
Response to referee 2 
 
General comments: 

In their study „Equatorial wave diagnosis for the Atlantic Nino in 2019 with an ocean 
reanalysis“, the authors use output from the CMEMS GLORYS12V1 reanalysis 
product to which they apply a wave energy flux scheme to study equatorial wave 
propagation during the 2019 Atlantic Nino event. The authors find that both 
equatorial Kelvin waves (locally forced) and off-equatorial Rossby waves (reflecting 
into equatorial Kelvin waves at the western boundary) contributed to triggering the 
Atlantic Nino in late 2019. Their diagnostic tool allows for modal decomposition 
showing that third and fourth baroclinic mode Kelvin waves are locally forced, while 
the second baroclinic mode Kelvin wave was remotely forced by off-equatorial 
Rossby waves. The authors suggest to apply this wave energy flux scheme to real-
time data in order to better predict Atlantic Nino events. 

This study examines an important research topic and advocate (rightfully) that a 
more skillful prediction of extreme events like the 2019 Atlantic Ninos is needed. The 
results are interesting and potentially helpful for a better understanding of which 
waves are at play during Atlantic Nino. However, several questions remain. Most 
importantly, the study is missing a validation of the reanalysis product with 
observations. Further, even though the authors motivate their study with the need for 
a better prediction of Atlantic Nino, it remains unclear how the presented study might 
be helpful in doing so. Lastly, a more thorough discussion with recent studies would 
be helpful to highlight the new findings of this study. 

I am listing my comments and suggestions below. Based on these, I recommend 
major revisions of the manuscript before publication. 

Major comments: 

A potential weakness of the presented analysis is the use of reanalysis data on the 
equator without providing any validation with observations. Most ocean reanalysis 
products have been found to underestimate observed velocity variability on the 
equator (see e.g., Tuchen et al., 2022a). How is GLORYS12V1 handling this issue? A 
comparison of equatorial velocity from GLORYS12V1 with observations from PIRATA 
buoys would be a meaningful assessment of the reanalysis’ capability of reproducing 
realistic velocity signals in the tropical Atlantic Ocean. Potential data sets of velocity 
are provided at 0°, 23°W (Tuchen et al., 2022b), at 0°, 10°W (Brandt et al., 2021) or at 
4°N, 23°W (Perez et al., 2019). Additional, but possibly shorter, timeseries are 
available at other PIRATA sites: https://www.pmel.noaa.gov/tao/drupal/disdel/. 
 
Thank you very much. We fully understand the referee’s concern about the quality of reanalysis 
dataset. However, those assessments have already been done by the  CMEMS team. In their 
paper and quality information documents (LelloucheJean-Michel 2021 ;Marie Drévillon et al. 
2022), they have compared the GLORYS12 dataset with the in-situ observations including the 
PIRATA and TAO buoys. Both the surface velocity and velocity profiles are validated. The 
mean correlation between the reanalysis data and observations at (23oW, 0oE) over the whole 



velocity profiles is around 0.6. In the mixed layer, the RMSE is around 0.1 m/s where the 
correlation exceeds 0.7.  From the report by Marie Drévillon et al. 2022, we found that the 
GLORYS12 dataset does slightly underestimate the zonal velocity variability by around 5%-10% 
in the mixed layer from 15m-80m at (23oW, 0oE). Marie Drévillon et al. (2022) have described 
the assimilation scheme and listed the TS and SSH data assimilated to produce the GLORYS12 
in detail. The velocity observations were only used for validation in the dataset. We will not go 
deep into the dataset validation which exceeds the scope of this study, instead we have given a 
short description about the quality of GLORYS12  in the Section 2 (line 67-72) and put the 
(Marie Drévillon et al. 2022)  as the reference for readers to check. 
 
Jean-Michel, Lellouche, et al. "The Copernicus global 1/12 oceanic and sea ice GLORYS12 reanalysis." 
Frontiers in Earth Science 9 (2021): 698876 

Marie, D., Jean-Michel, L., Charly, R., Gilles, G., Clément, B., Olga, H., and Romain, B.-B. “ Quality 
information document for Global Ocean Reanalysis Products GLOBAL_REANALYSIS_PHY_001_030.” 
(2022) 

 
 
Lines 153-165: The comparison between theoretical Kelvin wave and Rossby wave 
propagation with the observed AGC flux (Fig. 8) is not very convincing. There is 
hardly any westward propagation visible in all four modes that would fit to theoretical 
Rossby wave propagation. There is better evidence for Kelvin wave propagation, but 
I think the authors have to clearly address and discuss this shortcoming which is not 
done in this paragraph. 
The authors motivate their study by mentioning an “early warning system” that is 
needed for a better prediction of such extreme warm events. It would be meaningful if 
the authors pick up this motivation and further evaluate and discuss how their study 
is helping to achieve this goal. What is the potential on more skillful predictability of 
Atlantic Nino events when using the AGC scheme and real-time data or reanalysis 
output? 
  

Thank you for the comment. The local wave energy flux at one grid is determined by combining 
the flux from both Kelvin and Rossby waves. Thus, in climatological scenarios, the waveguide 
of Rossby wave is clear and agrees well with the theoretical group velocity (see the Figure 
below). However in Figure 8, when the climatological variability is excluded and high-
frequential Kelvin waves dominate, the low-frequential Rossby waveguide is obscured by 
subseasonal Kelvin waves.  We hence have clarified this in line 178-181  as “The RW waveguide 
is difficult to be identified in Figure 8. low-frequency RWs (normally annual or interannual) are 
likely to be obscured by subseasonal KW trains, since the local wave energy flux is calculated by 
combining the passing waves. Indeed, in the climatological scenario, RW trains are also 
prominent and can be easily detected.” 



 

XT diagram for AGC flux at the equator. Same as Figure 8 in the revised  manuscript but for the climatological wave 
signal. 

Regarding the motivation,  as we have mentioned in the introduction section, using the dynamics 
of equatorial waves to predict anomalous SST events was proposed by many studies (Imbol 
Koungue et al. 2017, 2019; Song et al. 2023 ). Wave energy can be transported from its origin to 
the concerned region in months following the group velocity of the corresponding vertical 
modes. Compared with the variation of geopotential and SLA, using wave energy flux to predict 
the event is more reasonable in dynamics and may have potentials for an extended leading time if 
the wave propagates from a remote region. Hence for the warning system, the essential technique 
is the diagnosis of waves in each mode. However even by using 1.5-layer ocean linear models to 
separately simulate equatorial waves in each mode, it is still difficult to diagnose waveguide. The 
deficiencies of linear ocean models are also obvious: only constant wave speed is allowed and 
their results crucially depend on the projection of wind anomaly into the corresponding mode. 
This study attempted to employ the reanalysis dataset in the AGC scheme hence contributed to 
freeing the diagnosis of waveguide from the ocean linear model so that the warning system based 
on equatorial waveguide could be promoted. We have added statements in the Summary section 
(line 246-255) for highlighting our motivations and contributions in the research context.  

 
Imbol Koungue, Rodrigue Anicet, Serena Illig, and Mathieu Rouault. "Role of interannual K elvin wave 
propagations in the equatorial A tlantic on the A ngola B enguela C urrent system." Journal of 
Geophysical Research: Oceans 122.6 (2017): 4685-4703. 

Imbol Koungue, Rodrigue Anicet, et al. "Benguela Niños and Benguela Niñas in forced ocean simulation 
from 1958 to 2015." Journal of Geophysical Research: Oceans 124.8 (2019): 5923-5951. 



Song, Qingyang, Hidenori Aiki, and Youmin Tang. "The role of equatorially forced waves in triggering 
Benguela Niño/Niña as investigated by an energy flux diagnosis." Journal of Geophysical Research: 
Oceans (2023): e2022JC019272.         
    

Minor points: 

• 1. Analogously to velocity (major comment 1), how do estimates of vertical N 
profiles compare to observations? Errors in N would directly propagate into 
errors of gravity wave speed and y(n). 

Thank you for the comment. Indeed, the vertical N derived from the density profile is crucial for 
decomposition of the equatorial waves. Also, Marie Drévillon et al. (2022) has already evaluated 
the quality of TS data  in the information documents of GLORYS12.  In their report, along the 
equator in the Atlantic Ocean, temperature/salinity profiles of GLORYS12V1 are consistent with 
the observation (RMSE generally smaller than 0.4°C/0.3 psu in the water column). What should 
be pointed out here is that compared with the earlier version of GLORYS12 data, 
GLORYS12V1 has assimilated seasonal in-situ T-S profiles. Certainly, in the revised 
manuscript, those data qualities have been briefly given in the data section for clarification (line 
68-69).  
 
 

• 2. Several sentences are hard to follow and require revision and rephrasing. 
Some of these sentences are mentioned in the specific comments, but I 
encourage the authors to carefully go through the manuscript again and to 
clarify those statements. 

•  
• 3. A number of important statements and sentences are missing references. 

For some of these statements the authors provide no references at all, while 
some require additional references or the correct references (see below for 
more detailed comments). This will help to better outline the new insights 
from this study by clarifying which statements are based on previous 
studies and which are based on the authors’ new results. 

Thank you for the comments. We have proofread the whole manuscript to improve the language 
and correct the technical errors. All the detailed technical comments below have been addressed 
and the modifications of the manuscript are all marked as red font. 

• 4. Figure 6b: I find this a nice figure. It nicely shows where off-equatorial 
Rossby waves are excited that will then reflect at the western boundary into 
equatorial Kelvin waves. However, I am wondering if these figures would 
look different if considering seasonally averaged anomalies instead of 
annually averaged climatologies (Fig. 6) and anomalies (Fig. 7)? This could 
potentially better highlight the dynamics of the 2019 Atlantic Nino event in 
Fig. 7. 

Thank you for the comment. We have calculated the seasonally averaged energy flux over Sep., 
Oct. and Nov.  which is the onset season for the 2019 event shown as below (Fig.10 in the 
revised manuscript). Indeed, the figure has presented a different horizontal distribution of energy 
flux from the annual one, giving a better demonstration for the energy sources for the event. For 



the second mode (Fig. 10b), we have found that the energy flux originated from the western 
boundary is not excited by local forcing in the western basin (see the mismatch between the wind 
anomaly and the flux origin). Additionally, westward energy flux by reflected Rossby waves is 
found in the eastern basin suggesting that a strong Kelvin wave is excited in summer for the 
second mode (in agreement with Fig. 9b). Correspondingly, for the third mode, also different 
from the annual flux in Fig. 7c where the easterward flux dominates the whole basin, Fig. 10c 
has revealed the locally forced Kelvin waveguide which originates from the central basin 
(around 15oW) and transfers the energy to the eastern basin in the event season. The detailed 
description has been added in the revised manuscript (line 208-217). 

 
Seasonal mean zonal energy flux and wind stress anomaly averaged over Sep., Oct., and Nov. (Figure 10 in the 
revised manuscript).  Color shadings are the zonal energy flux. Contours are the zonal wind stress anomaly with the 
interval of 0.002 N/m2.  

 
 
 

• 5. Figure 9: If there is local forcing of the third and fourth mode between 20°W 
and 0° in the ATL3 region, it would be interesting to examine where exactly 
these modes are excited. Could the authors examine the spatial origin of 
these modes and discuss what is forcing them? 

Thank you for the comment. As we have mentioned in the minor comment 4, In the new Fig. 10, 
we have depicted the horizontal distribution of wave energy flux as well as the zonal wind 
anomaly in the event season (Sep., Oct. and Nov.) to illustrate the source region for waves in 
each mode. Additionally, in Figure 8 (below), we have also added the zonal wind anomaly as 
contours in the XT diagram for comparisons with the waveguide. By checking the wind 
anomaly, the discrepancy of wave energy source between the 2nd and 3rd/4th modes is 
notable.  That is, high-mode waves (in the third and fourth mode shown as Figure 8 and 10) are 
strongly associated with the locally equatorial forcing, but the second-mode waves is more 
possible to be affected by off-equatorial waves (see the strong westward wave energy flux from 



the off-equatorial region and the mismatch between the wind anomaly peak and the wave energy 
source in Figure 10b). The detailed description and analysis for those updated figures have also 
been given in the revised manuscript.  The detail can be found in line (172-175) for Fig. 8 and 
line (208-217) for Fig. 10 of the revised manuscript. 

 

Figure 8 in the revised manuscript. Contours are the zonal wind stress anomaly with the interval of 0.002 N/m2. 

Technical corrections and minor comments: 

Thank you for the careful review. All the technical corrections have been addressed in the 
revised manuscript. Some minor comments may still require a response, which we then have 
listed in the following. 

 
• Lines 14-16: There are several mechanisms that can trigger Atlantic Nino 

events (Luebbecke et al., 2018; Valles-Casanova et al., 2020) with the 
Bjerknes feedback being of one them. 

            Thank you for the comment.  We admit that regarding the onset of the Atlantic Niños, 
there are several mechanisms exerting their influence, e. g. the Atlantic Meridional Mode and 
ENSO can modulate the event, and the variability of equatorial deep jet may serve as another 
energy source for the SST anomaly in the eastern Atlantic basin. However, none of them can 
individually trigger the Atlantic Niños without Bjerknes feedback. Including the studies by 
Luebbecke et al. (2018) and Valles-Casanova et al. (2020), those mechanisms were just 
introduced to provide the supplementary for the Bjerknes feedback to explain the diversity of the 
events. 



• Line 15: “eastern” instead of “east”. 
• Line 20: I believe Prigent et al. (2020) is the correct reference here, instead of 

Crespo et al. (2022), for showing the reduction of interannual SST variability 
since 2000. The study of Crespo et al. (2022) focuses on projected changes 
of Atlantic Nino variability in CMIP6 models. 

• Line 27: What exactly do the authors mean by “warning system”? 
• Line 30: Remove “in” before “(Richter et al., 2022)”. 
• Lines 31-32: Please add a reference for this statement. 
• Lines 37-38: What do the authors mean with vertical wave energy transfer that 

takes one month to reach the surface? Wind-forced KWs/RWs are excited at 
the surface and would transfer energy downward. Are the authors implying a 
wave forcing mechanism in the deep ocean? 

• Line 39: “an” instead of “a”. 
• Line 44: “scheme” instead of “schemes”. 
• Line 45: “is” instead of “are”. 
• Line 80: Following the authors’ notation, would it not be consequent to also 

denote the sea level anomaly with a prime? h’ instead of h? 
• Line 81: “sides” instead of “side”. 
• Line 94: “an offset term” instead of “a offset term”. 
• Line 97: Do the authors mean “through” instead of “though”? 
• Lines 101-103: A reference like Cane & Moore (1981) or Brandt et al. (2016) is 

needed here. 
• Lines 103-105: This sentence is hard to understand and needs rephrasing. 
• Line 109: “includes” instead of “include”. 
• Line 109: What is meant here with instability waves? 
•  
• Lines 109-121: The results on climatological geopotential in Figure 3 are 

hardly described at all in this paragraph. A more detailed description of the 
results would be helpful. 

Thank you for the comment. We have rewritten the whole paragraph  (line 116-128) for more 
detailed description. 

•  
• Lines 113-115, lines 118-121: Again, these sentences are hard to follow. Please 

rephrase. 
• Line 122: What is meant here with “features”? It would help to be more precise 

and to avoid such terms. 
• Line 123: “are” instead of “is”. 
• Line 124: Better “deepening” than “drop”. 
• Lines 124-127, lines 133-134: Meridional velocity seems very noisy and at very 

low levels (0.8 cm/s). I don’t understand how the authors see/conclude sign-
alternating behavior along the equator? The conclusion of mixed Rossby-
Gravity waves in this discussion is rather speculative and not really based 
on the presented results. Either the authors should provide clearer evidence 
or consider removing this part. 

Thank you for the comment.  We can get the conclusion from the figure below, of which the 
color shading clearly demonstrates the sign-alternating behavior of the meridional velocity.  We 



understood that the contour in Fig. 5 is not as explicit as the color shading, however it did not 
violate the conclusion and we do not want to add extra figures for just presenting the meridional 
velocity, which is not really related to our main point.  

 
                             XT-diagram of meridional velocity anomaly at the equator in 2019. 

• Line 127: Gravity waves instead of inertial waves on the equator? 
• Line 129: Add a bracket after “see Figure 5”. 
•  
• Line 141: Please be more precise. Where do the authors see strong eastward 

energy flux in Fig. 6a? It is north and south of the equator in the western 
basin and to a lesser degree on the equator in the eastern basin. 

Thank you for the comment.  The “strong eastward energy flux” here is relative to the results 
from (Song and Aiki, 2020).  We agree that this sentence may cause confusion. 
Hence we have already revised it as “There is eastward energy flux that originates from the 
western boundary almost passing through the whole basin in the first mode (see Figure 6a). This 
eastward energy flux in the eastern basin and its connection with western boundary have not 
been seen in the research with linear ocean models” （line 149-151）.  

 
Song, Qingyang, and Hidenori Aiki. "The climatological horizontal pattern of energy flux in the tropical 
Atlantic as identified by a unified diagnosis for Rossby and Kelvin waves." Journal of Geophysical 
Research: Oceans 125.2 (2020): e2019JC015407. 

• Line 161: Remove one “the”. 
• Lines 161-162: “likely eliminates” instead of “is likely eliminate”. 
• Line 162: “occurrence” instead of “occur”. 
• Line 176: “locally” instead of “local”. 
• Lines 180-181: I don’t understand why the authors say that the westward 

energy flux at S1 for the second mode peaks in September? Figure 9b 
shows maximum westward energy flux at S1 in January, February and 
June? 



Thank you for the comment. The local flux in Fig. 9 is determined by both the Kelvin and 
Rossby waves passing the transaction. Therefore, to explain the flux variation in S2, we should 
go back to Fig. 8 to check the energy transfer route. In Fig. 8b, it is found that Kelvin waves are 
holding from the boreal summer, meanwhile  in late June, a strong Rossby wave is just 
approaching S2 bringing the negative (westward) flux to pass S2 in Fig. 9b. In this sense, the 
reflected Kelvin waves by off-equatorial waves passing S1may indeed cause positive (eastward) 
flux in S2 from summer, however it is balanced by the negative (westward) flux of equatorial 
Rossby waves until Sep..  But we agree that the original sentence can cause confusion. Hence we 
have revised this sentence as “Moreover, in the second mode, the eastward energy flux peaks in 
around Oct. on S2 just after strong westward energy flux passing the off-equatorial transection 
S1 from Jun. to Oct., which may suggest a wave energy transfer route that sequentially passes 
S1, S2 and S3 to influence the ATL3 region. It hence illustrates the influence of the wave energy 
from off-equatorial regions on the Atlantic Niño in 2019 to some extent.” (line 197-200 of the 
revised manuscript). 

• Line 186: “recently” instead of “recent”. 
• Lines 188-190: Figure 4 shows that BCM4 is fairly low and close to zero during 

the 2019 Atlantic Nino event? 
• Line 192: “propagation” instead of “travelling”. 
• Line 195: Figure 6a does not show such a pronounced westward energy flux 

as Figure 6b. How do the authors conclude that both modes are affecting 
westward Rossby waves? 

Thank you for the comment. We agree that  Figure 6a was not as evident as Figure 6b to show 
the westward energy flux. However the conclusion we got is not merely from Figure 6a, indeed 
we also checked Figure 9 where the westward energy flux passing S1 in the first mode is as 
strong as in the second mode (see Figure 9 a&b). On the other hand, since the first-mode 
equatorial wave has a longer Rossby deformation radius, its influenced latitude range is also 
extended. Hence, in Figure 6a, we should also focus on the westward flux in the latitude higher 
than 10oN rather than the flux only between 0-10oN as the second mode in Figure 6b. We have 
already indicated all the related figures in this sentence and additionally given a short 
explanation for Figure 6a in the related paragraph as “Thus we found a broader latitude coverage 
of westward energy flux in lower modes which may suggest the possible off-equatorial RWs (e.g. 
the westward energy flux within 15o in the north for the first mode and within 10o for the second 
mode)” (line 147-149 ) for clarification. 

• Line 199: “demonstrate” instead of “demonstrated”. 
• Lines 199-202: Another sentence that is very hard to follow. Please rephrase. 
• Line 202: “research” instead of “researches”. 
• Line 213: This statement requires a reference. Which study concludes that 

equatorial waves provide great potential to predict Atlantic Ninos? 
• Figure 2 caption: Remove one “by” in the second line. 
• Figure 4: Please add a label to the y axis.  

Thank you for the comment. Values for all the variables shown in Figure 4 are indeed 
normalized (see the caption), therefore those variables are dimensionless.  In this sense, 
“variation” might be a proper y-label and has been added in the updated figure.  
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