
Reply to reviewer #1

We would like to thank you again for your constructive comments. According to your comments,
we elaborated on existing studies and expanded on the new aspects of our study, in particular
with regard to zooplankton and ecosystem functioning. Your comments have helped us set apart
our manuscript more clearly from previous studies. A detailed point-by-point response to your de-
tailed comments is listed below:

Abstract:

L7: ”Intense upwelling coincides with deep mixed layers”: is this really unique? Are the layers
deep?

R: We find that the pattern of intense upwelling coinciding with deep mixed layers in the seasonal
cycle is unique to the HUS. As shown in Fig. 2e of the manuscript, the Humboldt system is the
only of the four major EBUS that reveals a positive temporal correlation between MLD and up-
welling intensity. We reworded the sentence (L6-7).

L11: ”In contrast to previous studies, reduced phytoplankton growth due to enhanced upwelling of
cold waters and lateral advection are second-order drivers of low surface chlorophyll concentra-
tions”: not sure what previous studies were asserting.

R: We have rephrased this section to be more precise about previous findings regarding lateral
advection and temperature limitation (L12-15).

L15: what about the role of nutrient enrichment? It could be reduced under climate change. See
Echevin et al. (2020).

R: We agree that nutrients could be reduced under climate change due to increasing stratifica-
tion and potentially weakening upwelling. As discussed in our manuscript (L154-155 and L384-
385), our results suggest that the system in its present state is not nutrient-limited. Although sur-
face DIN concentration shows a clear seasonal cycle, it is not the limiting factor of phytoplankton
growth, even when concentrations are lowest in summer. Unless future nutrient concentrations
drop substantially below ’summer levels’, we expect that other limiting processes (dilution, light
condition) would dominate over the impact of reduced nutrients. Therefore, a dominant role of
reduced nutrient supply in case of a weakening of upwelling seems less likely than other effects of
increasing stratification.

Introduction:

L33-35: The seasonal paradox is also mentioned by EC08. At citing the latter, it would be fair to
mention that they used a regional coupled physical-bgc model as in the present study. You should
also mention Thomas et al. (2001) and Chavez et al (2005) who noted the seasonal paradox.

R: We have provided a more detailed description of EC08 and also included Thomas et al. [2001]
and Chavez [1995] in the introduction (L34-45).

L38: Actually EC08 showed that the seasonal cycle of insolation did not play a major role in their
model set-up, whereas Guillen and Calienes (1981) assumed it played a role.
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R: We rephrased and explained this part more clearly (L42-44).

L39: I disagree here: this has been at least partly assessed in EC08. Rephrase and explain precisely
which hypotheses have not been assessed in the latter and which new ones will be assessed in the
present work. Overall, a more accurate review of the findings of EC08 to explain the out-of-phase
seasonal cycle of chlorophyll is needed in the introduction.

R: As mentioned above, we have recapped the study of EC08 in more detail and emphasised more
clearly the differences between our study and EC08 (L36-47).

L41: “the unique mechanism”: not clear what this unique mechanism is.

R: The unique mechanism refers to the first question (”what is the uniqueness of PUS compared
to other EBUS that leads to the seasonal paradox?”). And here it represents ”the deep MLD coin-
ciding with strong upwelling intensity”. We have modified the sentence (L49-50).

Data and methods

L50: why do you cite ROMS here? Explain that CROCO is the next generation ROMS-AGRIF
model.

R: The citation here is according to what is suggested on the CROCO website (see https://www.croco-
ocean.org/how-to-cite/). We have added ”CROCO is the next generation of the ROMS AGRIF
model” and a reference in the manuscript (L57).

L54: do you use bulk forcing

R: No, we did not use bulk forcing but a forcing file (croco frc) created with the croco-tools.

L61: I think the authors should explain why these variables are important for the simulation of
chlorophyll. Fig. 1 of José et al shows that the PCC is too strong in the model at 12◦S, not too
weak!

R: As detailed features of the circulation are not the focus of this study and to keep the paragraph
concise, we have rephrased the sentence to a general statement, referring to José et al, and saying
that the model is able to reproduce the current system of the region reasonably well (L68-69).

L66: I do not think it can be said that N is a species. I think the authors could have done a better
job at proofreading the English in the submitted paper.

R: The expression ”N species” refers to different forms of nitrogen in the water and is commonly
used by chemists. Take, for example, the title of Michalski et al. (2006): ’Determination of Nitro-
gen Species (Nitrate, Nitrite and Ammonia Ions) in Environmental Samples by Ion Chromatogra-
phy’. To simplify the reference to nitrate, nitrite and ammonium we stick to summarise them as N
species.

L72: Table A1 is useful. Please indicate values in the table instead of “see ref.”
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R: The parameters for which values are given as ’see refs’ concern zooplankton diet preferences.
The references we cite are biological studies based on observations, and the parameter values in
the model orient themselves on these observations of stomach contents of individual taxa. As
model parameters need to integrate over different taxa and their traits and feeding strategies,
their values do not directly correspond to observed values of individual taxa. In our simulation,
diet preference values are estimated based on the observed preference in the references and model
calibration. Therefore, we prefer not to list specific values but a footnote, to avoid misleading the
readers .

L73: Good to know that the model has been adjusted to fit zooplankton biomass, which to my knowl-
edge, has not been done before: which figure and section is it?

R: We included the model evaluation against observed zooplankton biomass in the appendix (Fig.
B5), along with an additional section with results regarding ecosystem functioning (section 3.5).

Figure C1: I think showing N at 100 m is more relevant than at 1000m, as it would be in the depth
range of upwelled waters. Besides, N at 1000m is not at quasi equilibrium after 25 years, it is still
drifting quite a lot.

R: Thank you for the advice. We replaced the N at 1000 m with N at 100 m (Fig. C1). N at 100
m is equilibrated well before the analyses period of the last five years.

L82: “analyze with...”: another typo. There are too many of them, the language really needs to be
corrected, I am sure the authors can do a better job at it or get some help from a native speaker.

R: We have switched to the British spelling variations in the revised manuscript.

L90: add an equation for J and the limitation terms L(x).

R: We have updated Equ. 2 in the revised manuscript.

L95: I do not understand equation (3). What is Lmld and how is it related to J? Does it play a
role in the model equations? Please clarify.

R: Lmld represents the average growth rate phytoplankton has within the MLD. We have updated
Equ. 2 and included the explanation in the revised text (L107-109).

L96: Cmld is the concentration or the concentration change? If it is the concentration change,
what is ∆Cmld? I am lost here.

R: Cmld refers to the average phytoplankton biomass concentration in the mixed layer. ∆Cmld
refers to the change of the concentration over time. We have corrected the symbols in the revised
manuscript (L111-113).

L98: What is the chain rule?

R: We refer here to the mathematical expression ”chain rule”, the formula to compute the deriva-
tive of a composite function (Equ. R1.3).
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Figure B3: This is an interesting figure: could you indicate the number of data per 1x1 grid point?
How does it compare to the Boyer Montegut climatology (can be downloaded here: http://www-
.ifremer.fr/cerweb/deboyer/mld/home.php). It would be nice to add an error bar indicating the
model’s MLD internal variability.

R: Thank you for pointing us to the additional data set. Please see Fig. R1.2 for the number of
Argo float profiles. Fig. B3c now shows comparison of different data sets and the simulated MLD
with error bar.

Figure 1d: I am surprised the model chlorophyll is low: is this really the best fit after parameter
tuning? Could you add an “error” bar to represent the model internal variability of Chl? Also, I
think that Pennington’s plot was not exactly the same coastal area as shown in Fig.1a.

R: One reason for the simulated Chl being relatively low is that we used the Chl:N ratio from the
model’s croco-tool (the Matlab toolbox as mentioned above) to convert from nitrogen to chloro-
phyll (Chl:N=0.795). If we use the Chl:N ratio of Gutknecht et al. [2013] (Chl:N=1.59), the simu-
lated Chl would double its value. The Chl:C and C:N ratios are both very variable in nature and
it is not possible to resolve this variability with a fixed-stoichiometry-model as used here. There-
fore, we tuned the model chlorophyll so that the observed chlorophyll values fall between the sim-
ulated chlorophyll values using the different Chl:N ratios. We have added the error bars in Fig.
1d. And thank you for mentioning that in Pennington et al. [2006] the data is taken for a 250 km
band off the coast which now has been clarified in the revised manuscript.

Results

L137: “suggested” is a bit weak here. See my previous comment about the introduction.

R: We have changed it to ”as found by Echevin et al. (2008)” in the revised manuscript.

L138: “the weaker increase...”: you need a reference here.

R: The reference is the Peruvian system. This part has been rephrased in the revised manuscript.

L141: Are the ARGO MLD estimates reliable off Peru? This should be addressed somewhere and
ARGO data should be described in the Data and Methods section.

R: As now shown in Fig. R1.2 (see response above), there are on average 120 profiles available
summed up over the focus region every month, which allows to robustly estimate the seasonality
of the MLD. We have added information on the Argo data and on all other data that are used in
the results in the Data and Methods section (L121-126).

L142: I think there are other hypothesis supporting the high chlorophyll values in the Canary sys-
tem. This section comparing the different systems is too long and does not focus enough on the
main topic of the paper.

R: We have shortened and streamlined this section and focus more on the main topic of the paper.

L145-146: I do not agree with the conclusion here: as SST is also strongly correlated with insola-
tion, you can not conclude that the seasonal cycle of temperature drives the phytoplankton growth.
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For your information, EC08 showed that the temperature effect was negligible in their model set-up
(see end of section 3.3).

R: We agree that a correlation does not imply causality, that is the relationship of SST and Chl
does not necessarily mean that a higher SST is causing Chl to increase, because SST and Chl
could commonly be forced by another variable, namely insolation. However, based on (i) previous
findings by EC08 and (ii) our model analyses, we ruled out the contribution of insolation.

(i) EC08 showed based on a sensitivity study that in their model the light limitation due to the
seasonality of insolation was weak (see their section 3.5).
(ii) In Fig. R1.4, the surface light and temperature growth factors show different seasonal pat-
terns. In addition, the temperature growth factor reveals a greater relative seasonal variation than
the surface light growth factor which would more directly reflect insolation.

Figure 2: the regions where data is averaged in a coastal band in the four systems should be indi-
cated in the supplementary.

R: We have added Fig. A2 in the appendix to indicate the EBUS regions that were used to pro-
duce Fig. 2 in the manuscript.

L150: The reason for this is well known: the along-shore wind forcing is enhanced during winter,
increasing upwelling and vertical mixing, and the lower winter insolation decreases surface stratifi-
cation and increases the MLD.

R: We agree that the reasons for stronger upwelling and deep MLD in winter are well known. We
here describe the relationships that we find in Fig. 2e and emphasise that the Peruvian EBUS is
the only EBUS that shows such a positive correlation between MLD and upwelling.

L181: L181: “DV contributes...”: in which figure is this shown?

R: The contribution of ∆V is calculated based on Equ. 5, and the effect of the dilution that goes
along with the volume change is evident from Fig. 3b-c.

L206: “advection is picking up”: I can not see that, advection seems negligible with respect to mix-
ing (Fig.4d).

R: We noticed that Figure 4 contained a lot of information and was not discussed in sufficient de-
tail in the manuscript to be easily digestible, as also indicated by the other reviewer. We have
split up the original Fig. 4 into two figures (Fig. 4-5) and have added additional explanation to
make the figures easier to understand.

L208-209: “the decreasing rate...”: I do not understand this sentence

R: Section (3.4.1) regarding phytoplankton budgets and the discussion of Fig. 4-5 have been rewrit-
ten.

L202-2011: This paragraph is very difficult to follow and lacks precise references to the figures in
the core of the text.
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R: See above, we have split up the original Fig. 4 into two figures (Fig. 4-5) and have restructured
the paragraph to make it easier to follow.

L222: How do you obtain this 60% decrease based on Eq.3?

R: We used the start of the decline phase as the reference, and checked how the three growth fac-
tors changed until the end of the decline phase. Then we used the mathematical product rule to
calculate how each growth factor was contributing to the total change of the growth factor.

L229: The weak role of temperature is in agreement with EC08.

R: While in EC08 the role of temperature was concluded to be negligible, in our model it is, while
minor, not negligible. That is, we concluded that the sensitivity of phytoplankton (and the ecosys-
tem) to temperature and potential temperature changes could be model dependent and might be
worthwhile to be investigated further.

Discussion

L258-261: I suggest a closer examination of EC08 findings and expand the comparison with their
modelling work, which is very similar to what is presented here. In particular, they relaxed iron
limitation in their model and found an Chl increase of 20-80% (depending on the latitude) during
winter and spring, which corroborates the impact of iron limitation on the seasonal cycle found by
Messié and Chavez (2015).

R: We have expanded the findings by EC08 and included a discussion of the results of the Fe-
sensitivity study (L293-298).

L272: the sentence seems incomplete.

R: Corrected (L309-311).

L274: “and in deep ...”: rephrase

R: This part has been deleted after streamlining.

L275: “charge”

R: This part has been deleted after streamlining.

L276: I am not convinced by this hypothesis: the residence time of the upwelled water in the mixed
layer near the coast is probably quite short as upwelled waters are rapidly transported offshore by
Ekman currents. Thus I do not believe in such preconditioning. Unless you can you prove it using
the model.

R: We have removed this section.

L295: “higher” with respect to what? Clarify.

R: The sentence has been rephrased in the revised manuscript (L324).
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L314: is this a result of the study? It has not been described. I think elaborating on the seasonal
cycle of export and zooplankton could have been interesting.

R: Yes, the source of export is part of an analysis of export production. We have included in the
revised manuscript an additional figure (Fig. 7) and additional text (section 3.5) to elaborate the
impacts of the ”seasonal paradox” on ecosystem functioning.

L320-332: This discussion is very speculative and vague. I do not find it very useful.

R: We have streamlined this part of the discussion after including the results regarding ecosystem
functioning as described above.

L340: Echevin et al. (2020) also investigated the mixed layer evolution under climate change (Fig-
ure 7), not only changes in upwelling. I encourage the authors to read the papers they cite more
carefully.

R: We apologise as we did not want to imply that Echevin et al. [2020] did not investigate the
mixed layer evolution under climate change. We have rephrased this part to avoid confusion.

L347: Surface chl only slightly increases in the different simulations (2%-17%, Fig. 12a).

R: Thank you for pointing this out. We have rephrased this part in the revised manuscript.

L355: The propagation of the seasonal variability up the food web is not documented in the results
sections and only mentioned in the discussion: it is not worth mentioning in the conclusion.

R: We have added a more detailed presentation of this aspect to the results and discussion sec-
tions.

L356: what are the remaining open questions about the interactions behind the mixed layer and
upwelling dynamics? Be more specific.

R: We conclude that more research is required on how physics will affect ecology, in particular
how the mixed layer and upwelling jointly affect food web processes and thus the ecosystem.
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Reply to reviewer #2

We would like to thank you for your valuable feedback and your supportive and constructive com-
ments. Your review has helped to improve the clarity of our manuscript. In reply to your com-
ments, we have put additional effort into clarifying the methodology and note where results might
be particularly model dependent. Also, we have extended our discussion with regard to climate
change. Please find our point-by-point responses below:

L58-60 : QuickSCAT only cover the periods 1999-2008 so which wind forcing is used to cover the
period 1990-2010? please clarify if this in an hindcast run or a climatological simulation.

R: In the revised manuscript, we have clarified that this study is based on a climatological simula-
tion (L52).

L70-73: please indicate that the BioEBUS model was first used to simulate the Peru biogeochem-
istry by Montes et al. (2014) Montes L, B. Dewitte, E. Gutknecht, A. Paulmier , L Dadou, A.
Oschlies and V. Garçon, 2014: High-resolution modeling the Oxygen Minimum Zone of the East-
ern Tropical Pacific: Sensitivity to the tropical oceanic circulation. J. Geophys. Res.-Oceans. 119,
doi:10.1002/2014JC009858

R: Thank you for pointing us to the first study that employed BioEBUS in the Peruvian system.
We have included the reference in the Methods section when introducing BioEBUS.

L78-79 : “In this study, we use monthly output of the final five years for our analyses (years 26-
30)” It is not clear with which forcing the spin-up is done and if is this is a repetitive selected
year. Earlier it is mention that the simulation covers the period 1990-2010 so to which actual
years correspond years 26-30?

R: We apologise for not having been more clear about the model set-up. We used the same clima-
tological forcing for the spin-up and output years. No actual years correspond to years 26-30 of
the simulation. We have clarified this in the manuscript (L87).

Section 2.2.: It is not clear if all the terms associated to BIO are calculated on-line or off-line. If
this is off-line, the use of monthly-mean mixed-layer depth for the vertical integration could yield
errors that would be worth estimating. Mixed-layer depth can vary sharply at high-frequencies.

R: We have clarified in the revised manuscript that the fluxes associated with BIO were saved as
output from the model for each grid box as monthly averages and later were (offline) integrated
over the MLD using the croco-tools (L97-102). Indeed, the offline integration of the fluxes over
the MLD may introduce a bias due to fluctuations within a month. To estimate the differences of
the on- and offline calculations, we compared the model output of the monthly mean of the online
integration of the tendency of the phytoplankton biomass with the offline integration (Fig. R2.1).
The on- and offline calculations match fairly well, with a slight underestimation of the tendency of
phytoplankton biomass if the term is calculated offline.

Figure 1: “Spatial distribution of the seasonality of surface chlorophyll” what is seasonality ex-
actly? Amplitude of the annual cycle? Seasonality should be defined somewhere.
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R: Seasonality here represents the amplitude of the annual cycle. We have clarified this in the re-
vised manuscript (L140) and figure caption.

L126, Figure 2: The region for averaging the data for the other EBUS is not defined (?). It should
be indicated in the text of the caption for clarity. Please also indicate the results for the Chile
EBUS.

R: We picked the regions based on Chavez and Messié [2009]. We have added Fig. A2 in the ap-
pendix that illustrates the regions we used to average over.

Our study is conceptual and meant to focus on processes rather than comparing regional details.
Testa et al. [2018] finds that the paradoxical correlation between upwelling and surface chlorophyll
is not observed in the Chile EBUS, with low surface chlorophyll in austral winter when MLD is
deep and upwelling is weak. The seasonality observed off Chile might resemble the Californian
system but it would require a more in-depth analysis to provide conclusions. Therefore we here
follow Chavez and Messié [2009] and do not include the Chile EBUS.

Caption of Figure 2: “upwelling (estimated based on winds from QuikSCAT, in Sv” Do you mean
from Ekman transport or Ekman pumping, or from both?. Please provide details on how upwelling
intensity is calculated.

R: The upwelling values (estimated based on winds from QuikSCAT, in Sv) are digitized from
Chavez and Messié [2009]. The ’upwelling’ is calculated as a combination of Ekman transport and
Ekman pumping [Messié et al., 2009, section 3.2 therein].

L154-156: “In other words, more nutrients only have a strong local positive effect if concentrations
are low / would be low otherwise.” This sentence is not clear; please rephrase

R: We have rephrased the sentence in the revised manuscript (L167-168).

L163-165: “In the model, surface chlorophyll and nitrogen concentrations together with upwelling
intensity and MLD all display a 40-60% seasonal variability” what is it meant by “40-60% sea-
sonal variability”? Please clarify and rephrase.

R: Here, “40 - 60% seasonal variability” refers to the amplitude of the annual cycle relative to the
annual mean. We have rephrased the sentence in the revised manuscript (L173-175).

L194-195: “We separate biological processes (e.g. primary production, grazing from zooplankton,
natural mortality, exudation, sinking) and physical processes (mixing, advection and entrainment)
that affect the integrated biomass (Fig. 4b).” The detailed equation should be provided along with
details on the method for integrating vertically within a seasonally varying mixed-layer. How do
you calculate entrainment for instance?

R: Thanks for pointing out that we missed to explain how we calculated the entrainment. We up-
dated the full equation of the MLD budget of phytoplankton biomass (Equ. 1) and added an ex-
planation how we calculate entrainment to the revised manuscript (L97-102).

L197-198: “Most biological and physical processes decrease from the start (t1) to the end (t2) of
the decline phase (Fig. 4cd).” Biological processes should balance physical processes so when the
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former increase the later should decrease? We understand from figure 4b that physical processes
were multiplied by -1? Could you please clarify and provide details in the text of the caption.

R: We have added detail to Equ. 1 in the manuscript, defining each of the fluxes. In addition, we
have split up Fig. 4 into two figures (now Fig. 4-5) to make the section easier to understand, and
added a more detailed explanation to the manuscript (section 3.4.1).

L272-273: “As we just argued in the previous paragraphs using the differences of the seasonalities
of MLD and upwelling in the Peruvian.” Connect this sentence to the next one?

R: Corrected (L309-311).

The discussion on the impact of global warming is a bit frustrating since it is only based on the
implication of a reduced mixed-layer depth in the future. It could be extended to the expected changes
in the tendency terms discussed in the paper.

R: We agree that extending the expected changes to other tendency terms we discussed in the pa-
per would be nice. We have expanded the impact of global warming in the last paragraph of the
section conclusions and potential implications (L379-392).

Figure C4: “The correlation coefficient (R2=0.81) is shown for the decline phase” the correlation
uses only 5 points so it is certainly associated to a low level of confidence?

R: In this case, we specifically selected the five points of the decline phase to address the role of
advection during the phase that constitutes the seasonal paradox. As evident from Fig. C4, the
intensity of upwelling appears not to be the key driver of phytoplankton advection throughout the
year (the magnitude of the concentration of phytoplankton biomass in the MLD plays a role as
well). However, there is a rather strong correlation from April to August during the decline phase
that we focus on. In summary, we would like to highlight that upwelling and advection are cor-
related specifically in the decline phase, which is why we used only these five months for the cor-
relation. To avoid confusion in comparison to correlations that we show in other figures, we have
marked in the manuscript and noted in the figure captions what time periods we used in each of
the figures to calculate the correlations over.
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