements by Calbet

(2001) and Calbet and Landry (2004), between 70 and 86% of NPP is grazed globally by meso- and

microzooplankton. BEC and PISCES have values of 77% and 78% that are within the range of this280

estimate. PISCES is in terms of microzooplankton grazing at the lower end of the observations but
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has a twice as high mesozooplankton grazing. In REcoM2, zooplankton grazing is very low and

outside of the observational range. Parameters for zooplankton in REcoM2 were chosen to represent

copepods, which are relatively slow and inefficient grazers. As a result, grazing rates are lower in

REcoM2 than in the other models. NPP therefore has to be nearly balanced by phytoplankton ag-285

gregation. The formulation for aggregation is functionally similar to the implicit grazing in TOPAZ,

although independent from temperature. Aggregation could therefore be considered to include par-

ticle production by microzooplankton grazing. An evaluation of global rates of aggregation is not

possible due to the lack of such numbers in the literature. Regional studies suggest that aggregation

can contribute up to 30% of particle formation in the Southern Ocean (Laurenceau et al., 2015) but290

varies with season (Laurenceau et al., 2015; Ebersbach and Trull, 2008). Aggregation can also dom-

inate particle production in oligotrophic regions (Richardson and Jackson, 2007; Lomas and Moran,

2011).

Finally, we compare the contribution of diatoms to total export within the models and to obser-

vational constraints obtained with a nutrient restoring approach (Jin et al., 2006). Jin et al. (2006)295

combine observations of nitrate, silicic acid and alkalinity with a simple ecological/biogeochemical

model to approximate the contribution of diatoms (and other PFTs) to total carbon export. They

conclude that diatoms drive 36-43% of global organic carbon export. We show the contributions of

diatoms to particle formation in Table 4 for all 4 models. However, only in REcoM2 does the value

correspond to the diatom contribution to total EP as all particles have the same sinking speed. In300

the other models, the diatom contribution to total EP is potentially higher than the contribution to

particle formation due to different sinking behaviours of the particles. Additionally, it is not possi-

ble to determine how much of the POC production via zooplankton mortality stems originally from

diatoms. While for most models the POC production via zooplankton mortality is rather low, we

might miss up to 16% of diatom contribution to total export in PISCES. REcoM2 simulates diatom305

contributions close to the Jin et al. (2006) estimate. BEC and TOPAZ are presumably also within this

range. PISCES has a rather low diatom contribution to particle formation. However, as particles pro-

duced by diatoms have a much higher sinking speed than particles produced by nanophytoplankton

in PISCES, the contribution of diatoms to EP might be substantially higher.

4 Results310

4.1 Changes in export production

In the following, we describe the projected changes in export production (EP) and quantify the

importance of changes in NPP and e-ratio as drivers for EP changes. We then disentangle the effects

of changes in particle formation and particle sinking (Section 4.2 and 4.3) on the e-ratio.

The differences in export production relative to the present state in the individual models between315

the 2012-2031 average and the 2081-2100 average are shown in Fig. 4. All models project net
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decreases in EP in the low latitudes (30◦S - 30◦N) of between -2 and -25% (0.3 and 0.5 Gt C yr−1).

The region with the strongest disagreement in projected changes between the four models is the

eastern tropical Pacific, where BEC projects increases of up to 35% (0.5 mol C m−2 yr−1), PISCES

projects strong relative decreases (-40% or -0.8 mol C m−2 yr−1), and TOPAZ and REcoM2 show a320

heterogeneous pattern of change. In the Southern Ocean, all models project increases in EP, however

while PISCES only simulates increases south of 60◦S, REcoM2 and BEC simulate increases also in

the intermediate latitudes south of 40◦S and TOPAZ simulates a heterogenous pattern of changes.

The temporal evolution of global EP (and also NPP, e-ratio, p-ratio and s-ratio as described in Section

2) is, apart from the inter-annual variability, monotonically and homogeneously decreasing, except325

for REcoM2 which does not show a significant change in global EP. A figure can be found in the

supplementary material.

The projected changes in EP are caused by a combination of changes in NPP and changes in the

e-ratio. To understand the relative importance of these drivers, we decompose the changes in EP

with a first-order Taylor decomposition into the sum of the contributions of NPP and e-ratio:330

∂EP
∂t

= (
∂NPP
∂t
×e-ratio)+(

∂e-ratio
∂t

×NPP)+Residual (18)

Here, the ratios are calculated first using the full time- and space-resolved model output. The

Taylor decomposition is then performed using the ratio fields, we use the difference between the

2012-2031 average and the 2081-2100 average as estimate for the partial derivatives ∂
∂t . Zonal

averages of this decomposition are shown in Fig. 5 for each individual model.

In all four models, the residual is close to zero, allowing us to quantify the relative importance of335

changes in NPP and changes in e-ratio for given changes in EP. In PISCES, the changes in EP are

almost exclusively driven by changes in NPP in almost all latitudes. Only in the Southern Ocean

do e-ratio changes have a more pronounced effect on EP changes. In contrast, the TOPAZ changes

in EP are almost exclusively driven by changes in e-ratio. Only in the high latitudes do increases

in TOPAZ NPP substantially influence the changes in EP. In BEC and REcoM2, e-ratio and NPP340

changes contribute roughly equally to EP changes in the low latitudes, while NPP changes have a

somewhat stronger influence in the Southern Ocean.

The changes in NPP in all models used in this study have been extensively described in Laufkötter

et al. (2015) and the main drivers and associated uncertainties have been analysed. In this work we

focus on the drivers of the changes in the e-ratio and refer the reader to Laufkötter et al. (2015) for345

details on changes in NPP.

4.2 Particle formation and particle sinking

To study the drivers of the changes in e-ratio, we decompose the e-ratio into the p-ratio (formation

of particle relative to NPP, Eq. 5) and the s-ratio (sinking of particles, Eq. 6) as introduced in Section

2.1. Average values for the 2012-2031 period of the three efficiencies are shown in Fig. 6 b) and c)350
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for the low (30◦S - 30◦N) and high latitudes (> 60◦S/N). There is a substantial variation in magni-

tude of all three ratios and also in the relative importance of particle formation and particle sinking,

both between different regions and also between different models. The average e-ratio varies be-

tween 0.2 and 0.38 in the high latitudes and between 0.11 - 0.20 in the low latitudes. In the low

latitudes, two models (REcoM2 and PISCES) have a high p-ratio (0.45 and 0.5 respectively) and a355

somewhat lower s-ratio (0.3-0.35). The other two models (BEC and TOPAZ) have a low p-ratio (0.1,

0.22) but a high s-ratio (0.55 and 0.8 respectively). In the high latitudes, models simulate p-ratios

between 0.25 and 0.65 and s-ratios between 0.3 and 0.8.

4.3 Relative contribution of changes in p-ratio and s-ratio for changes in e-ratio

To understand the relative importance of changes in p-ratio and s-ratio for the changes in e-ratio we

use another first order Taylor decomposition:

∂(e-ratio)
∂t

= (
∂(p-ratio)

∂t
×s-ratio)+(

∂(s-ratio)
∂t

×p-ratio)+Residual (19)

Again the difference between the 2012-2031 average and the 2081-2100 average were used as es-360

timate for the partial derivatives ∂
∂t . The resulting components of the decomposition are shown in

Fig. 7. As was the case with EP, the residuals are close to zero in most models, allowing us to sep-

arate the relative contributions of changes in p-ratio and s-ratio to the changes in e-ratio. The only

exception are the low latitudes in PISCES where the residual is almost equally large as the change in

e-ratio. Therefore we cannot quantify the relative contributions of the changes in p-ratio and s-ratio365

in PISCES. We do see however that the changes in p-ratio and s-ratio tend to act in opposite direc-

tions in PISCES and therefore partly balance each other. In TOPAZ, changes in e-ratio are entirely

driven by changes in particle formation, the .
::::
The s-ratio remains constant in both the high and low

latitudes. Particle production (and e-ratio) decrease relatively by about -7% in the low latitudes, in-

crease in the Southern Ocean
::::::
(+3%) and decrease in the Arctic

::::::
(-12%). REcoM2 simulates increases370

in p-ratio in both the low and high latitudes. In the low latitudes, the increase is offset by decreases

in s-ratio, resulting in decreases in e-ratio (-7%). In contrast, in the high latitudes the s-ratio shows

rather small changes and particle formation is the main driver for changes in e-ratio, leading to an

increase in e-ratio (+5%). BEC projects small decreases in particle formation and s-ratio in the low

latitudes, resulting in a 5% decrease in e-ratio. In the high latitudes, p-ratio decreases substantially375

(-20%) but s-ratio strongly increases (+10%), resulting in an decrease in e-ratio of -10%.

In summary, changes in p-ratio are the main driver of changes in e-ratio in TOPAZ, and in RE-

coM2 and PISCES in the high latitudes. In BEC, in the low latitudes p-ratio and s-ratio both cause

about half of the decrease in e-ratio. In all other cases, i.e. in REcoM2 and PISCES in the low

latitudes and in BEC in the high latitudes, p-ratio and s-ratio both contribute significantly to changes380

in e-ratio but tend to have opposite signs.
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4.4 Carbon transfer through the ecosystem

In this section we build on our quantitative analysis in the last section towards a more mechanistic

evaluation of the processes underlying changes in particle formation under climate warming in the

various models. First we show the relative importance of the different particle formation processes385

for total particle formation in different models and regions.

Organic carbon is created during NPP and then routed through the ecosystem following different

pathways, partly forming new living biomass, partly formed to dissolved organic carbon, partly

being converted back to inorganic carbon during remineralization processes and partly arriving at

the POC pool, some of which is exported from the upper water column. The mechanisms through390

which sinking particles are produced in models are (i) faecal pellet production during grazing (from

now on called ”diatom grazing flux ” ”
:::
and

:
nanophytoplankton grazing flux”,

::::
see

::::::
Section

:::::
2.2.2) and

(ii) aggregation or mortality of the different phyto- and zooplankton types. In PISCES, particles

are additionally formed via the aggregation of dissolved organic carbon. The particle formation is

then modeled as the sum of the organic carbon arriving in the sinking particle pool via the different395

pathways (see Section 2 and Fig. 1).

Fig. 8 shows the average efficiency of the particle formation processes (the component summa-

tions of the p-ratio in Eq. 7, i.e. efficiency of aggregation, faecal pellet production during grazing

and zooplankton mortality) during the 2012-2031 average in the four models for the high and low

latitudes. The diagram consists of boxes that indicate the structure of the ecosystem by representing400

the relative contributions of diatoms, nanophytoplankton and zooplankton to total biomass. Arrows

pointing from the biomass components to the POC pool symbolise the efficiency of the respective

carbon pathways, i.e. the fraction of NPP that is routed along that pathway. To enable a comparison

between the models, we summarize the two zooplankton types in PISCES in just one zooplank-

ton compartment, and include particle production during grazing of mesozooplankton on micro-405

zooplankton in zooplankton mortality. Moreover, PISCES parameterizes grazing on particles, and

the net effect on particle formation is depicted with the arrow pointing from POC to zooplankton

biomass. Aggregation of DOC to sinking particles is only considered in PISCES and is symbol-

ised by an arrow from the left pointing to POC. In TOPAZ, a small fraction of carbon originates

from grazing on diazotrophs, and this part has been included in the grazing on nanophytoplankton.410

TOPAZ does not simulate any contribution of direct mortality of phyto- or zooplankton to POC.

The models show substantial differences in the efficiency of the different carbon pathways, i.e.

the fraction of NPP that is routed along that pathway. In

::
In

:::::::
TOPAZ

:::
only

::
a
:::::
small

:::::::
fraction

:::
of

::::
NPP

::::::::::
(8.8-26.5%)

:::
is

::::::::::
transformed

::
to

:::::::
sinking

::::::::
particles,

::::
and

:::::::
particles

:::
are

::::::::::
exclusively

::::::
formed

::::::
during

:::::::
grazing.

:::
In

:
the low latitudes (30◦S - 30◦N), aggregation415

of nanophytoplankton and to a smaller extent aggregation of diatoms represent the main sources of

POC in REcoM2 (
::::::::::::::::
nanophytoplankton

::::::
grazing

::::
flux

::::::
(5.5%

::
of

:::::
NPP)

::
is

:::::
more

::::::::
important

::::
than

:::::::
diatom

::::::
grazing

::::
flux

:::::
(3.3%

::
of

::::::
NPP),

:::::
while

::
in

:::
the

::::
high

:::::::
latitudes

:::
(>

:::::::
50◦N/S)

:::
the

::::::
diatom

:::::::
grazing

:::
flux

:::::::
(17.3%
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::
of

:::::
NPP)

:::::::::
dominates

::::
over

::::::::::::::::
nanophytoplankton

:::::::
grazing

:::
flux

::::::
(9.5%

::
of

:::::
NPP).

:

::
In

::::::::
REcoM2

:
,
::::::::::::
phytoplankton

::::::::::
aggregation

::
is
::::

the
::::::::
dominant

::::::::::
mechanism

::::
with

::::::
which

:::::::
particles

::::
are420

::::::
formed.

:::
In

:::
the

::::
low

::::::::
latitudes,

::::::::::::::::
nanophytoplankton

::::::::::
aggregation

::::::::::
constitudes

:::
the

:::::
larger

::::
flux

:
(25.7and

14.2
:
%

:::
of

::::
NPP

::
is

::::::
routed

::
to

:::::
POC

:::
via

::::::::::::::::
nanophytoplankton

:::::::::::
aggregation)

:::::
while

:::
in

:::
the

::::
high

::::::::
latitudes

::::::
diatom

::::::::::
aggregation

:::::::::
constitutes

:::
the

:::::
larger

::::::
carbon

::::
flux

:::
(45% of NPP, respectively). In BEC and in

TOPAZ
:
).
:

::
In

::::
BEC, the nanophytoplankton grazing flux (14.0and 5.5% of NPP, respectively) and to a lesser425

extent the diatom grazing flux (4.7and 3.3% of NPP, respectively) are the largest fluxes . PISCES

::
in

:::
the

:::
low

::::::::
latitudes.

::
In

::::
cold

::::
high

:::::::
latitude

:::::
water

::::::
diatom

:::::::::
aggregation

::::::::
provides

:::
the

::::::
largest

::::::
carbon

::::
flux,

::::
about

:::::
44%

::
of

::::
NPP

::
is

::::::::::
transformed

::
to

::::
POC

:::::
along

::::
that

:::::::
pathway.

:

:::::::
PISCES has the most complex carbon routing among the models in this study. Zooplankton mor-

tality (including mesozooplankton grazing on microzooplankton, 26.4% of NPP) provides the largest430

flux of carbon to particulate organic carbon . Nanophytoplankton grazing flux and aggregation

of particles are the second and third largest carbon fluxe in PISCES (16.0 and 12.0%
:
in

:::::
both

:::
low

:::
and

:::::
high

:::::::
latitudes

:::::::
(26.4%

:::
and

::::
23%

:::
of

::::
NPP, respectively). However, in PISCES zooplankton

not only produce particles but also graze on particles, such that about half of the 46.7
::::::
Grazing

:::
of

:::::::::::::::
nanophytoplankton

::
is
:::
the

::::::
second

::::::
largest

::::
flux

:::
(16% of NPP that is transferred to POC by grazing and435

zooplankton mortality is grazed again.

In the high
::
in

::::
both

::::
high

:::
and

::::
low

::::::::
latitudes).

::::
The

:::::::::
third-most

::::::::
important

::::
flux

::
in

:::
the

::::
low latitudes (>

50◦N/S), the carbon routing is substantially different than at low latitudes in most models, reflecting a

higher diatom relative contribution to biomass and lower temperature. In REcoM2 and BEC, diatom

aggregation is the strongest carbon flux, about 45% of NPP is transformed to POC along that pathway440

in both models. In TOPAZ, grazing is the only particle formation pathway and the diatom grazing

flux (17.3
:
is
:::::::::::

aggregation
::
of

:::::
DOC

::::
(12% of NPP)dominates over nanophytoplankton grazing flux.

PISCES shows a much less efficient grazing of particles .
:::::::::::
Aggregation

::
of

:::::
DOC

::
is

::::
only

:::
half

::
as

::::::
strong

in the high latitudes (7.1%)compared to the low latitudes, leaving net zooplankton mortality and

the nanophytoplankton grazing flux the largest fluxes (16.2 and 16.9
:::::
6.7%),

::::
but

::::::
diatom

::::::::::
aggregation445

:::::::::
constitutes

:
a
:::::
large

::::
flux

::
(9% of NPP, respectively). In addition, 9.8% of NPP is transformed to

POC via diatom aggregation (0.5%
::
).

:::::::
Finally,

::
in

:::::::
PISCES

:::::::::::
zooplankton

:::
not

::::
only

:::::::
produce

::::::::
particles

:::
but

:::
also

:::::
graze

:::
on

::::::::
particles.

::::
This

::::::::
reduction

::
of

::::::::
particles

::
is

:::::::::
particularly

:::::::
efficient

:
in the low latitudes).

Aggregation of DOC is only half as strong ,
::::::
where

:::::
almost

::
a
::::
third

::
of

:::
the

:::::::
formed

:::::::
particles

:::
are

::::::
grazed

:::::
again,

:::::
while

:
in the high latitudes (6.7%) compared to the low latitudes

:::
less

::::
than

:::
ten

::::::
percent

:::
of

:::
the450

::::::
formed

:::::::
particles

:::
are

::::::
grazed.

4.5 Changes in carbon transfer through the ecosystem

The observed changes in p-ratio (described in Section 4.3) are a result of changes in the efficiency

of carbon transfer along the different pathways. The efficiency of carbon transfer is defined as the
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magnitude of the carbon transfer relative to NPP (Eq. 7). We describe the changes in efficiency of455

carbon transfer as the change in percentage of NPP [%NPP] that is transferred along the respective

pathway. As an example we describe an increase in efficiency of a pathway from e.g. 12% of NPP

to 14% of NPP with
:
as

:
+2[%NPP]. The changes in efficiency in each particle formation mechanism

are shown in Fig. 8 in the low latitudes and Southern Ocean
:::
and

::::
high

::::::::
latitudes for all models.

TOPAZ projects small decreases of -0.55[%NPP] in particle formation efficiency in the low lati-460

tudes and increases of +0.5[%NPP] in the high latitudes. As TOPAZ has a low p-ratio at the begin-

ning of the simulation (<10% of NPP is transformed to particles in the low latitudes), these changes

have a significant impact. The changes in export in TOPAZ are almost exclusively driven by changes

in p-ratio, as both NPP and s-ratio stay almost constant (Fig. 5 and 7). The changes in particle for-

mation are caused by higher grazing efficiency of diatoms in the high latitudes and of lower grazing465

efficiency of both phyto-PFTs in the low latitudes, in both regions following changes in diatom and

small phytoplankton biomass (Fig. 8). Mortality and aggregation are not considered in TOPAZ.

REcoM2 projects increases in p-ratio of +0.8[%NPP] and +3[%NPP] in the low latitudes and

Southern Ocean, respectively (Fig. 8). Note that REcoM2 does not simulate the Arctic, therefore

we discuss results for the Southern Ocean instead of the high latitudes. The changes in both regions470

are almost exclusively composed of changes in aggregation, reflecting the high importance of these

carbon pathways in this model (Fig. 8). The changes in aggreagation are mostly driven by changes

in diatom and nanophytoplankton biomass. As discussed in Section 3, aggregation in REcoM2 can

be considered to include contributions of microzooplankton grazing by model design.

BEC projects decreases in p-ratio in the high latitudes (-5[%NPP]), mainly through a decrease475

in efficiency of diatom and nanophytoplankton aggregation (-3.5[%NPP], -1.5[%NPP], respectively,

caused by lower biomass in large regions of the high latitudes. The -0.6[%NPP] decrease in p-ratio

in the low latitudes is caused by lower diatom grazing efficiency and diatom aggregation efficiency,

caused by decreases in diatom biomass (Fig. 8).

PISCES projects strong decreases in p-ratio in the high latitudes ( -7.5[%NPP]) and increases in480

the low latitudes (+0.5[%NPP], Fig. 8). In the high latitudes, decreases in grazing on nanophyto-

plankton and microzooplankton mortality are responsible for the net changes. In the low latitudes the

strongest changes in particle formation efficiency are i) due to a more efficient aggregation of DOC

to sinking particles (+1[%NPP]) and increases in efficiency of zooplankton mortality(+0.5[%NPP]),

and (ii) in relation to NPP more particle are grazed (-1[%NPP]) which partly compensates the afore-485

mentioned increases (Fig. 8).

In summary, two models (REcoM2 and PISCES) simulate an increase in p-ratio in the low lati-

tudes, however for different reasons. In REcoM2, increases in small phytoplankton biomass lead to

stronger and more efficient small phytoplankton aggregation. In PISCES, the changes in p-ratio are

mainly caused by strong decreases in NPP, while aggregation of DOC to POC and also mesozoo-490

plankton mortality only slightly decrease and therefore relative to NPP increase. BEC and TOPAZ
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simulate decreases in p-ratio in the low latitudes, driven by decreases in diatom biomass. In the

Southern Ocean, TOPAZ and REcoM2 simulate increases in p-ratio, driven by increases in diatom

biomass. BEC and PISCES simulate decreases in p-ratio, in both models as a net effect of regional

biomass decreases.495

4.6 Changes in particle sinking efficiency (s-ratio)

Independent of the specific model parameterizations, the s-ratio is affected by the depth at which

particle formation occurs. For example, if the particle formation shifts towards the surface, the par-

ticles have to overcome a longer distance during which they are prone to remineralization processes

and the s-ratio will decrease. We did not observe significant changes between the 2012-2031 aver-500

age and the 2081-2100 average in the depth distribution of biomass or particle formation in any of

the four models , and we
::::
(data

:::
not

:::::::
shown).

::::
We therefore assume that changes in vertical biomass

distribution do not play a significant role for the simulated changes in s-ratio.

In TOPAZ, the s-ratio does barely change over time in both the high and low latitudes (Fig. 7 a).

The remineralization is independent of temperature in TOPAZ, which might partly explain why the505

s-ratio is not changing. Additional implemented processes that might affect the s-ratio are changes in

ballasting of particles with silicate and calcium carbonate. There are decreases in exported Si:POC

and CaCO3:POC (not shown), but we hypothesize that because of the high s-ratio in TOPAZ at the

beginning of the simulation (> 70% in both high and low latitudes), the changes in ballasting are

comparatively inconsequential.510

REcoM2 shows decreases in s-ratio in both the high and low latitudes (Fig. 7 b). In REcoM2,

changes in the s-ratio can only be caused by changes in temperature, with warmer temperatures

leading to a stronger remineralization and less efficient sinking (Q10 changes with increasing tem-

perature but is roughly 1.75). REcoM2 does not include a ballasting effect or parameterizes other

influences of the ecosystem composition on the s-ratio. We conclude that the observed decreases in515

s-ratio in the low latitudes reflect increases in remineralization caused by the warming of the water

column (+2◦C on average in the upper 100m).

BEC simulates decreases in s-ratio in the low latitudes but substantial increases in the high lat-

itudes (Fig. 7 c). In BEC, the s-ratio depends on the composition of the ecosystem, as diatoms520

produce particles ballasted with silicate and a fraction of nanophytoplankton is modeled as calcifiers

which produce particles ballasted with CaCO3. Both silicate and CaCO3 have a longer remineral-

ization length scale than unballasted organic material. In the low latitudes, decreases in s-ratio are

responsible for half of the changes in e-ratio. On the one hand, the diatom relative contribution to

biomass de- creases, resulting in a lower Si:POC ratio which tends to decrease the s-ratio; on the525

other hand the ratio of exported CaCO3:POC increases, which tends to increase the s-ratio. As the

s-ratio decreases we conclude that the diatom effect dominates in the low latitudes. In the high lati-
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tudes, there is no significant change in Si:POC export but a strong increase in the ratio of exported

CaCO3:POC, i.e. a shift towards a community more dominated by calcifiers, resulting in a strong

increase in s-ratio(+10%). However, despite the strong increase in s-ratio the e-ratio mostly follows530

the decrease in p-ratio and the residual of the Taylor decomposition are quite large. These results

suggest that ballasting has a moderate impact on e-ratio in BEC.

PISCES simulates decreases in s-ratio in both the high and low latitudes (Fig. 7 d). PISCES has

a temperature dependent remineralization of organic carbon (Q10 = 1.9). In addition, two particle

size classes with different sinking velocities are considered. Mesozooplankton and diatoms produce535

large, faster sinking particles while microzooplankton and nanophytoplankton tend to contribute to

the smaller and less rapidly sinking particle class. The sinking efficiency is therefore directly af-

fected by temperature, with warmer temperature leading to a lower sinking efficiency. It is also

affected by the relative contribution of small and large particles to the total sinking particle pool.

PISCES simulates temperature increases by 2◦C in both the high and low latitudes. The particle540

composition changes from 5% large particles to 4% large particles in the low latitudes. Both tem-

perature and changes in particle composition contribute to a lower sinking efficiency, however the

relative importance of the two drivers is not distinguishable from our results.

In summary, the s-ratio stays constant in TOPAZ and does not affect changes in e-ratio. The545

decreases in s-ratio in REcoM2 are driven by warming-induced increases in remineralization rates.

In BEC, the decreases in s-ratio in the low latitudes are a net result of decreases in particles ballasted

with silicate, counteracting increases in particles ballasted with CaCO3. The increases in s-ratio in

the high latitudes are driven by increases in CaCO3 ballasting, but have only a moderate impact

on e-ratio changes. In PISCES, the decreases in s-ratio in all latitudes are driven by both stronger550

remineralization and a shift towards smaller particles.

5 Discussion

The model projections analysed in this work suggest decreases in future export production between

-1% and -12%, composed of decreases in the low latitudes that are in some models partly balanced

by increases in the high latitudes. Both magnitude and spatial distribution of the export changes555

are in agreement with previous studies (Steinacher et al., 2010; Bopp et al., 2013; Hauck et al.,

2015). However, previous authors have mostly focused on the drivers of NPP changes to explain

changes in EP (Steinacher et al., 2010; Hauck et al., 2015). Our analysis reveals that the relative

importance of e-ratio and NPP changes on EP varies between models, with one model showing EP

changes almost independent from e-ratio changes on larger scales (PISCES), two models showing560

an equal importance of NPP and e-ratio changes for EP changes (BEC and REcoM2) and one model

simulating EP changes that are almost exclusively caused by changes in the e-ratio (TOPAZ). We
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conclude that the e-ratio changes, i.e., the way organic carbon is routed and transformed by the

upper ocean ecosystem, are an important driver for EP changes that always needs to be included in

discussions of export changes.565

5.1 Drivers of e-ratio changes in previous studies and the role of diatoms

The responses of the e-ratio to future climate change have been analysed using earlier versions of

PISCES (Bopp et al., 2005) and BEC (Marinov et al., 2013). Although the studies differ in forcing

(1% CO2 increase per year in Bopp et al. (2005), SRES A2 in Marinov et al. (2013)), both studies

simulated decreases in the e-ratio within the next 100 years. In both cases, a decrease in relative570

diatom contribution to total biomass has been reported as the main driver for the decrease in e-ratio,

mainly because (i) a shift towards nanophytoplankton is associated with lower particle formation

rates ( lower p-ratio) and (ii) nanophytoplankton produce smaller particles which are not ballasted

with silicate, leading to slower particle sinking (lower s-ratio). However, both studies base their

argumentation on global correlations between diatom fraction and e-ratio. Our analysis of the p-575

and s-ratio allows for a more mechanistic understanding of the effect of diatom fraction changes on

e-ratio changes.

While the diatom fraction decreases in all models in the low latitudes (not shown), the p-ratio

increases in both REcoM2 and PISCES, showing that a decrease in diatom fraction does not neces-

sarily lead to a lower p-ratio. Diatom fraction has a clear mechanistic link with changes in particle580

formation only in models where either diatom fraction is high (BEC) or diatoms are highly efficient

at particle formation (TOPAZ). In terms of sinking speed, changes in the diatom fraction do not

affect the s-ratio in two models (TOPAZ, REcoM2) but decrease the s-ratio in BEC. In PISCES it

is unclear to what extent the observed changes are driven by temperature effects or lower diatom

fraction. In the Southern Ocean, diatoms are more abundant and all models project increases in the585

diatom fraction. Yet, the e-ratio decreases in BEC and PISCES, showing that models currently don’t

agree on the effects of diatom fraction changes on e-ratio changes. These results indicate that the

effects of changes in diatom fraction on e-ratio changes might be of lower importance than generally

assumed, potentially because other factors such as changes in temperature, ballasting with CaCO3

::::::::::::::::::::::
(see e.g. Kvale et al., 2015) or aggregation effects could be at least equally important.590

5.2 Relative contribution of plankton functional types to particle export

The relative contribution of plankton functional types to particle export is observationally weakly

constrained, and there are only few theoretical estimates to compare our results with. In a nutrient

restoring approach, Jin et al. (2006) estimate that carbon export is dominated by large phytoplankton

(73% globally), 43% thereof driven by diatoms. The remaining 27% were estimated to be driven595

by small phytoplankton, thereof 11% by coccolithophores. A direct comparison with our results is

difficult as the contribution of the different PFTs to total EP is not known in the investigated models.
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However, the inter-model differences in both diatom contribution to biomass and also diatom con-

tribution to particle formation point to substantial inter-model differences in diatom contribution to

carbon export. Furthermore, most models do not differentiate between large phytoplankton and
::::
(e.g.600

::::::::::::
dinoflagellates

:::
and

::::
other

:::::
large

::::::::::
eukaryotes)

:::
and diatoms (with TOPAZ being the only exception). The

lack of a non-diatom large phytoplankton type forces the models to switch to small phytoplankton

as soon as silicate is depleted, therefore they cannot reproduce the pattern suggested in Jin et al.

(2006). Overall, the simulation of diatom distribution is currently afflicted with high uncertainties,

and consequentially model agreement on silicate-limitated regions is low. Also, the correlations of605

modeled silicate with silicate observations are poor (Laufkötter et al., 2015).

Measurements of the relative contribution of phyto- and zooplankton types to the sinking par-

ticle pool are sparse. In the low latitudes, aggregation of pico- and nanophytoplankton has until

recently been assumed negligible (but see Richardson and Jackson, 2007) and consequentially these

fluxes constitute at the most a few percent of total EP in the models in our study, with REcoM2610

being the only exception. However,
:::::::::
significant

:::::
export

::::::::::
production

::
by

:::::
pico-

::::
and

:::::::::::
nanoplankton

::::
has

::::
been

:::::::
inferred

::::
from

::::::
inverse

:::::::
analysis

::::::::::::::::::::::::::::::
(Richardson and Jackson, 2007) and

:::::::::::
subsequently contributions

of pico- and nanoplankton to total export of up to 33±27% have been measured by Lomas and

Moran (2011). In the Southern Ocean, phytodetrital aggregates can contribute up to 30% of total

carbon export (measured during the initiation of the spring bloom by Laurenceau et al. (2015)). The615

available observations suggest that the contributions of phyto- and zooplankton to particle forma-

tion are both temporally and spatially variable in the Southern Ocean (Ebersbach and Trull, 2008;

Bowie et al., 2011; Ebersbach et al., 2011; Smetacek et al., 2012; Quéguiner, 2013; Laurenceau

et al., 2015), making it difficult to constrain the contribution of phytoplankton aggregation to parti-

cle formation on coarser temporal and spatial scales. More measurements of this crucial variable are620

essential to improve current implementations of particle formation
:::::::
Recently

::::::::
published

::::::::::::
metagenomic

:::
data

::::
and

::::
data

:::
on

::::::
particle

::::
size

:::::::::::
distributions

:::::
might

:::
be

::
an

:::::::::
important

::::
step

:::::::
forward

::
in

::::::::::
elucidating

:::
the

::::::::::
complicated

:::::::
interplay

::::::::
between

:::::::
different

::::::::
members

::
of

:::
the

:::::::::
planktonic

:::::::::
ecosystem

::::
and

:::
the

::::::
carbon

::::
flux

::
to

:::::
depth

:::::::::::::::::
(Guidi et al., 2016) .

In terms of zooplankton grazing and faecal pellet production, Calbet and Landry (2004) suggest625

that about 70% of primary production is grazed by microzooplankton in tropical and subtropical

waters and about 65% in the polar oceans. Mesozooplankton grazing has been estimated to amount

up to 12% of global NPP by Calbet (2001). Besiktepe and Dam (2002) estimate that 31% of the

material grazed by mesozooplankton is routed to particulate egestion. Stoecker (1984) suggest 13%

of material grazed by microzooplankton ends up as sinking particles. In models, the unassimilated630

faecal material is sometimes modeled as a constant fraction of grazed material equal for each phyto-

or zooplankton type (PISCES, REcoM2), sometimes using varying fractions depending on phyto-

plankton type (BEC, TOPAZ) and temperature (TOPAZ). Overall, the fraction of the grazed material

that is routed to POC varies between 0.18 (grazed nanophytoplankton in TOPAZ at 0◦C) and 0.93
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(grazed diatoms in TOPAZ at 0◦C) in models. Improved observational constraints for this process635

::
the

:::::::
fraction

::
of

::::::
grazed

:::::::
material

::::
that

:::::::
becomes

::::::
faecal

:::::
pellets

:
will be critical to improve the simulation

and projected changes of the e-ratio.

Phytoplankton aggregation is thought to represent the most efficient way of exporting carbon as

routing through each additional trophic level causes losses of organic carbon via respiration (All-

dredge and Jackson, 1995). In models, phytoplankton aggregation is assumed to be independent640

of temperature and it usually depends only on phytoplankton concentration. In an aggregation-

dominated ocean the efficiency of particle formation would be mostly driven by phytoplankton

biomass levels and might decrease with decreasing biomass levels. In contrast, zooplankton growth

and grazing depend exponentially on temperature, with a potentially higher temperature dependence

than phytoplankton growth (López-Urrutia et al., 2006). If particles mostly stem from zooplank-645

ton in the real ocean, particle production might become more efficient because of higher grazing

pressure, or less efficient because of a higher zooplankton respiration. Moreover, the efficiency of

particle formation might be affected by interaction between zooplankton types of different trophic

levels. Therefore, the direction of changes in p-ratio depends on the processes controlling how

particles are formed, and models can only project realistic e-ratio changes if they capture the pro-650

cesses
:::::::
dictating how particles are formed.

::::::::
However,

:::
the

::::
most

:::::::::
important

::::::::
processes,

:::::
their

:::::::::
magnitude

:::
and

:::::::::
variability

::::
have

:::
not

:::
yet

:::::
been

:::::::::
identified,

:::
and

:::::::::::
observations

::
to

::::::::
constrain

::::::::::
parameters

::
of

::::::::
potential

::::::::
candidate

::::::::
processes

:::
are

::::::
sparse. Our results show that models currently differ strongly in their domi-

nant particle formation processes, making their e-ratio projections highly uncertain.

Reasons for differences in e-ratio projections655

Comparing the differences in e-ratio projections with the differences in NPP projections, we find that

the main reasons for differences in NPP projections are different parameterizations of the same pro-

cesses, in particular their sensitivity towards nutrient availability and temperature (Laufkötter et al.,

2015). In terms of projections of e-ratio, we find that uncertainty arises from both the difference

in the number of processes included in models and from the parameterizations of said processes.660

One reason for the uncertainties in e-ratio projections are the uncertainties in plankton community

composition and the fraction of biomass that is aggregated/grazed. Observational data is urgently

needed to better constrain the models. In terms of particle formation, processes that potentially

cause strong carbon fluxes but are not included in most models are the aggregation of DOC, grazing

on particles and explicit particle production by zooplankton of higher trophic levels. Observational665

efforts to constrain these processes will strongly improve e-ratio projections. In terms of particle

sinking, some models parameterize different particle size classes, others ballasting with silicate,

calcite or aragonite, and the inclusion of these different processes lead to very different responses

of particle sinking to changes in ecosystem structure. As an example, a change in plankton com-

position towards smaller phytoplankton will decrease particle size and sinking speed in PISCES,670
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might (depending on region) increase the remineralization length scale in BEC because of stronger

ballasting with CaCO3, show only small effects in TOPAZ as ballasting with silicate and aragonite

(associated with diatoms and large phytoplankton) switches to ballasting with calcite (associated

with nanophytoplankton) and will not affect the s-ratio in REcoM2.

A community effort to identify and constrain the most important processes and subsequent model675

development, such that a similar set of processes is included in all models used for e-ratio/EP pro-

jections, would make the models more comparable and would allow for a better quantification of the

uncertainty and importance of the respective processes.

6 Conclusions

In this work we analyse future projections of changes in export production and e-ratio in four marine680

ecosystem models under the RCP8.5 scenario. We show that e-ratio changes and NPP changes can

be equally important for changes in export production, and that the processes causing the e-ratio

changes differ strongly between models. One reason are
:::
The

::::
most

:::::::::
uncertain

::::::
process

::::::
among

::::
the

::::::
models

:::::::
analysed

::
in

::::
this

::::
work

::
is

::
in

::::::
particle

:::::::::
formation

:::::::
(p-ratio),

::::::
where

::::::
models

::::
don’t

:::::
even

::::
agree

:::
on

:::
the

:::::::
direction

::
of

:::::::
change.

::::::::::::::
Mechanistically,

:::
this

::
is

::::::
caused

::
by

:
large differences in the inclusion and param-685

eterization of phytodetritus, zooplankton faecal pellet productionand ,
:
zooplankton mortality losses

:::
and

:::::::
particle

::::::::::
aggregation

::::::::
dynamics

:
on particle formation rates. Additionally, models implement

different particle formation and sinking processes that are governed by different drivers. Warming-

induced increases in remineralization rates could not be fully disentangled from ballasting effects

or changes in particle size distribution in several models. Idealized simulations which
:::::::::
Simulatons690

::
in

:::::
which

::::
one

::
or

::::::
several

::
of

:::::
these

::::::::
processes

:::
are

::::
held

::::::::
constant

:::::
would

::::
help

::
to

:
further explore the bal-

lasting and temperature effects would
:::
and improve our understanding of the role of temperature for

the changes in e-ratio. We
:::
Our

:::::::
analysis

:::::::
focuses

::
on

:::
the

::::::::::
differences

::
in

:::
the

::::::::::::::
biogeochemistry

:::::::
models,

:
a
:::::::
detailed

:::::::
analysis

::
of
::::

the
:::
role

:::
of

:::::::::
circulation

::
is
:::::::
beyond

:::
the

:::::
scope

:::
of

:::
this

::::::
work.

:::
We

::::::::::::
acknowledge

:::
that

:::::::
changes

::
in

:::::
ocean

:::::::::
circulation

::::
play

::
an

:::::::::
important

:::
role

::
in
:::::::
driving

:::::
future

:::::
export

::::::::::
production,

::::
both

:::
on695

::::
large

:::
and

:::::
small

:::::
scales

::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Najjar et al., 2007; Omand and Mahadevan, 2015) .

::::::
Future

:::::
work

::::::
should

::
try

::
to

::::::::
quantify

:::
the

:::::::::
differences

::
in

:::::::
physics,

:::
for

:::::::
instance

:::
by

:::::
using

::::::::
modeling

::::::::::
frameworks

::
in

:::::
which

::::
one

:::::::::::::
biogeochemistry

::::::
model

:::
can

::
be

:::::::
coupled

::
to

::::::::
different

:::::::::
circulation

::::::
models

::::::::::::::::::::
(e.g., Allen et al., 2010) .

::::
We

conclude that the current projections of export production and e-ratio suffer from high uncertainties,

particularly at the regional scale. In order to increase the reliability of e-ratio projections, a concerted700

effort including observations and targeted laboratory studies of plankton community structure, par-

ticle composition and sinking behaviour, particle aggregation rates, ballasting effects and grazing

controls to support further model development and a rigorous model evaluation will be needed.
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Yamanaka, Y.: Comparing food web structures and dynamics across a suite of global marine ecosystem

models, Ecological Modelling, 261-262, 43–57, doi:10.1016/j.ecolmodel.2013.04.006, 2013.

Sarmiento, J. L. and Gruber, N.: Ocean Biogeochemical Dynamis, Princeton University Press, Princeton, 2006.

Schlitzer, R.: Export production in the equatorial and North Pacific derived from dissolved oxygen, nutrient890

and carbon data, Journal of Oceanography, 60, 53–62, doi:10.1023/B:JOCE.0000038318.38916.e6, 2004.

Schmittner, A., Oschlies, A., Matthews, H. D., and Galbraith, E. D.: Future changes in climate, ocean circula-

tion, ecosystems, and biogeochemical cycling simulated for a business-as-usual CO$ 2$ emission scenario

until year 4000 AD, Global Biogeochemical Cycles, 22, GB1013, doi:10.1029/2007GB002953, 2008.

Siegel, D. A., Buesseler, K. O., Doney, S. C., Sailley, S. F., Behrenfeld, M. J., and Boyd, P. W.: Global895

assessment of ocean carbon export by combining satellite observations and food-web models, Global Bio-

geochemical Cycles, 28, 181–196, doi:10.1002/2013GB004743.Received, 2014.

Smetacek, V., Klaas, C., Strass, V. H., Assmy, P., Montresor, M., Cisewski, B., Savoye, N., Webb, A., D’Ovidio,

F., Arrieta, J. M., Bathmann, U., Bellerby, R., Berg, G. M., Croot, P., Gonzalez, S., Henjes, J., Herndl, G. J.,

Hoffmann, L. J., Leach, H., Losch, M., Mills, M. M., Neill, C., Peeken, I., Röttgers, R., Sachs, O., Sauter, E.,900

Schmidt, M. M., Schwarz, J., Terbrüggen, A., and Wolf-Gladrow, D.: Deep carbon export from a Southern

Ocean iron-fertilized diatom bloom., Nature, 487, 313–9, doi:10.1038/nature11229, 2012.
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Fig. 2: Modeled export production averaged over the 2012-2031 period and observation-based es-

timates by Dunne et al. (2007) and Henson et al. (2012). The unit is mol C m−2 yr−1, note the

non-linear color scale.
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Fig. 4: Relative changes in export production through the 100m depth level between the 2012-2031

average and the 2081-2100 average in all models in %.
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Fig. 5: First-order Taylor decomposition of changes in zonal mean export production in

mol C m−2 yr−1 (purple) into the weighted changes in NPP ( δNPP
δt ×e-ratio, orange), and in e-ratio

( δe-ratio
δt ×NPP, green). Residuals are shown in grey.

Table 1: A short description of the simulations used in this work, including spin-up times, the main

references for both the ecosystem models and the Earth System Model they are coupled to or forced

with

Earth System Model Reference ocean

model

Ecosystem model Reference Spin-up (years,

offline + online)

Project Coupling

CESM1 Hurrell et al. (2013),

Lindsay et al. (2014)

POP BEC Moore et al. (2013) 1025 + 150 MAREMIP fully coupled

GFDL-ESM2M Dunne et al. (2012, 2013) MOM TOPAZ Dunne et al. (2013) 1 + 1000 MAREMIP
:::
CMIP5 fully coupled

CNRM-CM5 Voldoire et al. (2012) NEMO PISCES Aumont and Bopp (2006) 3000 + 300 CMIP5 fully coupled

MIROC5 Watanabe et al. (2011),

Kawamiya et al. (2000)

MITgcm REcoM2 Hauck et al. (2013) 0 +112 MAREMIP ocean only

32



BEC TOPAZ REcoM2 PISCES

b) High Latitudes

c) Low Latitudes

BEC TOPAZ REcoM2 PISCES

POC

p-ratio

     NPP

     Export (100m)

s-ratio e-ratio

a) Illustration of ratios 

Fig. 6: a) Illustration of p-ratio, s-ratio and e-ratio (as defined in Eq. 4, 5 and 6). The product of the

p-ratio and the s-ratio results in the e-ratio. The colors of the arrows correspond with the colors in the

bar chart. b) and c) Comparison of the temporal (2012-2031) and spatial mean e-ratio (cyan), p-ratio

(blue) and s-ratio (red) in the high and low latitudes, respectivley, for the full simulation period and

for all models.

Table 2: Overview about the four ecosystem models used in this work, including the number of

phyto- and zooplankton types, the nutrients that can limit phytoplankton growth and a description

of the stoichiometry. In terms of nutrients, NO3 stands for nitrate, SiO4 silicate, Fe iron, NH4

ammonium and PO4 phosphate. In terms of stoichiometry, ’R’ depicts Redfield Ratio whereas ’V’

depicts variable stoichiometry.

Ecosystem model Nutrients Phytoplankton types Zooplankton types Stochiometry

REcoM2 3 (NO3 , SiO4 ,Fe) 2 (diatom, nano-, implicit calcification 1 V(C,N,Si,Chl), (C:Fe) fix

BEC 5 (NO3 , NH4 , PO4 ,SiO4 ,Fe) 3 (diatom, nano-, diazotroph, implicit calcification 1 R(C:N:P), V(Si,Chl,Fe)

TOPAZ 5 (NO3 , NH4 , PO4 ,SiO4 ,Fe) 3 (large separated into diatoms and other

eukaryotes, nano-, diazotrophs, implicit

calcification

1 (with implicit grazing) R(C:N), V(P, Si, Chl, Fe)

PISCES 5 (NO3 , NH4 , PO4 ,SiO4 ,Fe) 2 (diatom, nano-, implicit calcification) 2 (micro- and mesozooplankton) R(C:N:P), V(Si, Chl, Fe)
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Fig. 7: First-order Taylor decomposition of percentaged changes in zonal mean e-ratio (cyan) into the

weighted changes in p-ratio ( δp-ratio
δt × s-ratio, blue), and in s-ratio ( δs-ratio

δt ×p-ratio, red). Residuals

are shown in grey.

In the following, we give the equations and parameters governing particle formation, that is graz-935

ing of p-PFT i (Gi) and particle formation during grazing (GPOCi ), phytoplankton aggregation (Ai)

and phyto- and zooplankton mortality (Mi).

A1 BEC

Particle formation =Anano +MPOC
nano +Adiat +MPOC

diat +GPOC
nano +GPOC

diat +MPOC
zoo

Anano = min

a
max
nano×Pnano

pnano×P 2
nano

940

Adiat is calculated analog.
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Fig. 8: Diagrammatic depiction of the ecosystem structure and the particle formation mechanisms

in the low latitudes (<±30◦N/S, on the left) and in the high latitudes (> 60◦N/S), on the right.

Shown are the 2012-2031 average (black numbers) and the changes between the 2012-2031 period

and the 2081-2100 period (red numbers). The model REcoM2 does not simulate the Arctic, the

high latitude results therefore represent the Southern Ocean only. The green boxes show diatom

:::::::
(marked

::::
with

:::
D) and nanophytoplankton

::
(N)

:
biomass, the yellow boxes

:::
(Z) zooplankton biomass,

all given in percent of total biomass. The arrows within the subplots denote from left to right: diatom

aggregation, grazing on diatoms, zooplankton mortality (including grazing of mesozooplankton on

microzooplankton in PISCES), grazing on nanophytoplankton and nanophytoplankton aggregation.

:::::::
PISCES

::::::::::
additionally

:::::::
includes

:::::
DOC

::::::::::
aggregation.

:
The fluxes are given in percent of total NPP, the

:
.
:::
The

:
sum of all fluxes results in the p-ratio of a model. The arrows depicting the largest fluxes are

marked in red and the changes in these fluxes are given in percent of total NPP. For more details see

text.
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Table 3: Overview about the processes implemented in the ecosystem models that affect particle

formation and particle sinking. ’Agg.’ is short for aggregation, .
:

SiO3, CaCO3 are silicate and

calcium carbonate. For the models with constant sinking speed and remineralization rates, we give

the remineralization length scale of not-ballasted POC. In BEC the particle sinking is calculated

implicitly, i.e. all particles sink and remineralize instantly in the grid point where they originate.

In REcoM2 and PISCES the particle sinking speed increases with depth, we therefore give the

minimum and maximum sinking speed. In TOPAZ and PISCES, the remineralization rate decreases

in oxygen depleted water, we give the value for well-oxygenated conditions.

Process REcoM2 BEC TOPAZ PISCES

Phyto. agg Yes Yes No Yes

Agg. of DOC to POC No No No Yes

Grazing of particles No No No Yes

Ballasting None SiO3, CaCO3, dust SiO3, calcite, aragonite, dust None

Different particle sizes No No No large and small

Remin. rate [d−1] 0.06 - 0.32

(at 0 - 30◦C)

implicit 0.53 0.025 - 0.24

(at 0 - 30◦C)
Sinking Speed [m/d] 20-120 implicit 100 2 (small POC),

30-200 (large POC)
Remin. length scale [m]

:::
175

:
-
:::
590

::
(at

:
0
:
-
:::::
30◦C)

200 188
::
8.3

:
-
:::
80

::::
(small

::::
POC

::
at
::
30

:
-
::::
0◦C)

:

:::
205

:
-
:::::

2600
::::
(large

:::::
POC

::
at

::
30

::
-

::::
0◦C)

GPOC
nano =Gnano×max


fCaCO3,POC

graz ×QCaCO3
nano

min

e
POC
nano×Pnano

f nano, POC
graz

GPOC
diat = f diat, POC

graz ×Gnano

Gnano =unano
max ×Tf× P 2

nano
P 2

nano+g
2 ×Z

Gdiat =udiat
max×Tf× P 2

diat
P 2

diat+g
2×f diat

z
×Z945

MPOC
nano =QCaCO3

nano ×mnano×Pnano

MPOC
diat = fPOC

diat loss×mdiat×Pdiat

F POC
Z =

f nano,POC
zloss ×Gnano+f

diat,POC
zloss ×Gdiat+f

diaz,POC
zloss ×Gdiaz

Gnano+Gdiat+Gdiaz

MPOC
zoo =F POC

Z ×(mzZ+pzZ
2)

Gdiaz =udiaz
max×Tf× P 2

diaz
P 2

diaz+g
2 ×Z950

A2 PISCES

Particle formation equations:
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Table 4: Observed and modeled present-day globally integrated NPP, particle export production,

grazed fraction of NPP and diatom contribution to total export production. The observed values

are from Westberry et al. (2008) for NPP, from a) Schlitzer (2004) and b) Laws et al. (2000) for

total (POC + DOC) export production and c) Henson et al. (2012) and d) Siegel et al. (2014) for

particle export production. The fraction of NPP that is grazed is from Calbet and Landry (2004) for

microzooplankton and has been calculated as mesozooplankton grazing (Calbet, 2001) divided by

NPP for mesozooplankton.
:::
For

:::
the

::::::
models

::::
with

:::
one

:::::::::::
zooplankton

::::
type

::::::::
(TOPAZ,

::::
BEC,

:::::::::
REcoM2)

:::
we

:::
give

:::
the

:::::
total

:::::::::
percentage

::
of

::::
NPP

::::
that

::
is

::::::
grazed.

::::
For

:::::::
PISCES

:::
we

::::::::::
differentiate

:::::::
between

:::
the

::::
part

::::
that

:
is
::::::
grazed

:::
by

:::::::::::::::
microzooplankton

:::
and

:::
the

::::
part

:::
that

::
is

::::::
grazed

::
by

:::::::::::::::
mesozooplankton.

:
The estimate for di-

atom contribution to total export is from Jin et al. (2006). This variable is only available in REcoM2.

For the other models, we show the diatom contribution to particle formation in parentheses*. Due

to different sinking behaviour of the particles, the diatom contribution to global EP is presumably

higher.

Model global NPP global EP grazed %

of NPP

diatom contribution

to global EP
[
::
Gt

:
C
::::
yr−1] [

::
Gt

::
C

::::
yr−1]

BEC 53.4 7.7 77% (38%)*

TOPAZ 81.3 7.6 99% (46%)*

PISCES 24.1 4.6
:::::
micro: 57%+

:
.
:::::
meso: 21% (14%)*

REcoM2 29.5 7.2 4.2e−7% 46%

Observations 50.7±9.5 (9.6)a

(12.9)b

4.0c

5.7d

total: 70 - 86%

micro:a 59-75%

meso: 11.8%

36-43%

small Particle formation =GPOC
micro→nano+GPOC

micro→diat+A
POCs
nano +MPOCs

nano +MPOCs
diat +Mmicro+ADON→POCs

large Particle formation =GPOCs
meso→nano +GPOC

meso→nano +GPOC
meso→micro

+Mmeso +APOCl
nano +MPOCl

nano +MPOCl
diat +APOCl

diat

+ADON→POCl +APOCs→POCl

Plankton aggregation and mortality equations:

MPOCs
nano = f nano,POCs

mort ×mnano× Pnano
KM+Pnano

×Pnano, M
POCl
nano analog

MPOCs
diat = f diat,POCs

mort ×mdiat× Pdiat
KM+Pdiat

×Pdiat, M
POCl
diat analog955
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Parameter Value Unit Definition

mnano 0.1 d−1 nano linear mortality rate

mdiat 0.1 d−1 diatom linear mortality rate

pnano 0.009 (mmol C)−1 m3 d−1 nano quadratic mortality rate

pdiat 0.009 (mmol C)−1 m3 d−1 diatom quadratic mortality rate

ePOC
nano 0.22 (mmol C)−1 nano grazing factor

amax
nano 0.2 d−1 max. aggregation rate for nanos

amax
diat 0.2 d−1 max. aggregation rate for diatoms

unano
max 2.75 d−1 max. zoo. growth rate on nanos at 30◦C

udiat
max 2.05 d−1 max. zoo. growth rate on diatoms at 30◦C

udiaz
max 1.2 d−1 max. zoo. growth rate on diazotrophs at 30◦C

mz 0.1 d−1 zoo. linear mortality rate

pz 0.45 (mmol C)−1 m3 d−1 zoo. quadratic mortality rate

g 1.05 mmol C m3 zoo. grazing coefficient

f diat,POC
zloss 0.1333 fraction of zoo. losses routed to POC when eating diatoms

f diaz,POC
zloss 0.0333 fraction of zoo. losses routed to POC when eating diazotrophs

f nano,POC
zloss 0.06666 fraction of zoo. losses routed to POC when eating nanos

fCaCO3,POC
graz 0.4 min. proportionality between QCaCO3

nano and grazing losses to POC

f nano,POC
graz 0.24 upper limit on fraction of grazing on nanos routed to POC

f diat,POC
graz 0.26 fraction of diatom grazing routed to POC

f diat
z 0.81 scaling factor for grazing on diatoms

fPOC
diat loss 0.05 fration of diatom loss routed to POC

Table 5: Parameter particle formation BEC

APOCs
nano = f nano,POCs

agg ×sh×pnano×P 2
nano, A

POCl
nano analog

Adiat = f diat,POCl
agg ×sh×pdiat×P 2

diat

Mmicro =mmicro×Tf × Zmicro
KM+Zmicro

×Zmicro×denitrification factor

Mmeso =mmeso×Tf × Zmeso
KM+Zmeso

×Zmeso×denitrification factor+pmeso×Zmeso

Here, sh denotes the shear rate, which is set to [1s−1] in the mixed layer and 0.01 elsewhere. The960

denitrification factor has values between 0 and 1 and is calculated out of oxygen using the following

formula: denitrification factor = 0.4×(6.e−6−O2)/(1.e−6 +O2)

Grazing equations:

GPOCs
micro→nano = f→POC

graz ×Gmicro→ nano

Gmicro→ nano =umicro→ nano
max ×Tf × Ψmicro

nano Pnano∑
I Ψmicro

nano ×I
× Pnano
Kmicro

G +
∑

I(Ψmicro
I ×I)965

Gmeso→ nano =umeso→ nano
max ×Tf,meso× Ψmeso

nanoPnano

KG
meso+

∑
I Ψmeso

nano×I
×Zmeso
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Parameter Value Unit Definition

mnano 0.01 d−1 nano linear mortality rate

mdiat 0.01 d−1 diatom linear mortality rate

mmicro 0.03 d−1 micro linear mortality rate

mmeso 0.005 d−1 meso linear mortality rate

pmeso 0.03 d−1 meso other mortality rate

pnano 0.001 l molC−1 d−1 nano quadratic mortality rate

pdiat 0.001 + 0.02 ×(1.0−N diat
lim ) l molC−1 d−1 diatom quadratic mortality rate

KM 0.01e−6 molC l−1 half-saturation constant for mortality

KG 20e−6 molC l−1 half-saturation constant for grazing

umicro→ nano
max 4.0 d−1 max. micro zoo. growth rate on nanos (at 0◦C)

umicro→ diat
max 4.0 d−1 max. micro zoo. growth rate on diatoms (at 0◦C)

umeso→ nano
max 0.7 d−1 max. meso zoo. growth rate on nanos at 0◦C

umeso→ diat
max 0.7 d−1 max. meso zoo. growth rate on diatoms at 0◦C

umeso→ micro
max 0.7 d−1 max. meso zoo. growth rate on micro at 0◦C

Ψmicro
nano 0.5 preference coefficient for micro grazing on nanos

Ψmicro
diat 0.5 preference coefficient for micro grazing on diatoms

Ψmeso
nano 0.2 preference coefficient for meso grazing on nanos

Ψmeso
diat 1.0 preference coefficient for meso grazing on diatoms

Ψmeso
micro 1.0 preference coefficient for meso grazing on micro

f nano,POCs
mort 1 - 0.5 RCaCO3 fraction of nano mortality routed to POCs

f nano,POCl
mort 0.5 RCaCO3 fraction of nano mortality routed to POCl

f diat,POCs
mort 0.5 fraction of diatom mortality routed to POCs

f diat,POCl
mort 0.5 fraction of diatom mortality routed to POCl

f nano,POCs
agg 1 - 0.5 RCaCO3 fraction of nano aggregation routed to POCs

f nano,POCl
agg 0.5 RCaCO3 fraction of nano aggregation routed to POCl

f diat,POCs
agg 0 fraction of diatom aggregation routed to POCs

f diat,POCl
agg 1 fraction of diatom aggregation routed to POCl

f→POC
graz 0.3 fraction of grazed material routed to POC (all PFTs)

RCaCO3 fraction of calcifying organisms of nanos

N diat
lim diatom nutrient limitation

Table 6: Parameter particle formation PISCES
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Parameter Value Unit Definition

pdet 0.0165 m3 mmolN−1 d−1 detritus specific aggregation rate

pnano 0.015 m3 mmolN−1 d−1 nano quadratic mortality rate/ specific aggregation rate

pdiat 0.015 m3 mmolN−1 d−1 diatom quadratic mortality rate

pzoo 0.05 m3 mmolN−1 d−1 zooplankton quadratic mortality rate

KZoo 0.35 (mmolN m−3)2 half-saturation constant for grazing

umax 2.4 d−1 max. zooplankton growth rate

Ψdiat 0.5 preference coefficient for grazing on diatoms

f→ POC
graz 0.4 fraction of grazing routed to POC/grazing efficiency

Table 7: Parameter particle formation REcoM2

A3 REcoM2

Particle formation =GPOC
nano +GPOC

diat +Anano +Adiat +Mzoo

Plankton aggregation and mortality equations:

Anano = (pnano×Pnano +pdiat×Pdiat +pdet×Detritus)×Pnano970

Anano = (pnano×Pnano +pdiat×Pdiat +pdet×Detritus)×Pdiat

Mzoo = pzoo×Z2

Grazing equations:

GPOC
nano = f→POC

graz ×Gnano

Gnano =umax×Tf × (Pnano+ΨdiatPdiat)
Kzoo+(Pnano+ΨdiatPdiat)2

×Pnano×Z975

Gdiat =umax×Tf × (Pnano+ΨdiatPdiat)
Kzoo+(Pnano+ΨdiatPdiat)2

×ΨdiatPdiat×Z

A4 TOPAZ

Temperature function:

Tf = ekEppley×T (A1)

Grazing:

Gnano = min(kgrazmax
,umax×Tf ×

Pnano

P ?
)× P 2

nano

Pnano +Pmin
(A2)

Glarge = min(kgrazmax
,umax×Tf ×{N graz

large})×Plarge (A3)

{N graz
large}= [

Plarge +Pdiaz

P ?
]
1
3 ×

Plarge +Pdiaz

Plarge +Pdiaz +Pmin
×(P 2

large +P 2
diaz)

1
2 (A4)

Particle formation:

GPON
nano = f nano, PON

graz ×(1.0−f sDON−f lDON)×Tf ×Gnano (A5)

GPON
large = f large, PON

graz ×(1.0−f sDON−f lDON)×Tf ×Glarge (A6)
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Table 8: TOPAZ parameters

Parameter Value Unit Description

KEppley 0.063 ◦C−1 temperature dependence factor

umax 0.19/86400 s−1 grazing rate at 0◦C

P ? 1.9e−6× 16
106

molN kg−1 pivot phyto concentration for grazing allometry

Pmin 1e−10 molN kg−1 min. phyto concentration threshold for grazing

f nano, PON
graz 0.18 fraction of nano grazing to detritus at 0◦C

f large, PON
graz 0.93 fraction of large grazing to detritus at 0◦C

f sDON 0.025 Fraction of non-detritus grazing going to sDON

f lDON 0.06 Fraction of non-detritus grazing going to lDON
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