
Dear Dr. Zuo Xue, 

Thank you for giving us the opportunity to submit a revised draft of our manuscript. We 
appreciate the effort that you have dedicated to providing this valuable feedback.

Reviewer : Overall, I only have one suggestion-since the authors argue that the winter total PP is 
correlated not only eddy activity but also vertical mixing and the interaction between wind and the 
LCEs, why not carry out some sensitivity tests by manipulating the strength of wind-induced mixing in 
winter to support such hypothesis?

Authors : We understand that your main concern regards the sensitivity of the primary production 
response to mixing within the LCE core. In a sense, this is what we did in the manuscript at the 
seasonal scale showing that the increase mixing in winter is associated with the increase in primary 
production. This is coherent with the seasonal and mesoscale focus of the study. For finer details, we 
could, following your suggestion, carry out a set of numerical runs with varying atmospheric forcing 
and/or mixing parametrization and look at the primary production response. However, this approach 
would be pretty heavy to implement since it would require several additional simulations over periods 
of time long enough to build robust LCE composites. It would also take out this study from its realistic 
context. 

To derive this suggestion using the simulation described in the manuscript, we can argue that 
mixing presents significant variations on time scales ranging from one day to one week. Thus we can 
look at the [CHL] response to these variations within LCEs. This requires abandoning the methodology
based on the seasonal composite analysis followed in the manuscript to adopt the Lagrangian point of 
view of each individual LCE. Figure R1 shows the time-series of surface density and chlorophyll 
concentration in the center of one LCE. A surface density increase can be interpreted as a proxy for 
mixing. It is clear that [CHL] shows variations at high frequency and there is indeed a correlation 
between mixing and a chlorophyll increase at high frequency in winter (yellow band). It is however not
as robust as at seasonal scale since other drivers might become important at higher frequencies. 
Moreover, 5-day average outputs constitute probably an important limitation to study high-frequency 
processes. 

Given these limitations, we agree with the reviewer that proper sensitivity test involving a set of
new simulations would be helpful. However, we believe that expanding our dataset is hardly feasible, 
given the costs involved and would not significantly support our argument given the seasonal focus of 
the study. In order to address this comment and evidence the role of mixing on primary production in 
the LCE core, we added further details in section IV.3 (lines 439-443) and in the conclusion section 
(lines 558-561)

Following is a point-by-point response to the reviewer’ minor suggestions. The spelling and 
grammatical suggestions provided were incorporated. We have highlighted the changes within the 
manuscript.

Reviewer : Line 105, details about the boundary and atmospheric forcing is needed, as well as rivers, 
although similar to Damien et al. 2018
Authors : More details and references were added (lines 105-107). 

R: Line 205, what does “zonal” mean here?
A : Zonal here means “along latitudes”. We rephrased using “westward” to avoid confusion. 

R: 208-212, here you mean the model results, so try not to use “images”



A : We used “model outputs” instead (lines 216-222). 

R: Line 279-287 & Figure 6. Winter should be DJF and summer should be JJA, right?
A : We choose to define the composite averaged over the months of January and February as “Winter” 
and the one averaged over “July and August” as “Summer” (c.f. lines 145-147). 

R: Line 323-328, very good figure 8. needs more words for the salinity as well
A : Salinity is discussed in the discussion section IV.1 dealing with eddy-trapping mechanism

Figure R1 : time-series of (upper panel) surface density and vertically integrated chlorophyll, and
(lower panel) chlorophyll profile (in mgCHL.m-3) at the center of an individual LCE. Black 
contours refer to density anomaly and the x-axis is labeled in months.  

R: Line 363, what is an eroded salinity maximum?
A: “Eroded” was used here as a metaphoric synonym for “diffused”. We rephrased it as “lower salinity 
maximum” (line 374)

We would like to thank the referee again for taking the time to review our manuscript.
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Dear Referee, 

Thank you for taking the time to assess our manuscript. We appreciate the effort that you have 
dedicated to provide your valuable feedback and insightful comments. We address the concerns that 
you raised in this response. We have been able to incorporate changes to reflect most of your 
suggestions highlighting them within the manuscript.

Reviewer : First, given that the winter increase of chlorophyll within the core of LCEs cannot be 
detected from the surface, I am concerned with the model performance of biological properties below 
the surface. The authors mention in the introduction that they will pay particular attention to the 
validation of eddy structures and surface chlorophyll. However, I would suggest more validation of 
subsurface biological properties inside and/or outside the LCEs. As I know, there are six autonomous 
floats which were deployed from 2010 to 2015 in the Gulf of Mexico. The authors can use these float 
measurements to do some model-data comparisons as they did in their previous paper (Damien et al., 
2018) and to support their main conclusion, i.e. the positive anomaly of winter chltot within the core of
LCEs. From my standpoint, this is necessary. For instance, model results show the nearly 
monotonically decreasing patterns of chlorophyll along the vertical direction in winter (Figure 6), 
which contrasts with the summer patterns with a distinct deep chlorophyll maximum (DCM). The 
winter chltot is higher because of the deeper inflection pointand homogenized layer within the core of 
LCEs. However, based on the in-situ observations collected from autonomous floats in the Gulf of 
Mexico, the DCM is distinct throughout the whole year with the depth around 70-100m (Fommervault 
et al., 2017; Green et al., 2014). Model validation results (Figure 3 in Damien et al. (2018)) also show 
that this coupled model fails to reproduce the observed DCM in the winter. This could be a result of 
using suboptimal values of key biological parameters. Due to this model’s weakness, the authors 
should be more careful about their results. Is it possible that the vertical profiles of chlorophyll respond
to the LCEs in a similar way as they do in the summer, e.g., the deeper DCM and lower chltot? The 
authors should justify whether this model deficiency will change their main conclusions.

Authors: This concern regarding the model performance below the surface is valid and important. 
Indeed, validation is a crucial step of modeling studies that pretend to simulate realistic conditions. We 
carried out an extensive validation of the modeled properties in a previous paper (Damien et al., 2018), 
focusing on properties that are known to influence primary production and chlorophyll concentration: 
mixed layer depth (appendix B of Damien et al., 2018) and the depth and slope of the nutricline 
(appendix D of Damien et al., 2018). A novel aspect was to use in-situ observations collected from 
autonomous floats and published in Green et al. (2014) and  Fommervault et al. (2017) to validate not 
only the modeled surface chlorophyll concentration but also the chlorophyll vertical profile in the Gulf 
of Mexico.  To be able to reproduce it correctly, the parameters of the biogeochemical model were 
largely tuned (Appendix C of Damien et al., 2018) compared to the ones suitable for global simulations
(Aumont et al., 2015).  Based on Figure 3 in Damien et al. (2018), you raise doubts regarding the 
ability of the coupled model to reproduce the chlorophyll profile, particularly in winter. It is true that 
the mean winter chlorophyll profile presents a DCM, although it is much less remarkable that in the 
other months of the year. However, the variability associated with this average profile is very large. 
Looking at individual profiles during winter (Fig. 3 in Fommervault et al. (2017)), it results from well-
mixed profiles in which no DCM can be observed (e.g in December 2013 in Argo float number 3 and 
6) and profiles presenting a DCM (e.g December 2012 in float 4). These “stratified” profiles let a DCM
footprint on the average profile observed in winter. It is likely that the relatively coarse model 
resolution fails in reproducing a variability as intense as observed in winter. It is also likely that it 
would underestimate restratifiying processes of the upper layer that would favor profiles presenting a 
DCM. Moreover, the northern, and more specifically the northeastern, region of the GoM is 



undersampled by the Argo floats while it is where more chlorophyll monotonically decreasing profile 
are likely to be observed (Damien et al., 2018). Having said that, and beside the bias in the shape of the
chlorophyll profile in winter, the vertically integrated chlorophyll content and its low seasonal 
variability compare nicely. Thus, in Damien et al. (2018), we demonstrate the ability of the coupled 
physical-biogeochemical model to reproduce the main observed features of the GoM, at least at a basin 
and seasonal scale which was the main scope of  Damien et al., 2018. In the revised version, section 
II.1 has been expanded (lines 109-118) in order to address this concern. 

 Regarding the mesoscale scope of the manuscript you revised, an additional validation of 
biological properties at mesoscale were required and we propose comparison with surface chlorophyll 
inferred form satellite (Fig. 1 and 2). We point it more clearly in the revised version (lines 293-294).  
We also paid attention to the dynamical structure of the modeled LCEs (Fig. 2), which give us 
confidence regarding the modeling mixed layer and the nutricline in LCEs. In the manuscript, we show 
that the chlorophyll content increase in winter is associated only with the LCE core (radius<50km, Fig. 
7). However, validating the chlorophyll vertical structure within the LCE core is difficult due to the 
lack of in-situ data. Meunier et al. (2018) show that the LCEs’ core is associated with a strong negative 
potential density anomaly with the isopycnal 1026 kg.m-3 reaching at least 300m depth within the core. 
In the BioArgo float data, this condition is reached only once, between September and November 2015 
for float number 4 (Fig. 3 in Fommervault et al. (2017)). This event is not in winter and not associated 
with a remarkable signal in integrated chlorophyll content (Fig. 4 in Fommervault et al. (2017)).   

We acknowledge that modeled vertical profiles of chlorophyll within LCEs can present some 
biases. However, due to the extensive model validation we carried out in a previous study and the 
validation of the subsurface biogeochemical properties presented in this manuscript, we are confident 
that the seasonal variability of the integrated content of chlorophyll is realistic. Moreover, this behavior
associated with anticyclonic mesoscale eddies in oligotrophic environments is not observed for the first
time and has been reported in the literature (Dufois et al., 2016 for example).  

Having said that, we thank you for pointing out this limitation and, even if we are confident 
with the model’s results, we agree that the manuscript needed to put more the results in perspective of 
the modeling framework and associated inherent biases.  Therefore, we added the following in the 
conclusion of the new version:  “ GOLFO12-PISCES provides numerical results which were largely 
confronted to observations. This extensive validation gives confidence about its ability to produce 
realistic seasonal and mesoscale variability of biogeochemical tracers at surface and sub-surface, in 
particular the one associated with LCEs. However, biases are inherent to model and these results 
exposed in this study would require confirmation by sub-surface in-situ measurements within the core 
of LCEs.” (lines 536-540). 

Reviewer : Second, some topics are not discussed comprehensively, making it look like a half-cooked 
product. For instance, the authors use salinity as a tracer to explain the eddy trapping mechanism. I 
really like it. However, there is no further discussion on its roles in the biological properties. Is the 
eddy trapping mechanism important for the positive anomalies in the core of winter LCEs? Is the 
positive anomaly produced locally within the LCEs or trapped from their original places during the 
eddies’ formation? Based on the model results (Figure 8b, also 19 Line 323-328), the preferential 
increase of chltot within the winter LCEs is not observed before shedding and little differences in chltot
exist between the eddy center and background waters, which seems to support that the positive 
anomaly is produced locally. However, this behavior is largely determined by the poorly constrained 



open boundary conditions. Therefore, I would suggest the authors to complete this discussion based on 
their model results and float profiling observations.

Authors : The second main point you address relates with unclear or limited elements in the 
discussion. Starting with the eddy trapping mechanism, we indeed use salinity to evidence the trapping 
mechanism. We agree that its role in the biological properties is not expressed clearly. In fact, the eddy 
trapping mechanism implies that the winter [CHL]tot increase has to be driven by local processes. We 
thank the reviewer for pointing that this important statement, wich is a milestone in the discussion, was 
missing. We added to the revised manuscript: “Since no significant [CHL]tot seasonal variability is 
reported in the Western Caribbean Sea (Fig. 8), the biogeochemical behavior in the LCEs core has then 
to be driven by local processes with low influence of horizontal advective process from the ring or of 
the Caribbean waters trapped during the LCEs formation.” (lines 383-386). 
The problem of open boundary conditions and how they may drive the model results is unfortunately 
an inescapable issue of regional modeling studies. However, their influence can be limited considering 
several precaution followed in this study. First, the study focus on a region relatively distant from the 
boundaries, especially the ones located upstream in the Caribbean Sea, so that the model can developed
its own dynamic and biogeochemical cycles. Then, a particular attention was paid to the condition 
applied at these boundaries. In our case, we fitted the vertical distribution from the World Ocean Atlas 
observation database or the global standard configuration ORCA2 at the boundary location to the 
density profile applied (Damien et al., 2018). This method was proved to produce nutrient 
concentrations inside the Gulf of Mexico in good agreement with observations (see Annexe D of 
Damien et al., 2018). 

Reviewer : Another example is in Section IV.4. The authors suggest that in the summer, the Ekman 
pumping within the LCEs can provide additional NO3 to sustain a comparable level of new primary 
productivity with the background waters. However, they don’t explain the lower values of regenerated 
primary productivity, which determines the negative anomalies of chltot within the eddy. Which 
mesoscale mechanism is responsible? Why the new and regenerated primary productivity respond to 
the LCEs differently?

Authors : With respect to the different components of primary production in summer, we indeed focus 
on the new primary production in section IV.4 since we found very interesting that it has similar rates 
in the LCEs core andin the GoM background while nitrate are found much deeper. Thank you for 
pointing that we did not provide any explanation for the lower value of regenerated primary production.
We observe that the grazing rate is lower inside the LCE compared to the GoM background during 
summer (Fig. 9. c.d.). Since grazing is known to be a major source of recycled nutrients in the euphotic 
zone (Sherr and Sherr, 2002), it explains the lower regenerated primary production.  We can also add 
that production of organic matter occurs in a deeper layer within the LCEs core compared to the 
background GoM (Fig. B1,e,f). It is then more likely exported out of the euphotic layer in the form of 
settling particle, leading to lower remineralization rates in the upper layers and less available NH4 to 
feed regenerated production. We have accordingly updated the first paragraph of section IV.4 to reflect  
this point (lines 463-468).

Here follows a point-by-point response to the specific comments :

Reviewer : P7 Line 127-128: Could the authors explain more explicitly why a shallow detection depth 
can maximize the accuracy?



Authors : Applying the algorithm where velocities have larger magnitude usually facilitate the 
detection and tracking since vorticity tends to be more intense too. Having said that, this detail is 
probably not important and we have removed it from the revised manuscript. 

R : P9 Line 162: The authors seem to mix up the chlorophyll anomaly (in unit of mg m-3) and its
normalized one (unitless). Based on their definition of normalized chlorophyll anomaly [CHL]’, it
should be unitless. However, they use chlorophyll anomaly almost throughout the whole
manuscript without any definition (e.g. P11-12 Line195-200, Figure 7a, b). 
A : This observation is correct and we thank you for pointing this out. We use the chlorophyll anomaly 
almost through the whole manuscript and we hence provide its definition (lines 170-171). We used the 
normalized anomaly to perform the EOF analysis. We clarify this in the revised manuscript to avoid 
any confusion (line 321 and caption of figure 7). 

R : P12 Line 213-215: I can’t see this paragraph because it is covered by the Figure 4
A : We apologize for this error. We fixed it in the revised manuscript.

R : P23 Line 386-387: What’s the definition of euphotic zone in this study. No figures show where
the euphotic zone is.
A : Thank you for pointing this out. We have added the depth of the euphotic layer in the GoM 
according to Jolliff et al. (2008) and confirmed by Linacre et al. (2019) from in-situ measurements (line
168). These references show that the depth of the euphotic layer reaches between 120 and 150 m and 
that the mixed layer in the Gulf of Mexico does not exceed the euphotic layer, even in winter, implying 
that new primary production responds directly to an increased upward nutrient flux triggered by winter 
mixing.  

R : P24 Figure 10. This figure is used to illustrate that in the winter of LCEs, the mixed layer is closer
to the nitracline. However, it shows the results in summer (please see the figure caption).
A : An important point is raised here. We argue in the manuscript that an important driver of the depth 
reached by the mixed layer is the stratification of the water column before the winter mixing (line 409).
A lower stratification in the pre-winter season, of which the summer columnar buoyancy as we define it
is a good metric, would imply a deeper mixing. As a consequence, it is appropriate to show the 
columnar buoyancy in summer to argue that the LCEs core is conditioned for deeper mixing in winter. 
We added in the caption of figure 10 the clarification that “summer” corresponds to the pre-winter 
mixing season. 

R : Section IV.3: This subsection is not discussion. It should be in Results section.
A : It is indeed true that this section provide substantial new results. However, since it is used to 
develop and discuss the biogeochemical driver of the chlorophyll variability (primary production and 
grazing), we  find more appropriate to keep this organization. 

R : Section IV.3: The grazing rate looks very important. What is the role of grazing rate in the positive
anomalies of chltot within the core of winter LCEs? This top-down perspective will be interesting.
A : We agree that this aspect is interesting to explore. 
The literature reports that the percentage of primary production grazed by microzooplankton varies 
between 50 and 77% (Calbet and Landry, 2004; Schmoker et al., 2013). An averaged 90% of the total 
growth consumed by grazers is indeed more important. However, PISCES model includes grazing by 
mesozooplankton (Aumont et al., 2015) which is still not well quantified.
Since the grazing rate shows a similar seasonal cycle and similar magnitudes relative to the primary 
production within the LCE core and in the GoM background, its role in the positive anomaly of 



chlorophyll is likely secondary compared to the primary production increase. However, the 
zooplankton increase (and the associated grazing) is not responding in a linear way with primary 
production. In February, the difference between primary production and grazing rate is larger in the 
core than in the GoM background (Fig. 9.c). It participates then in the larger net primary production 
and enhancing the phytoplankton concentration in the LCE core compared to the background. This top-
down perspective is actually interesting and discussed in a new paragraph at the end of section IV.3: 
“The pressure exerted by zooplankton grazers varies seasonally  (Fig 9.c .d). It shows a similar 
seasonal cycle in the LCEs core and in the background GoM. On average, ~ 90% of the total growth is 
consumed by grazers, reaching the highest impact in March, just one month after the peak season of the
PPtot in both areas. In February the difference between the primary production and the grazing rate is 
larger in the LCEs core than in the GoM background (Fig. 9.c), leading to an enhanced net primary 
production. Considering the ecosystem from a “top-down” perspective, the grazing rate also 
participates then in enhancing [CHL]tot within the LCEs core compared to the background.”

R : Section IV.4: It is unfair to compare the amplitude of annual averaged Ekman pumping with the
deepening rate of mixed layer in the winter. What’s the seasonal variability of the Ekman pumping?
A : We computed the time-series of the Ekman pumping estimated with the wind magnitude over the 
LCEs. Even if the wind shows larger magnitudes in winter, it is also associated with a large variability 
(de Velasco and Winant, 1996). As a consequence, the variability of Ekman pumping was also found 
large. We cannot identify a robust seasonal seasonal cycle which would allow to define a summer and a
winter Ekman pumping. However, we think that the scaling we propose remains pretty robust since 
there is a difference of one order magnitude between winter mixing and Ekman pumping. This is true 
even when we consider the pumping associated with a wind among the strongest observed in the GoM 
and occurring  in winter (about 7.5 m·s-1 usually due cold fronts, Passalacqua et al., 2016). In the 
revised version, we summarize this response (lines 508-513). 

R : P26 Line 449: Does this sentence mean that the vertical transport is a net effect of eddy pumping
(downwelling in the LCEs) and eddy-wind interaction (upwelling in the LCEs)?
A : We mean that these two mechanisms contribute to upwelling in the LCEs. During its formation and,
as the rotational velocities increase, the eddy pumping in anticyclone is directed downward. However, 
as an LCE detaches form the Loop Current, its rotational velocities tend to decay and eddy pumping is 
then directed upward (Flierl, G., & McGillicuddy, D. J., 2002). We mention this at lines (474-477).

R : P28 Line 470: Does it means 0.06±0.13 m/day, or from +0.06 to -0.13 mg/day?
A : The formulation we used is indeed very misleading and we apologize for this. We mean “range 
from  0.06 to 0.13”. We rephrased accordingly in the revised manuscript (lines 495-496). 

R : P28 Line 471-472: Can the authors refer to a figure which shows upwelling of isopycnals within
the LCEs
A : We remove the mention of isopycnals form this sentence to avoid misunderstandings and refer to 
Fig. 11 (line 497-498).  

R : P29 Line 97: As one of main conclusions, the authors never show anything about phytoplankton.
As they mentioned before, the changes of chlorophyll can be a result of either the real change of
phytoplankton or the photoacclimation. The authors should provide some results about the
phytoplankton.
A : We acknowledge the limitation of limitation of chlorophyll as a proxy for phytoplankton in the 
manuscript and provide in appendix A the chlorophyll over carbon ratio.



We would like to thank the referee again for taking the time to review our manuscript.
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