
We thank the anonymous reviewer for his/her constructive comments. We overall agree with the 

points raised, which have been considered in revising the manuscript. In the following, our 

responses to the reviewers are shown in blue italics. 

  



Reviewer #1 

The present study analyses the coastal upwelling regime at the eastern boundary of the South 

Atlantic. The focus is on multi-decadal variability of the wind forced total upwelling composed of 

coastal upwelling due to alongshore winds and wind-stress-curl-driven upwelling. The manuscript 

analyses a specific reanalysis dataset of the global climate, ERA5. This dataset is somehow 

validated against few other available datasets. Total upwelling and wind-curl-driven upwelling is 

found to be strongly related to the strength and position of the South Atlantic Anticyclone (SAA). 

Long-term trends identified in the ERA5 dataset are mostly weak, showing considerable 

heterogeneity, and have only a small signal-to-noise ratio due to enhanced interannual climate 

variability. My major concerns are: 

1) ERA5 is a reanalysis dataset that includes information about uncertainties for all variables. I 

think it would be necessary to evaluate this uncertainty with regard to possible trends. 

Particularly trends in the wind forcing are still highly uncertain and a clear description what are 

the uncertainties provided with the dataset is necessary. 

Response: We agree with the point raised by the reviewer about the data uncertainty in ERA5 

reanalysis. We addressed this comment as follows: 

 We have now compared the monthly, yearly, and 11-year running mean of ERA5 SLP with 

the observed SLP in St. Helena Island (see Figure S1). In addition, we computed the long-

term SLP trend in both SLPs, which are very small and at about -0.002 and 0.005 hPa/yr 

for the ERA5 and observation. 

 We computed the ERA5 and ASCAT meridional wind trend, the main contributor to 

alongshore wind-driven upwelling and WSCD upwelling. Results are shown in Fig. S6. 

 The observation-based data in the BUS is very sparse in time and space. Finding continuous 

and reliable records is a challenge. We found four WMO climate stations in Angola, 

Namibia, and South Africa, including Luanda, Benguela, Port Nolloth, and Cape Town, all 

located near the coast and typically a few 10 meters above the sea surface. We have now 

compared the monthly mean surface pressure from these stations and the SLP from the 

ERA5. The results are shown in Fig S2.  



We have now discussed above mentioned points in lines 155-178 “To examine the accuracy of 

ERA5 data over the BUS, we utilize several observations, including satellite-derived daily ASCAT 

surface winds covering 2007-2021 (Ricciardulli and Wentz, 2016), in situ SLP measurements in St. 

Helena Island (5.7°W-15.95°S) with a long-term record from 1893 to the present (Feistel et al., 

2003). We compare the observed and simulated fluctuations on monthly to decadal time scales. 

We also compare the long-term trends in the observations and the ERA5 reanalysis. Further, we 

qualitatively examine the ERA5 SLP by using the time series of observed surface pressure in several 

climate stations near the southwest African coast, including Luanda (13.25°E, 8.85°S), Benguela 

(13.42°E,12.58°S), Port Nolloth (16.87°E,29.23°S), and Cape Town (18.60°E,33.96°S). For a given 

weather regime, the SLP in a station represents the surface air pressure if the station was located 

at the altitude of global mean sea level. The elevation of the selected climate stations from the 

global mean sea level is typically less than 80 meters; therefore, it is reasonable to assume that 

the observed surface pressure closely follows the SLP time series. 

Consistent with a previous study (Belmonte Rivas and Stoffelen 2019), ERA5 for the southwest 

African coast agrees well with available observation-based data sets (Supplementary Info; Fig. S1-

6). For St. Helena Island, the time series of the monthly, yearly, and 11-year running SLP means 

obtained from ERA5 evolved very closely with those derived from the observation (Fig. S1). The 

time series of simulated and observed yearly mean SLPs display only marginal trends, which are 

about 0.0025 and -0.0056 hPa/year, respectively. The available time series of surface pressure 

observed at Luanda, Benguela, Port Nolloth, and Cape Town climate stations evolve closely with 

the EAR5 SLP (Fig. S2). However, the surface pressure time series for all stations is not continuous 

or sometimes appear to have offset accuracy issues (e.g., Benguela; see Fig. S2b), which do not 

allow the evaluation of long-term trends. The spatial pattern of the ERA5 and ASCAT meridional 

wind trends for 2008-2021 agree reasonably well (Fig. S6). Overall, meridional wind near the 

coastal area of the BUS underwent an upward trend over the last decade. The spatial structure of 

the trend in the model appears to be smooth relative to that derived from ASCAT wind. In addition, 

the wind intensification south of 30°S is pronounced in the ASCAT winds, whereas a relatively small 

trend is derived from ERA5 data.” 

”. 



2) There is a validation of the ERA5 dataset with respect to the satellite-derived ASCAT wind 

dataset and to sea level pressure in St. Helena. This validation focuses on short-term or seasonal 

variability. However, to strengthen to topic of the paper it would be important to look at the 

comparison of multi-decadal variability. How good do ERA5 represent long-term changes 

identified in ASCAT or St. Helena sea level pressure? 

Response: This is a valid point. We computed the long-term trend for both data sets and the 11-

year moving average for the St. Helena SLPs (please see Fig. S1 and S6). We have now discussed 

the results in the main text. Please see lines 167-179 “For St. Helena Island, the time series of the 

monthly, yearly, and 11-year running SLP means obtained from ERA5 evolved very closely with 

those derived from the observation (Fig. S1). The time series of simulated and observed yearly 

mean SLPs display only marginal trends, which are about 0.0025 and -0.0056 hPa/year, 

respectively. The available time series of surface pressure observed at Luanda, Benguela, Port 

Nolloth, and Cape Town climate stations evolve closely with the EAR5 SLP (Fig. S2). However, the 

surface pressure time series for all stations is not continuous or sometimes appear to have offset 

accuracy issues (e.g., Benguela; see Fig. S2b), which do not allow the evaluation of long-term 

trends. The spatial pattern of the ERA5 and ASCAT meridional wind trends for 2008-2021 agree 

reasonably well (Fig. S6). Overall, meridional wind near the coastal area of the BUS underwent an 

upward trend over the last decade. The spatial structure of the trend in the model appears to be 

smooth relative to that derived from ASCAT wind. In addition, the wind intensification south of 

30°S is pronounced in the ASCAT winds, whereas a relatively small trend is derived from ERA5 

data”. 

3) Inherent to the discussion in the manuscript is that long-term changes are associated with 

human-induced global warming and shorter-term (interannual to decadal) variability to internal 

variations of the climate system. This is an assumption that cannot be proven with the current 

dataset. I would suggest to more carefully discuss multi-decadal, decadal and interannual 

variability pointing to possible mechanisms that could be associated with internal climate 

variability or global warming. 

Response: We agree that our study neither proves nor denies the potential influences of 

anthropogenic global warming. We have carefully revisited our manuscript and avoided any 



definite statement about the changes due to internal variability or anthropogenic global warming. 

For example, please see lines 378-379 “If there is any tendency in the intensity and location of the 

SAA due to global warming, it is presumably too small to emerge from background climate 

fluctuations” and lines 490-494 “Overall, our results neither demonstrate nor rule out the potential 

impacts of anthropogenic global warming on the atmospheric drivers of upwelling in the BUS. A 

possible explanation is that a much longer time is likely required to detect the robust global 

warming signals in the wind-driven upwelling across the BUS”. 

We have now change the title of our manuscript to “Low confidence in multi-decadal trends of 

wind-driven upwelling across the Benguela Upwelling System”. 

This is an overall well-written manuscript that contribute to our understanding of the wind-driven 

upwelling, its variability and its long-term changes. It might be acceptable after revising the raised 

major and specific point. 

Specific points, comments and suggestions: 

Abstract: In the abstract should be mentioned that the study is based on ERA5 reanalysis. 

Response: We have mentioned ERA-5 in the abstract. Please see lines 9-10 “Using the European 

Centre for Medium-Range Weather Forecasts ERA5 reanalysis for 1979-2021, …”. 

L11: "cross-shore integral of wind-driven coastal upwelling": What is this? Do you mean coastal 

upwelling driven by alongshore winds?  The different upwelling terms must be clearly defined and 

understandable. Also L15: “integrated wind stress curl-driven and total upwelling”: again term is 

not well defined and there should be a simpler way to introduce the three terms: coastal 

upwelling driven by alongshore winds, wind stress curl driven upwelling in the near coastal band 

and total upwelling as the sum of both. 

Response: We have now rephrased the sentence as the reviewer recommended. Please see lines 

10-12 “we investigate multi-decadal changes of the South Atlantic Anticyclone and their impacts 

on coastal upwelling driven by alongshore winds, wind-stress-curl-driven upwelling closed to the 

coastal band and total upwelling as the sum of both across the Benguela Upwelling System”. 



L16: “more signatures” is unclear 

Response: As the reviewer suggested, we have deleted this part of the sentence and added a new 

sentence to make the abstract more understandable. Please see lines 17-19 “The upwelling in the 

equatorward portion of the Benguela Upwelling System is significantly affected by the anticyclone 

intensity. In contrast, the poleward portion is also influenced by the meridional position of the 

anticyclone. In general, the impacts of the anticyclone on the local upwelling are more robust 

during the austral winter”. 

L20: Sentence “However, …” implies that internal climate variability exists only on shorter 

timescales and that trends are necessarily due to other forcing. Would it be better to write “… 

can be obscured by interannual to decadal climate variability”? 

Response: We agreed. We have modified the sentence to (lines 20-21) “However, this trend 

features a small signal-to-noise ratio and can be obscured by interannual to decadal climate 

variability”.  

L28: These modes result … 

Response: Done. Please see line 29 “These modes result from”. 

L28: “nonlinear climate dynamics” Why nonlinear? There are many linear climate feedbacks. 

Maybe: coupled ocean-atmosphere dynamics. 

Response: That is a valid point. We have modified the sentence to (Lines 29-31) “These modes 

result from the interactions between different components of the Earth’s climate system (i.e., 

atmosphere, ocean, cryosphere, etc.) and modulate the ocean-atmosphere heat, mass, and 

momentum exchanges on the regional or even global scale”. 

L31: at the eastern margin 

Response: Corrected (Line 32).  



L37: “Farther offshore, …” brackets are not logical: divergence is associated with upward, 

convergence with downward velocity. I would suggest to remove the terms in the brackets. 

Response: We have now removed the brackets (Lines 38).  

L48: “Based on …”. There is a rich literature on the local and remote forcing of Benguela Niños 

and Niñas. This sentence do not reflect our current understanding of these anomalous coastal 

warm and cold events. 

Response: We have now explained the importance of remote and local influences in the onset and 

development of Benguela Niños. Please see lines 50-56: “Warm events are associated with the 

southward intrusion of low-oxygenated and nutrient-enriched equatorial waters with severe 

consequences for marine ecosystems. Anomalies in the local wind stress and associated coastal 

upwelling along the southwest African coast and the relaxation of trade winds over the western 

equatorial Atlantic, which excites Kelvin waves propagating eastward along the equator and 

thereafter southward along the west African coast, play central roles in the onset and 

development of the Benguela Niños (Shanon et al., 1986; Richter et al., 2010; Lubbecke et l., 2010). 

These wind anomalies are often associated with slowing down in the subtropical South Atlantic 

Anticyclone (SAA)”. 

L55: “equatorward part of the BUS” requires a definition, e.g. by a latitude range. 

Response: We have now mentioned the latitude range in lines 61-62 “From the northernmost part 

(~16°S) of the BUS to the north of Lüderitz (~27°S), …”. 

L58: “poleward portion”, same as before. Please provide a definition of the region. 

Response: We have now mentioned the latitude range of poleward portion of the BUS in line 64 

“From the south of Lüderitz (~27°S) to the southernmost part of the BUS (~33°S) …”. 

L59-61: At least there is some uncertainty about the role of southward migration of the SAA. The 

southward movement is also suggested to change the upwelling in the northern portion of the 

nBUS (Jarre et al. 2015). 



Response: We have now discussed the uncertainty in the response of coastal upwelling to the 

meridional migration of the SAA in lines 67-70 “Enhanced coastal offshore transport was observed 

in the sBUS when the SAA shifted to the south. However, it is still unclear whether the coastal 

upwelling across the nBUS is significantly influenced by the meridional displacement of the SAA 

(Jarre et al., 2055; Lamont et al., 2018)”. 

L106: In the Supplementary material the seasonal cycle etc. is analyzed. Is there any support from 

independent data that ERA5 reliably describe trends in the region? As the paper is dealing with 

long-term variability, the provided validation is not that meaningful. Please provide an additional 

comparison of trends and decadal variability between ERA5, ASCAT and SLP. It is well known that 

such long-term changes are particular uncertain and this study could contribute to assess these 

uncertainties. 

Response: We computed the long-term trend for both data sets and the 11-year moving average 

for the St. Helena SLPs (please see Fig. S1 and S6). We have now discussed the results in the main 

text. Please see lines 166-178 “Consistent with a previous study (Belmonte Rivas and Stoffelen 

2019), ERA5 for the southwest African coast agrees well with available observation-based data 

sets (Supplementary Info; Fig. S1-6). For St. Helena Island, the time series of the monthly, yearly, 

and 11-year running SLP means obtained from ERA5 evolved very closely with those derived from 

the observation (Fig. S1). The time series of simulated and observed yearly mean SLPs display only 

marginal trends, which are about 0.0025 and -0.0056 hPa/year, respectively. The available time 

series of surface pressure observed at Luanda, Benguela, Port Nolloth, and Cape Town climate 

stations evolve closely with the EAR5 SLP (Fig. S2). However, the surface pressure time series for 

all stations is not continuous or sometimes appear to have offset accuracy issues (e.g., Benguela; 

see Fig. S2b), which do not allow the evaluation of long-term trends. The spatial pattern of the 

ERA5 and ASCAT meridional wind trends for 2008-2021 agree reasonably well (Fig. S6). Overall, 

meridional wind near the coastal area of the BUS underwent an upward trend over the last 

decade. The spatial structure of the trend in the model appears to be smooth relative to that 

derived from ASCAT wind. In addition, the wind intensification south of 30°S is pronounced in the 

ASCAT winds, whereas a relatively small trend is derived from ERA5 data”. 

L118: volumes transport per unit length (m2/s) 



Response: Corrected. Please see line 187. 

L140: remove comma after coast 

Response: Corrected. 

L149-150: unclear: upwelled (or downwelled) … transported offshore (or onshore) ? 

Response: We have rephrased the sentence to (line 230-231) “The accumulated amount of 

upwelled water, Wtotal, driven by the meridional wind between the coast and the position x is 

finally transported offshore with the zonal Ekman transport”. 

L151: maybe include: i.e., where the meridional wind stress is maximum 

Response: We have added that. Please see lines 231-233 “In this study, the integrals were carried 

out from the coast up to a point far offshore where the long-term average of wind stress curl 

equals zero, i.e., where the meridional wind stress is maximum (Fig. 1b)”. 

L154: I do not understand what the authors want to say. What is the reason for the 

simplifications? How good are the made assumptions? How large is the error, e.g., neglecting the 

onshore geostrophic transport? It would be good to give some more insight. 

Response: It is a valid comment. In our previous study (https://doi.org/10.1175/JPO-D-20-0297.1), 

using a high resolution ocean model (~5 km over the BUS), we found that the intense upwelling 

near the coast associated with the divergence of offshore transport is the dominant factor across 

the entire BUS. In addition, despite the vigorous mesoscale and sub-mesoscale activities in the 

open-ocean domains, the total amount of upwelled water is very consistent between the model 

output and the analytical theory. We have further clarified this point in lines 215-225“Ocean 

dynamics is associated with many other flow elements, such as the formation of horizontal 

pressure gradients from upwelling, coastal jets, thermal fronts, sub-mesoscale instabilities, etc. 

(Fennel 1999; de Szoeke and Richman 1984; Abrahams et al., 2021). For example, the presence of 

geostrophic onshore directed current can remarkably alter the structure of coastal upwelling 

(Marchesiello and Estrade, 2010). When the surface and deep Ekman layers overlap over shallow 



continental shelves, the cross-shore width of coastal upwelling is proportional to the inverse of the 

bottom slope (Marchesiello and Estrade, 2010). The occurrence of wind drop-off over this zone 

can cause a large divergence in offshore transport which can significantly alter the structure of 

coastal upwelling. Despite the importance of the processes above on the local scale, using a high-

resolution ocean model, Bordbar et al. (2021) showed that the dominant driver of upwelling near 

the coast is the divergence of offshore transport. In addition, they showed that the WSCD 

upwelling could be a reliable estimation of the total amount of upwelled water offshore. This 

motivates the choice of the atmosphere variables”. 

In addition, we introduced the concept of potential upwelling which indicates upwelling processes 

driven solely by the vertical flux of atmospheric horizontal momentum into the ocean. We 

described that in lines 109-118 “We introduce the concept of potential upwelling to distinguish 

the quantities used in our analysis from those describing realistic, highly complex vertical transport 

processes in the ocean. In this sense, potential curl-driven upwelling is the upwelling that would 

take place within an unbounded ocean with only wind-driven surface currents under the absence 

of other drivers of upwelling, baroclinicity, bottom topography, coastlines, geostrophic flow, 

inertial or planetary waves. Potential coastal upwelling characterizes an upwelling process driven 

solely by the alongshore wind and is related only to the cross-shore divergence of the wind-driven 

cross-shore directed flow. We derive the potential upwelling quantities from analytical theories of 

ocean dynamics, the steady state Ekman theory, and a theory of coastal upwelling given by Fennel 

(1999). This keeps the focus on well-defined quantities, even if they do not reflect realistic 

upwelling that may be modified by other processes like alongshore wind variability, coastally 

trapped waves, frontal dynamics, etc.”. 

Table 1: “alongshore-driven” should be “alongshore-wind-driven” 

Response: Corrected. 

L216: Last sentence is not necessary and distract. 

Response: We have now deleted this sentence. 



L231: It would be good to provide separate correlations for correlations on interannual and 

decadal timescales. Which timescale dominate the correlation? 

Response: This is a constructive comment from the reviewer. We have now computed the 

correlation for the yearly mean and 11-year running mean time series. Results are displayed in 

Figures 1-2 (below). The general pattern of the correlation is similar to that obtained from the 

monthly mean anomalies (with climatological monthly mean subtracted). Expectedly, using yearly 

and 11-year running mean time series yields a larger correlation coefficient. However, given the 

shorter time series in the yearly mean and 11-year running mean time series, the statistical 

confidence is much lower than the monthly time series. Hence, we think there is merit in not 

interpreting the yearly mean, and 11-year running mean in this manuscript. In our future research, 

we want to disentangle the contribution of short- and long-term fluctuation by using extended 

ERA5, which covers 1940 to the present (~ 8 decades). 

 

Figure 1: Same as Figure 2 in the main text, but the correlation is computed from the yearly mean time series. 



 

Figure 1: Same as Figure 2, but the correlation is computed from the 11-year running mean time series. 

Fig. 2a-c: Please show the complete functions for positive and negative correlations and provide 

the significance. 

Response: We have now implemented this comment. Please see figure 2 (also see Fig. S9-10) in 

the new version of our manuscript.  

L280: (used boxes are marked in Fig. 2e) 

Response: Done. Please see line 346 “The differences between the SLP over the SAA core and the 

areal-averaged SLPs over the nBUS and sBUS (used boxes are marked in Fig. 2e) …”. 

L292: “For example, the years 1997 and 2006 are characterized by persistent eastward SAA 

displacements”: I cannot see this behavior in Fig. 3b. 

Response: Sorry for the confusion. It was mainly due to the orientation of labels on the x-axis, 

which was a bit misleading. We replotted Figure 3 with x-tick-labels normal to the axis. We think 

the mentioned behavior is clear now. 



L306: “changes in the global heat budget”: Do you mean global warming or net radiative 

imbalance at the top of the atmosphere? Why are 1990s important the increase started earlier. 

Response: This is correct. We intend to discuss the decadal rate of global warming over the 1990s, 

which was large than in previous/next decades. If the mechanism suggested by Bakun is a 

dominant factor, it should, to some extent, appear in the rate of global warming over the 1990s. 

However, the SAA time series doesn’t show that. We have now rephrased the sentence to (lines 

375-376) “Despite the accelerated rate of global average temperature over 1990s (Bordbar et al., 

2019), the SAA intensity and position remained steady and underwent no significant trend.” 

L309: “due to the enhanced radiative forcing”: what is meant with radiative forcing? of the ocean? 

Do you mean global warming? 

Response: We have now changed “due to the enhanced radiative forcing” to “due to global 

warming”. Please see lines 378-379 “If there is any tendency in the intensity and location of the 

SAA due to global warming, it is presumably too small to emerge from background climate 

fluctuations”. 

L313: “positive trend is more prominent over higher latitudes”: Is this associated with poleward 

migration of the center of the SAA? 

Response: Since the spatial pattern of the trend displays rather a meridional structure and shares 

many similarities with the Positive phase of the Southern Annular Mode (SAM; 

https://doi.org/10.1002/wcc.652). We conjecture this changes can be largely attributed to long-

term variations of the SAM. Please see lines 381-386 “In general, the size of the trend varies more 

in the meridional direction and is more prominent over higher latitudes, particularly for July-

October. The most prominent trend is found in the southwest and the southeast of the domain in 

Jul-Oct (Fig. 4c) and Jan-Apr (Fig. 4b), respectively. The structure of the trend reminds the recent 

multi-decadal trend in the SAM, which is associated with an enhanced meridional SLP gradient 

between the polar and mid-latitudes (Wachter et al., 2020; Fogt & Marshall, 2020)”. 

https://doi.org/10.1002/wcc.652


L365: “Based on equation 5, …” In equation 5, upwelling velocity depend on x. Do you mean 

maximum upwelling velocity calculated using R1 given in Fig. S5? … corresponds to a maximum 

upwelling velocity … 

Response: In fact, we estimated the upwelling velocity when x=0 in the equation 5. We have now 

mentioned that in line 336 “Based on equation 5, this corresponds to a maximum upwelling 

velocity (i.e., x=0) of about 6.9 m/d”. 

L397: the spatial resolution 

Response: Done. Please see “the spatial resolution” line 474.   

L408-413: this section must be improved: possible there are multidecadal changes or trends and 

there are interannual to decadal variability. It is not obvious from the analysed data what is due 

to global warming or what is internal climate variability. Used terms such as “historical changes” 

or “historical trends” are unclear. These conclusions must be formulated more carefully. 

Response: We agree with the reviewer. We have now re-written this paragraph. Please see lines 

486-493 “Despite a slight upward SLP trend in the subtropical South Atlantic during 1979-2021, 

the ratio between changes associated with the long-term SLP trend (i.e., Δ) and the standard 

deviation of the long-term trend subtracted yearly mean SLP is small across the entire domain. 

Further, potential upwelling quantities, including Wcoast and Wcurl, in several upwelling cells 

remained steady and exhibited neither a significant long-term trend nor prominent changes in the 

characteristics of the variability (i.e., period, amplitude, and extremes). Overall, our results neither 

demonstrate nor rule out the potential impacts of anthropogenic global warming on the 

atmospheric drivers of upwelling in the BUS. A possible explanation is that a much longer time is 

likely required to detect the robust global warming signals in the wind-driven upwelling across the 

BUS”. 

 


