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A B S T R A C T   

A very severe storm in the Antarctic belt is analysed that sent a very large swell throughout the South-Pacific 
Ocean. The reasons for the storm were a deep depression passing over an anomalous warm sea area, with 
consequent increased intensity, more active wind input, gustiness, with also dynamical generation. Wind and 
wave model results are verified with scatterometer and altimeter data. We follow the swell evolution during the 
five days required to reach the Galapagos Islands and a buoy off the Peruvian coast. The first forerunners peaked 
at 0.032 Hz at these locations, well represented in the model thanks to a purposely extended frequency range 
used in the WAM model. A nonlinear combined analysis is carried out to estimate the overall maximum single 
wave heights that may have impinged on the Galapagos coasts. Single wave heights up to 6 m have been esti-
mated. Once generated, the swell conditions at Galapagos and the buoy are perfectly anticipated. Including 
generation, useful forecasts extend till at least eight days before the event. The lack of any local communication is 
discussed. An analysis using ERA5 winds, but a respectively higher resolution long-term wave hindcast, shows 
that a similar, actually stronger, event happened in 2006. A simple, but sound method, based on physical 
principles and elementary geometry, is proposed to estimate, firsthand and after any time, the maximum height 
of a once generated swell. The results for the 2015 storm are correct within 5% of the model values.    

Acronyms and symbols 
ECMWF European Centre for Medium-Range Weather Forecasts 
WHOI Woods Hole Oceanographic Institute 
NOAA-NCEP National Oceanic and Atmospheric Administration – 

National Center for Environmental Prediction 
WAM WAve Model 
ecWAM the WAM version run at ECMWF 
ERA5 ECMWF ReAnalysis 
JONSWAP Joint North Sea Wave Project 
Hs significant wave height 
Hmax maximum wave height in a record or time period 
Tm mean wave period 
Tp peak period 

1. The event and its analysis 

In late April to early May 2015, an unusually strong Antarctic storm 

generated very large and long waves that spread in the South-East Pa-
cific, sending large waves towards the South-American coast and 
flooding, among other places, the Galapagos Islands, 6000 km away. The 
event was remarkable not only for its energetic content, but also for the 
very low frequencies that characterized, e.g. at the islands, the local 
preliminary and then main waves. In this paper, after a general 
description of the generation event, we focus on how the large swell 
propagated up to the equatorial zone. We also quantify the largest wave 
heights which impacted the Galapagos (Islands, henceforth not 
repeated). We stress that our present aim is not “to tune” the models to 
achieve however the best possible results. Granted that improvements 
are always possible, different areas and situations could offer better al-
ternatives. Conversely, given that wave models nowadays are very 
reliable tools, we use them to explore the generation and evolution of 
particular storms to better understand their nature and what to expect. 

On this basis, in Section 2 we briefly characterize the Antarctic belt 
and the typical swell generated by the repeated local storms towards the 
South-East Pacific Ocean. We also summarize the model data used for 
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our analysis and some specific modelling carried out for the purpose. 
Besides, we briefly mention the available measured data used for model 
validation and to gain insight into the wind and wave situation. The 
storm is described in detail in Section 3, highlighting the estimated 
generation zone of the swell. Comparison with altimeter and scatter-
ometer data provides a well-defined estimate of the (wind and waves) 
modelling accuracy. How the swell evolved and propagated towards the 
North-East is dealt with in detail in Section 4. Beside the many succes-
sive altimeter passes that offered a clear view of the progressive accu-
racy, we also benefitted from the data provided by the only local source 
of information, the WHOI-32012 buoy located at 19.4◦S, 85.1◦W, about 
1500 km off the Peruvian coast. In Section 5, we go into detail showing 
how the swell conditions at Galapagos and at the buoy evolved in time. 
In particular, for the Galapagos, we show how, apart from model fore-
casts, a careful analysis of the early local wave conditions would have 
shown that a large swell event was about to come. The forecast aspect of 
the event is dealt with in Section 6, where we show two different ranges 
of useful forecast, respectively after and before the actual Antarctic 
storm. The practical consequences for Galapagos are the main subject of 
the following Section 7. Here, on the basis of practical, though theo-
retically sound, approaches, we provide an estimate of the maximum 
single wave heights that are expected to have affected the Galapagos 
coasts. We conclude our research in Section 8 with a generalized esti-
mate of the propagation of a swell moving North from the southern 
storm belt, defining the affected area and the implied energy levels. The 
approach and the related formulas are briefly described in the 
Appendix A. In the final Discussion and Conclusions (Section 9), we 
suggest a possible reason for this particularly strong event in the Ant-
arctic belt. From the practical point of view, we stress the need for the 
Galapagos users and authorities (but the statement is obviously of 
general significance) to use the openly available wave forecasts and 
information for a useful local warning. This stimulated us to explore the 
past to see how exceptional the 2015 event had been. Interestingly, a 
higher energy swell case had been present nine years earlier, in 2006. 
The paper is closed with a Summary (Section 10) which provides all the 
main findings in an itemized compact, though clear, form. A list of ac-
ronyms and symbols is given. 

2. The Pacific Antarctic belt and its modelling 

The Antarctic belt (see Sokolov and Rintoul, 2009, and the more 
recent Rintoul et al., 2018 for a full description) is characterized by a 
continuous West to East violent atmospheric flow around Antarctica. 
Ocean currents and wave fields follow accordingly. The clockwise 
rotation of the many atmospheric low-pressure zones keeps sending 
large waves towards the East, with also a strong northward component, 
leading to the southern swell that characterizes the South Pacific Ocean 
(Portilla-Yandún et al., 2020). 

Global meteorological and ocean (current and wave) models repro-
duce the situation well, helped by the many scatterometer and altimeter 
data that document continuously the local situation1. For our present 
purposes, we have used the ECMWF model data. ECMWF is presently 
running the Tco1279 version of their IFS forecasting system (9 km res-
olution for the atmospheric model, 14 km for the wave one). However, 
in 2015 (the time of the mentioned swell), the atmospheric model was 
TL1279 (16 km resolution). The practical problem is that analysis data 
are archived at 6-hour interval, which is not suitable for the intercom-
parison with satellite data. Therefore, after a necessary check, we have 
resorted to using ERA5 reanalysis data (see Hersbach et al., 2020, for a 

full description) available at hourly intervals. The ERA5 meteorological 
model was run at 31 km resolution. While suitable for most of the sur-
face wind fields, such a resolution may lead to an underestimate of the 
wind speeds in areas with strong pressure gradients, particularly with 
curved isobars. In addition to the check with scatterometer data, we 
have also cross-checked these results with the best available, i.e. 
TL1279. 

However, this was not entirely sufficient for all our purposes. The 
ecWAM wave model run at ECMWF (see ECMWF, 2020 for a full 
description) uses 36 frequencies in geometrical progression, covering 
the 0.03452 –0.97017 Hz range, but the waves produced by the 2015 
storm had characteristic frequencies below that range. To be sure to 
consider also these frequency components, we ran again the latest 
CY47R1 version of ecWAM (ECMWF, 2020), forced with ERA5 winds 
using a 22 km resolution wave grid and adding a further low frequency 
at 0.03138 Hz. 

Extensive validation has been done using the available scatterometer 
and altimeter data. ASCAT-B wind fields and CryoSat-2 data have been 
used. As briefly mentioned in Section1, locally measured data are 
available from the WHOI-32012 buoy located well offshore the Peruvian 
coast. 1D and 2D spectra are available. We have used both the related 
integral quantities (wave heights and periods) and the 1D spectra. 

3. The storm and its modelling 

The storm (henceforth our official definition of the event) developed 
in the early Antarctic winter. The period of interest starts on April 25, 
2015 (earliest evidence of the considered storm) to May 02, when the 
large swell reached the Galapagos. The relevant stormy period is 
documented in Fig. 2 (see Fig. 1 for its overall location). Panels a, b, and 
c show the evolution at 24-hour intervals, starting from April 26, 00 UTC 
(henceforth, we omit the year, 2015, and, when obvious, also the 
month). On the 26th, the storm was already well developed, with wind 
speeds up to 30 ms− 1. The storm grew larger during the following 24 h, 
reaching its peak at about 27 00 UTC, while moving steadily eastwards. 
The peak conditions are more evident in the wave (right) panels d, e, f 
for the same times. The almost 17 m significant wave heights Hs in panel 
e, 27 00 UTC, are an evident feature. One relevant detail is the speed of 
the storm. Checking the peak positions at 24-hour intervals, we find that 
the storm was moving at about 55 km h− 1. We will come back later to 
this point when discussing the local generation. 

We focus here on panel 2e, which illustrates the cited peak of the 
wave conditions. The most intense area of the storm is shown in Fig. 3 
(see Fig. 1 for its geographical position). As a result of the combination 
between the West to East local motion of the storm and the clockwise 
rotating winds, waves have different mean directions at different posi-
tions. For our present purposes, we summarize this by showing the mean 
wave direction at points A, B, C (see arrows) and the corresponding 2D 
spectra in the other panels. Note that the spectra are shown only for the 
0◦-150◦ flow direction (clockwise with respect to North). At position A 
(52◦S, 132◦W), the main flow is to 60◦, i.e. towards the Chilean coast. B 
(52◦S, 144◦W) represents the area where the swell to North-East (main 
direction 30◦-40◦) was generated. At C (62◦S, 145◦W), we are again into 
the main Antarctic belt flow, with waves flowing mainly eastwards. We 
conclude that the waves due to reach the Galapagos a few days later 
were generated in the north-west sector of the storm (point B). 

Having given a general picture of the storm, we need to validate the 
model results. We begin with an ASCAT-B scatterometer pass (see Fig. 4, 
and Fig. 1 for its position). Panels a and b show (a) the model wind field 
at 19 UTC of the 26th, and (b) the scatterometer measured section (8 
min earlier). The direct comparison (model data interpolated at scat-
terometer positions) is in panel c. The results are summarized in Table 1. 
We find a 5% underestimate by the ERA5 model, more evident in the 
upper values range. Bias is − 0.9 ms− 1 out of the 20 ms− 1 average. Panel 
d provides a more general view of the situation, merging all the data 
from ten different passes. In this case the underestimate is reduced to 2% 

1 The interested reader can find all the related statistics of the European 
Centre for Medium-Range Weather Forecasts (henceforth ECMWF, Reading, U. 
K. and Bonn, Germany) at https://www.ecmwf.int/en/forecasts/charts, and of 
the NOAA-National Center for Environmental Prediction (NCEP, Maryland, 
USA) at https://polar.ncep.noaa.gov/nwps/. 
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with − 0.4 ms− 1 bias out of 15 ms− 1 mean value. This suggests that the 
model tends to underestimate (at least in this storm) more the higher 
values, as also derived from the distribution of panel d. 

On this basis, we turn our attention to the wave fields. Still close to 
the peak of the storm, at 20 h on the 26th, we had a useful pass by the 
CryoSat-2 altimeter that we indicate in Fig. 5 (note the large scale of the 
map, from New Zealand to South America). The ground track, black line 
in panel a, crosses the peak of the storm. The significant wave height 
(Hs) comparison is in panel b. The vertical line, corresponding to the 
white one in panel a (latitude 50oS), limits the area considered for the 
scatter plot in panel c. The fit is good, with a slight underestimate only in 
the southern part of the storm. See Table 1 for the overall figures. The 
best-fit slope (panel c) is 0.97. The overall comparison for ten useful 
passes (panel d) is slightly more negative (5% underestimate), but with a 
similar bias (~-0.4 m Hs). We stress that all these comparisons are with 
ERA5 wind and wave derived values. 

Till now we have framed the structure of the storm and provided an 
idea of how well the models reproduce it. Before moving to the advec-
tion phase, it is worthwhile to argue about the possible reasons for this 
particularly intense storm. From the meteorological point of view, a 
relevant factor (see, among others, Bogen et al., 2011, and Abdalla and 
Cavaleri, 2002) is the air-sea temperature difference. The warmer the 
water, the more heat, hence energy, is transferred to the overlying at-
mospheric system. At the same time, the temperature difference implies 
a higher instability in the lowest atmospheric layers, resulting in an 
enhanced gustiness. The analysis of the sea temperature distribution (see 
Blunden and Arndt, 2016) has made evident a distribution of warmer 
water more to the North of the usual Antarctic belt storms position. A 
larger storm could easily reach this area (see Figure 3.1 at page 64 of the 
cited reference) and be then forced to unusually high energy levels. 

Granted the higher wind speeds, the other crucial factors concern 
waves. With peak wind speeds close to 30 ms− 1, a 26–28 ms− 1 average in 
the peak zone is a reasonable guess. Fully developed conditions (see 
Pierson and Moskowitz, 1964) for this wind speed range would be 
estimated at about Hs = 2.2 * (U10/10)2 = 15–17 m. This would require 
an area of a few thousand kilometres with steady high wind conditions 

for a couple of days at least. This appears (to be) unlikely, and therefore 
it suggests other factors may have been at play. 

The first one is the cited gustiness that Abdalla and Cavaleri (2002) 
showed as crucial in enhancing wave growth for a given average wind 
speed. The second factor is the translational speed of the storm. The 
analysis of the sequential meteorological maps suggests an average 
motion of the meteorological system between 50 and 55 km h− 1, which 
corresponds to the group speed of 18–20 s waves, that indeed can be 
recognized as present, actually dominant in the spectra (panel b) of 
Fig. 3. If this were the case, it would imply that waves were dynamically 
generated, i.e., that the storm and the waves were moving together with 
similar speeds. Therefore, the highest winds were steadily acting on the 
area of the highest waves area, further enhancing their growth. 

Having described the generation phase of the storm, it is now time to 
follow the waves in their motion to the North. This is the subject of the 
next section. 

4. The advection phase of the storm 

After April 27, the northbound swell was completely out of the 
generation area and now directed towards different sections of the 
South-American coastline, including the Galapagos, and there is no 
doubt that very large waves were also propagating towards the south-
ernmost coast of Chile. We focus our attention on the northbound swell. 
Fig. 6 depicts well how the swell evolved along the way. Each panel (a – 
e) shows different areas at 24-hour intervals. Fig. 1 clarifies the different 
positions following the swell on its motion towards the Galapagos. Days 
go from April 28 to May 02. Several details deserve our attention. First, 
the significant wave height decreases progressively over time. This is 
due both to the lateral spreading of the original energy and to the 
different group speed of the spectral components. With the bulk of en-
ergy (see Fig. 3) between 22 and 17 s, there is a ~ 25% difference in 
group speed. After four days, this implies a 24-hour difference in the 
arrival at a certain location. 

Each panel covers about 20◦ in latitude (see also Fig. 1). The thin line 
in the panels is aligned with the mean wave direction. Note the changing 

Fig. 1. The South Pacific Ocean. The numbered rectangles identify the area covered in the numbered figures. B is the buoy position. G are the Galapagos Islands.  
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mean direction from day to day. This is due to the advection along a 
great circle path moving from a very southern latitude towards the 
equator. The five corresponding Hs profiles are in the final elongated 
panel. Note how the swell started with a substantial 9 m peak value and 
it progressively decreased with the aforementioned spatial spreading of 
the swell overall energy. The last panel deserves a little extra explana-
tion. As seen in Fig. 1 and in panel e, the swell reaches the Galapagos, 
whose shadowing is clearly visible both in panel e and in the corre-
sponding profile of the last panel. The decrease in Hs when reaching the 
islands is not abrupt because the archipelago is widely scattered. 
Therefore, the shadowing builds up progressively while advancing 

among the islands. Note also the gradual catch-up of Hs after the islands, 
when, still within the limits of the narrowly directed swell, energy enters 
the shadow zone from the sides. 

As done for the generation phase, we use CryoSat-2 altimeter data to 
validate the model values of swell. An example is provided in Fig. 7, 
panel a for the pass, b for the two Hs profiles, and c for the scatter dia-
gram. The comparison is limited up to the respectively horizontal 
(white, panel a) and vertical (black, panel b) lines at 20oS. Table 2 
summarizes the results. The fit is good, with a very limited underesti-
mation, except for one altimeter peak value, visible as the highest value 
in b, corresponding to the locally enhanced Hs in a. Of course, this 

Fig. 2. South Pacific Ocean. See Fig. 1 for its geographical position. Wind (left) and wave (right) conditions at 24-hour intervals: 00 UTC of 26, 27, 28 April 2015. 
ERA-5 data. 
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corresponds to the values on the far right-hand side of the two scatter 
plots. Panel d summarizes the comparison for ten passes. We will come 
back to this feature in the final discussion in Section 9. 

To better frame these ERA5 results before proceeding further, we 
make an extensive comparison between the wave heights derived using 
the ERA5 (31 km resolution for the atmospheric model) and the TL1279 
(16 km resolution) wind fields, respectively. The results are in Fig. 8, 
with panel a for the stormy area and period (26–28 April), and panel b 
for the swell phase (29 April- 02 May). The overall results are shown in 
Table 3. As expected, the ERA5 data appear slightly (3%) lower during 
the storm, with an evident higher underestimate for the largest Hs. 
Mutatis mutandis, these differences are similar to the ones visible in 
Figs. 4 and 5. This suggests that the TL1279 data for both wind and 
waves represent the marine truth at a satisfactory level. The ERA5/ 
TL1279 comparison is better during the swell phase (panel 8b, best-fit 
slope 0.99), though still with an indication of some differences for the 
highest (greater than 8 m) Hs values. On this basis, we proceed by 
analysing the time evolution at the WHOI buoy and Galapagos. This is 
the subject of the next section. 

5. The evolution of swell at Galapagos and at the buoy 

As the only location where we have continuous measured data, the 
buoy offers a good reference to judge the performance of the models in 
detail. An extended comparison is offered in Fig. 9. In panel a, we show 
the buoy-model data for the significant wave height Hs, mean and peak 
periods Tm, Tp from April 29 till May 04. As expected, the continuous, 
smooth lines show the model results, whereas the highly variable ones 
are the buoy data. We will come back later to this characteristic. 

Apart from missing a first Hs peak on the 30th of April, the wave 
height is well reproduced overall (see the statistics in Table 4), but an 

underestimate (~0.5 m) of the Hs peak value is evident. Tm and Tp are 
well reproduced throughout the event. Model and buoy directions are 
fully consistent. They do not convey any particular information and they 
are not discussed further. Note the sudden and drastic increase of the 
peak period on the 1st May, corresponding to the arrival of the swell 
forerunners (more later). The macroscopic feature is the very large 
variability of the measured integral quantities, a fact we deal more with 
in the Discussion and Conclusions of Section 9. 

The differences between model and measured data at the peak of the 
swell are even more apparent when comparing the model and measured 
spectra. This is displayed in panel 9b, where we represent four stages of 
the swell evolution in time; buoy continuous lines, model dashed ones. 
Specific dates and times are indicated in the figure. During the general 
background of the swell (April 30), the spectra are very similar, both 
showing a slight peak at 25 sec period. The latter becomes macroscopic 
ten hours later, with the arrival of the first large swell. The model 
spectrum is obviously too low. This is more the case at the peak of the 
local conditions (15 UTC on 1th May), when the model peak energy 
value is about half of the measured one. Ten hours later conditions are 
much reduced, with a better fit of the two spectra. 

All this suggests that there were indeed a few hours with very heavy 
conditions, both at the buoy and, about one day later, at the facing 
Peruvian coast. On this basis, we analyse how the situation evolved at 
the Galapagos. This is shown in Fig. 10 where, to better highlight the 
role of the forerunners, we use a logarithmic scale for the spectral 
density. Note that, given their different positions (see Fig. 1) in the 
ocean, there was almost a two days difference between the heavy con-
ditions at the two locations. In Fig. 10, the spectra are shown at 12-hour 
intervals. On May 01, 00 UTC there is the expected background swell, 
with the peak at 0.06 Hz. However, a keen eye spots the “anomalous” 
peak between 0.03 and 0.04 Hz. It is worth remembering that this was 

Fig. 3. The most intense phase of the storm, with the highest significant wave height. See panel 2e and Fig. 1 for the precise geographical area. Time is 27 April, 00 
UTC. Isolines at 1 m interval. The wave situation at the three points A, B, C is fully provided by the 2D spectra in the respective panels (flow direction). 
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only possible because the ecWAM model was run with an extra low 
frequency (0.03138 Hz). After about 12 h, this low-frequency peak is ten 
times larger, with a period of about 24 s. Note that this very low fre-
quency energy corresponds to about 0.5 m swell. As time passes, both 
energy and frequency grow with the arrival of the main swell system. 
The hourly model (ERA5) data suggest that the peak conditions of 3.15 
m Hs were on May 2, at 15 UTC, with only centimetric differences be-
tween the immediately preceding and following hours. The conditions at 
the Galapagos were very heavy for a while, with high and long, hence 

powerful, waves impinging on the coast. We go deeper into this aspect in 
Section 7. Note that the geological origin of the islands (see, e.g. Harpp 
and White, 2001) implies deep water conditions, practically up to the 
coasts, hence the extended damage of the coastal structures. It is of 
course of interest to see if any warning would have been possible, so we 
explore this next by analysing the forecast of the storm. 

6. The forecast 

High-resolution model forecasts are regularly available from the 
major meteorological centres up to 10–15 days ahead and further. While 
a proper forecast of the event is obviously expected, the key point is to 
explore its accuracy and how this varied with the forecast horizon. In the 
present case, from the point of view of, e.g., the Galapagos, we have two 
different forecast ranges. The first one, in a way simpler, concerns the 
advection phase of the storm we have described in Section 4. Once the 
swell is generated and on its way, forecasting its arrival is only an 
oceanographic problem. When extended to five or six days, and on large 
oceanic distances, the problem is not trivial, and indeed it has received 
much attention over the years. Without going here into details, we recall 
the excellent progressive solutions by Booij and Holthuijsen (1987), and 
Tolman (2002). 

A more extended forecast range, on the other hand, also concerns the 

Fig. 4. Comparison between ERA5 wind fields and ASCAT-B scatterometer data. Panels a, b show one pass whose comparison results are in panel c. Panel d sum-
marizes the statistics out of ten passes during the generation phase of the storm. The statistics are reported in Table 1. 

Table 1 
With reference to Figs. 4 and 5, statistics of the comparison between model 
values versus ASCAT-B scatterometer (wind speed) and CryoSat-2 altimeter 
(wave height) data. Dates are 25–26 April 2015. The focus is on the generation 
area. corr = correlation, SI scatter index, sslo symmetric slope.  

wind speed Ū10 (ms− 1) bias (ms− 1) corr SI (%) sslo 

1 pass 20.15 − 0.89 0.98 5.3 0.95 
10 passes 15.21 − 0.39 0.98 7.8 0.98 

sig. wave height Ħs (m) bias (m) corr SI (%) sslo 

1 pass 10.48 − 0.41 0.97 7.8 0.97 
10 passes 7.46 − 0.37 0.97 9.7 0.95  
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Fig. 5. Comparison between ERA5 derived wave fields and CryoSat-2 altimeter data (south of 50oS). Panels a, b show one pass (black line) whose comparison results 
are in panel c. Panel d summarizes the statistics out of ten passes during the generation phase of the storm. The statistics are reported in Table 1. 

Fig. 6. Advection phase of the event. The progressive areas (see Fig. 1 for their geographical locations) are at 24-hour intervals. Time is 00 UTC, days are in the 
elongated panel. In each square, the thin line is aligned with the main wave direction. Waves reach the Galapagos in panel e. The long panel provides the significant 
wave height profile along the various panels, each one spanning 20◦in latitude. 
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generation phase of the storm (see Section 3). Given the data available, 
for the Galapagos we limit ourselves to the advection phase, also 
implying the storm forecast when dealing with the buoy data. 

We begin with panels a, b of Fig. 11 showing the time evolution (48 
h, 01-02 May) of Hs, Tp at the Galapagos. Note that, not having to deal 
with satellite data, we use the TL1279 results, hence the higher 
maximum Hs values compared to the previously mentioned 3.15 m of 
the ERA5 hourly spectra. We show the analysis and the forecasts up to 4 
days (with respect to the control time in the panels). Note that, while the 
TL1279 analysis (black dots) is archived only for 00-06-12-18 UTC 
(hence the use of ERA5 where necessary), the forecasts are available at 
hourly intervals. 

It is evident that there is hardly any Hs difference among analysis and 
forecasts, with only some minor difference in the arrival time of the 
swell. Similar results hold for the buoy (panels c, d). Apart from 
reporting also the local measured data, we explore here the forecast up 
to the 8-day range. We note that including also the generation phase 
somehow implies a slight anticipation of the event (a few hours), but 

possibly also a better fit with the measured Hs. 
Of course, these extended forecast differences depend on the gen-

eration phase of the storm, something we explore in Figs. 12, 13 
respectively for wind and waves. In each figure, the four plots provide 
the TL1279 analysis fields close to the peak conditions and the 1, 2, 3- 
day forecasts. Note the 6-hour difference between the wind and wave 
peaks. Granted the strong similarity between the analysis and the fore-
cast fields, a quantification is provided in Table 5. There are obvious 
differences in the details, hence the values of the scatter index SI, but the 
general structure of the storm was well predicted up to at least three 
days in advance. This is more the case for wave heights that, being an 
integrated quantity, tend to smooth the minor differences present in the 
wind fields. 

A different overall view of these wind and wave fields is provided in 
Fig. 14. Here we show the growing phase of wind and wave conditions 
during April 26, according to the analysis and the forecasts issued at 00, 
24 and 48 h earlier, on April 25 and April 24, respectively. Still focusing 
on the area of Figs. 12, 13, the panels show a) the evolution of the 
maximum and mean wind speeds, b) the maximum and mean significant 
wave heights, c) the peak and mean wave periods. The black dots 
represent the analysis data. Granted the actual formal statistics (six 
parameters, three forecast ranges), we leave the judgment to the reader. 
Our qualitative assessment is that, with the expected variability, the 
forecasts were sound, hence the good forecasts seen at the buoy location 
in panel 11c. 

Fig. 7. Comparison between ERA5 derived wave fields and CryoSat-2 altimeter data (south of 20oS). Panels a, b show one pass (black line) whose comparison results 
are in panel c. Panel d summarizes the statistics out of ten passes during the advection phase of the storm. The statistics are in Table 2. 

Table 2 
With reference to Fig. 7, statistics of the comparison between model values 
versus CryoSat-2 altimeter (wave height) data. Dates are 27 April – 02 May 
2015. The focus is on the advection area.  

sig. wave height Ħs (m) bias (m) corr SI (%) sslo 

1 pass  5.78  − 0.25  0.93  6.6  0.95 
10 passes  4.85  − 0.22  0.96  10.5  0.94  
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7. The maximum wave heights 

In the previous figures (see in particular Fig. 11), we have seen the 
evolution of the significant wave heights Hs at the Galapagos. Now we 
explore which may have been the corresponding maximum single wave 
heights. Although several formulas exist for this purpose (see, e.g., 
Benetazzo et al., 2017), we follow a more general approach. 

Indeed, the model spectra represent the most likely energy distri-

bution (with frequency) at given time and position, and we have this 
information at hourly intervals during which we assume for each hour 
constant conditions (on average). Before the interaction with the 
islands, conditions vary mildly in space. Hence we focus on a given 
position (1.48◦S, 91◦W) as representative for the area. The specific local 
conditions have been explored reconstructing by linear superposition 
1000 different time series for each spectrum whose Hs was ≥ 2.5 m, 
randomizing both the phase of the single spectral components and their 
amplitude, the latter according to confidence limits (see, among others, 
Young 1994). From each time series (14400 values at 0.25 s interval) 
and following also the related contributions by Boccotti (2000), we 
derived the associated Hmax, the highest wave in each hour record. We 
ended up with 48 Hmax sets, starting at 19 UTC May 01, ending at 18 
UTC May 03. The peak conditions of Hs = 3.15 m were at 15 UTC on May 
02. 

For each hour, we derived Hmax_90, i.e. the wave height exceeded 
with 90% probability; similarly for Hmax_50 and Hmax_10. The results are 
shown in Fig. 15 for the 48 h between the two indicated time limits. 

Fig. 8. Comparison between the significant wave heights obtained using ERA5 and T1279 wind fields. Panels a, b are for the stormy and advection phases of the 
event, respectively. Full statistics are in Table 3. 

Table 3 
Comparison between the ERA5 significant wave heights versus the TL1279 
values (reference). Different statistics are provided for the stormy period (25–26 
April) and the advection (swell) period (27 April – 02 May). See Fig. 8 for the 
graphs.   

Ħs (m) bias (m) corr SI (%) sslo 

storm  6.78  − 0.13  0.99  5.1  0.97 
swell  4.47  − 0.03  0.99  4.3  0.99  

Fig. 9. Comparison between ERA5 derived wave fields (with the extended low-frequency limit – see Section 2) and the highly variable buoy recorded data. See Fig. 1 
for its position. Panel a is Hs, Tm, Tp history from 29 April till 04 May. Full statistics in Table 4. Panel b provides a comparison of four respective 1D spectra at ten- 
hour intervals. Buoy: continuous lines; model: dashed lines. 
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For the combined probability to exceed, at least once, a given Hmax 
value throughout the event, we obtain: 

pHmax = 1 −
∏48

i=1
(1 − pi)

where pi is the occurrence probability for each single hour. 
The overall results are shown in Fig. 16. We see at once that a pro-

longed 3.15 m maximum Hs swell, taking the overall evolution into 
account, can lead to quite large single wave heights. We stress that the 
particularly high values are associated to swell conditions. This implies a 
high correlation (Boccotti, 2000) between a high crest and the depth of 
the associated troughs, hence more likely large wave heights. 

8. The distribution of swell 

Numerical models provide a quite realistic distribution of swell over 
time. Indeed, a sequence of maps as in Fig. 17 provide at the same time a 
beautiful and effective way to show how the large swell system propa-
gates and attenuates in time. Other, less relevant processes, as viscous 

Fig. 11. Comparison, for Hs and Tp, between the analysis data and 1, 2, 3, 4 day forecasts at Galapagos and the buoy. See Fig. 1 for their geographical locations. For 
the buoy, for which also measured data are shown, the forecast is extended to 8 days before the local event. 

Fig. 10. Evolution, 1 D spectra at 12-hour intervals, of the ERA5 wave conditions at Galapagos. Logarithmic scales are used to better highlight the incoming 
forerunners in the early phase of the local high sea conditions. Note the extremely low frequencies, visible (see Section 2) because of the extended low- 
frequency range. 

Table 4 
Statistics of the comparison between the ERA5 wave model results and the buoy 
data. The period is 29 April – May 04. See Fig. 9 for the corresponding graphical 
data. Buoy position is in Fig. 1.   

buoy bias corr SI (%) sslo 

Hs (m)  2.98  − 0.10  0.94  11.6  0.95 
Tm (s)  13.3  − 0.2  0.95  5.9  0.98 
Tp (s)  16.4  0.3  0.87  7.9  1.02  
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dissipation (Babanin, 2011) or momentum pumping to the atmosphere 
(Ardhuin et al., 2009), are at work. However, by far the main reason for 
a decrease of the swell height in time is its dispersion on an ever- 

increasing area. On this basis and neglecting the less relevant pro-
cesses (together with the possible interaction with another storm), we 
have looked for a quick and practical “rule of thumb” approach to 

Fig. 13. Peak wave conditions. Time is 26 April, 00 UTC. Panel a, analysis. Panels b, c, d 1, 2, 3 day forecasts, respectively. See Fig. 1 for the geographical location. 
The related statistics is in Table 5. 

Fig. 12. Peak wind conditions. Time is 25 April, 18 UTC. Panel a, analysis. Panels b, c, d 1, 2, 3 day forecasts, respectively. See Fig. 1 for the geographical location. 
The related statistics is in Table 5. 
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estimate how the swell area expands in time and the associated decrease 
of swell height. In very general terms, we assume a generation area A0, 
and, on the basis of some simple, but reasonable assumptions (the details 
are in the Appendix A), we derive the area A1 covered by the propa-
gating swell at time t. Given the maximum Hs0 in and at A0, we derive 
the maximum Hs1 as: 

Hs1 = Hs0⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅
A1/A0

√

Applied to the Galapagos case, the results, up until the impact on the 
islands, are in Table 6. 

We do not claim that such accuracy can be a general result as it 
depends on the specific conditions and the present case is an almost ideal 
situation. However, from a couple of extra tests we did we believe that a 
10–15% approximation is a reasonable assumption for a quick estimate. 

9. Discussion and Conclusions 

It is now time to summarize and discuss our findings, complementing 
this with some further considerations. 

To begin with, we stress the peculiarity of the storm once again. 
Indeed, as discussed, it is possible this was also due to a more northerly 
track of the storm with respect to the average flow in the Antarctic belt, 
bringing the storm in an area of warmer ocean water. Of course, this led 
to an enhanced heat and energy flow to the atmospheric system, with 
also enhanced air-sea instability conditions. From the atmospheric point 
of view, this favoured the presence of gustiness in the wind field, which 
may have positively contributed to the wave growth. From the ocean 
point of view, the data suggest that the peak of the storm moved with a 

Fig. 14. Wind and wave conditions during the growth phase of the storm. The plots show the peak and mean, wind and wave, conditions out of Figs. 12 and 13. Dots 
are analysis data. 1, 2, 3 day forecasts are shown. 

Table 5 
With references to Fig. 12 (wind speed) and Fig. 13 (significant wave height), 
statistics of the (overall maps) comparison of the various forecasts (1, 2, 3-day 
range) versus the corresponding analysis (reference). Time is 25 April 18 UTC 
for wind, 26 April 00 UTC for waves, corresponding to the respective peak 
conditions.   

Ū10 (ms− 1) bias (ms− 1) corr SI (%) sslo 

1 D  13.17  0.11  0.98  8.0  1.01 
2 D   0.35  0.94  12.9  1.03 
3 D   0.17  0.84  22.0  1.02  

Ħs (m) bias (m) corr SI (%) sslo 

1 D  6.24  0.07  1.00  3.3  1.01 
2 D   0.13  0.98  8.1  1.02 
3 D   0.18  0.97  12.5  1.04  
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speed close to the group speed of the dominant waves, which led to 
dynamical generation and the extended very high peak conditions of the 
storm. 

In Section 4, while discussing the advection phase, and comparing in 
Fig. 7 altimeter and model swell data (see panel a), we pointed out the 
presence of a higher wave heights zone at about 20◦ S, 100◦ E. The 
analysis of the meteorological maps reveals the presence of an unusual 
tropical storm, Katie, at this location. More information can be found in 
Young (2016). Although peculiar, Katie was not very intense, its 
maximum wind speed being close to 15 ms− 1. This could hardly have 
any relevant effect on a 20 sec, or more, swell moving at 30 ms− 1 or 
faster. However, it produced some local wind sea, hence the locally 
higher significant wave heights. The consequences were the anomalous 
altimeter peak in panel b and the off-the-best-fit-line isolated data in 
panels c, d. All this clearly implies that the model, in this case ERA5, did 
not pick up properly the Katie structure. This is not surprising given the 
ERA5 31 km resolution. All this is not relevant for our present purposes. 

A macroscopic feature we pointed out, especially in Fig. 9, is the 
strong variability of the recorded data around their general trend. While 
this can somehow be expected for the peak period because of its defined 
discrete values, it may appear surprising in the Hs record. A short clar-
ification is due. Every 20- or 30-minute record, with about 100 or 200 

waves depending on the conditions, provides only an estimate of the 
significant wave height and, even more so, of the related spectrum. In 
average conditions, we must expect at least a 6% rms variability for Hs 
records taken in similar conditions. Donelan and Pierson (1983) provide 
a full discussion of the subject. However, in our case conditions are 
much worse. First of all, our waves are very long, with a 20 s dominant 
period or more. This implies that in 20 min we measure only 60 waves or 
so, significantly increasing the variability of the integral parameters. 
Additionally, with the narrow spectrum that characterizes the high long 
swell, groups were very long, possibly with ten or fifteen waves or more, 
which implied long time intervals between a sequence of low waves and 
the following peak of the group. With possibly four or five groups in a 
record, the resulting Hs much depends on when we randomly initiate 
and end a record. The practical consequence is the variability we find in 
the buoy records. Note that this is also reflected in space, hence the 
enhanced variability of the altimeter data. 

A relevant question is to estimate how high the maximum waves 
were on the Galapagos coasts. Ignoring here the local features and 
focusing on the 48 h when the significant wave height was ≥ 2.5 m, we 
have performed a specific analysis in this respect. First, we have ran-
domized the possible one-hour time series and derived the associated 
statistics. The results, in Fig. 15, show that the coasts of the Galapagos 

Fig. 16. With reference to the 48 h in Fig. 15, overall exceedance probability (e.g., 0.4 = 40%) for a given single wave height throughout the considered period.  

Fig. 15. Evolution of the wave conditions in front of the Galapagos Islands. The 48 h go from 19 UTC on May 01, 2015 to 18 UTC on May 03, 2015. Hmax_XX show 
the single maximum wave height with XX% probability to be exceeded during the single hours. 

L. Cavaleri et al.                                                                                                                                                                                                                                



Progress in Oceanography 206 (2022) 102840

14

had to withstand large single wave heights, with 10% probability close 
to 6 m, in contrast to the typical local value of 1.5 m. This holds 
singularly for each hour. The expected Hmax are larger (see Fig. 16) if we 
consider the combined probability throughout the swell event. 

Granted the relevance and accuracy of the model results, we also 
suggest a simple, but sound approach to estimate the evolution in time of 
the peak Hs of the swell with a straightforward calculation. This is based 
on overall energy conservation distributed on a progressively expanding 
area. We describe the procedure in the Appendix A. The results for the 

Galapagos swell under discussion (see Table 6) are surprisingly good. 
An interesting, although perhaps academic, point is the local infor-

mation provided by the initial very low-frequency waves, with peak 
periods between 20 and 30 s (see Fig. 10). Such waves do not arise out of 
the blue, and were themselves a strong indication that somewhere there 

Table 6 
Evolution, in time, of the distance run, and the area covered, by the swell, of its 
estimated maximum significant wave height versus the corresponding model 
estimate.  

Southern Pacific Ocean 
Swell distribution over 5 days, starting time 00 UTC April 27, 2015 
Initial area 15.0 × 12.0 deg (lon, lat) 
Initial Hs 16.0 m 
Initial Tp 18.0 s  

day distance (1000 km) area (1000 km)2 Hs_max (m) model Hs_max (m) 

0 0 2.22 16.00 16.00 
1 1.213 6.74 9.18 9.06 
2 2.426 13.44 6.50 6.06 
3 3.639 22.32 5.04 5.22 
4 4.852 33.37 4.12 4.28 
5 6.065 46.61 3.49 3.60  

Fig. 18. Monthly maximum of wave energy flux at Galapagos from 1979 till 
2019. ERA5 driven wave fields (ecWAM CY47R1), (see Section 2), but with an 
extended low-frequency limit. Note the two peaks in 2006 and 2015, the latter 
the one here analysed. 

Fig. 17. Swell propagation in the Southern Pacific Ocean as depicted by the equivalent significant wave height of all waves with periods between 17 and 21 s. Panels 
a - d are at 24-hour intervals. Note the beginning of the interaction with the Galapagos Islands (panel d, upper right). 
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had been a very strong storm, and that something heavy was on its way. 
Apart from the required oceanographic knowledge, it would not be easy 
to detect these long waves without instruments and the related analysis. 
However, the information was potentially there and, apart from model 
forecasts, this is something to keep in mind. In this respect it is inter-
esting to quote the experience of the Polynesian navigators who, lying 
on their boat and feeling its motion, were able to recognize the char-
acteristics (height, period and direction) of various superimposed swell 
systems. The interested reader can find a good reference in Lewis 
(1994). 

A relevant question is whether the 2015 event was unique or, more 
simply, a relevant, but rare, episode. Pursuing this idea, we have 
explored the Galapagos wave climatology using the ERA5 data from 
1979 through 2019 (forty-one years). The time series of the monthly 
maximum wave energy flux (kWm− 1) is provided in Fig. 18. There is 
obviously the 2015 peak, but we see a higher peak nine years earlier. We 
did not explore this previous event, but it is instructive to note that the 
2015 one was not, as often claimed, something that had “never been 
seen before”. 

From the point of view of the local islanders and activities, an effort 
should be performed for the information to reach the local users and 
interested authorities. The information exists, from different sources, 
and it is available, so it seems absurd in present times not to take 
advantage of them. Of course, there is also the problem of the return- 
time of these unusual events and of the constructions where “construc-
tions should not be”. This is a more general problem that we do not 
touch here. Rather, it is time to summarize the main points and findings 
in this paper. This is done in the next, final section. 

10. Summary 

We itemize here the main findings of this paper.  

(1) A particularly intense Antarctic storm has been analysed. The 
storm sent large swell throughout the Southern Pacific Ocean.  

(2) A possible reason for the very active meteorological conditions 
was the more northern path of the storm and the interaction with 
an unusually warm ocean area.  

(3) This not only led to a stronger meteorological event, but it also 
created the conditions for more active wave generation. The 
latter was further enhanced because the wave peak area was 
moving along with a speed similar to that of the meteorological 
storm (dynamical generation).  

(4) Modelling of both meteorological and wave events was done 
using both ERA5 and the then operational TL1279 prediction 
system, and the corresponding ecWAM wave model. A devoted 
ecWAM run was done extending the frequency range further to-
wards the lower frequencies.  

(5) Validation has been done using scatterometer, altimeter and 
(one) buoy data. ERA5 results appear slightly underestimated (a 
few percent), particularly in the high value range. The TL1279 
results are much closer to the measured data.  

(6) The swell took almost five days to reach the Galapagos, 
decreasing its height while spreading over progressively wider 
areas.  

(7) At the Galapagos, the maximum significant wave height was 
estimated at more than 4 m, with 20 s period. The first fore-
runners were up to about 27 s. 

(8) Comparison with measured data at the WHOI-32012 buoy sug-
gests that the overall event was modelled correctly, but with a 
likely underestimation of the peak significant wave height.  

(9) Granted the modelled Hs history at the Galapagos, we have also 
estimated the evolution of the likely maximum wave height at 
every stage of the event. We have also estimated the exceedance 

probability of various extreme Hmax levels. Should the possible 
underestimation cited at point 8 be true, these values should be 
correspondingly increased.  

(10) The long dominant wave periods and the peakedness of the 
spectrum led to very long beat periods. This implies an enhanced 
variability of the buoy measured wave heights and periods.  

(11) Starting from a given generation area, an expression has been 
derived to provide a crude estimate of the progressively 
expanding swell area and of the associate peak conditions. 

(12) Very low frequency (0.035 Hz) forerunners reached the Gal-
apagos the day before the peak conditions. The information was 
significant for what was about to come, but its perception was a 
very difficult task, and it was not used.  

(13) However, more formal forecasts were available, both after the 
swell was on its way (five days before reaching the Galapagos) 
and also involving the generation phase (eight days before).  

(14) This information was not used. An effort should be done to 
convey the information to the local users and authorities.  

(15) Although rare, the swell event was not unique. Analysis of the 
local ERA5 history indicates that an apparently stronger event 
happened in 2006. 
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Appendix A 

The propagation and attenuation of swell in time. 
A.1. Our purpose 

We aim at formulating a simple “rule of thumb” approach to estimate with a pocket calculator formula the basic characteristics of a swell area, 
namely its expansion and the maximum significant wave height, respectively growing and decreasing in time. We start from the stormy area, with 
given angular amplitude and peak conditions, and aim at quantifying how they evolve in time. At this purpose we start in A2 with a single point 
generation. In A3 and A4 we consider respectively large, rectangular and elliptical, generation areas. In A5 we sketch some practical considerations. 

A.2. Single point generation 

We assume a JONSWAP spectrum (Hasselmann et al., 1973) at a stormy single point area (point A in Fig. A1). We assume a cos4 directional energy 
distribution. For a given peak period Tp we consider the section of spectrum in the 0.5 Tp – 1.4 Tp (i.e. 0.7 fp – 2 fp, with fp = 1/Tp the peak frequency). A 
straightforward calculation shows that this range includes 96% of the overall energy. Further, for practical purposes we consider the ± 30◦ directional 
range (0◦ the main flow direction). On the whole these two limitations include 75% of the overall energy. 

In Fig. A1 x=AB=AD = AC represents the general distance run by the peak frequency components after a certain time. We assume that at this stage 
the energy is distributed on a curved ellipsoid area, whose (curved) axis is B̂DC. The “external” area (//////////) is where the faster wave components 
have arrived. The “internal” one (\\\\\\\\\\) shows the area of the slower (than the peak) ones. Ignoring the curvature (in the first order the external 
and internal parts errors compensate each other), the area covered by the swell is: 

Asw = B̂DC⋅0.4⋅x⋅π/4+ B̂DC⋅0.5⋅x⋅π/4 

Noting that B̂DC = (π/3)⋅x 

Asw = 0.74⋅x2 

With g the gravity acceleration 9.81 ms− 2, 

x = (g/4π)⋅Tp⋅time(units m, s)

= 0.78⋅Tp⋅time 

Hence. 

Asw = 0.45⋅T2
p ⋅time2(units m, s)

Fig. A1. Swell propagation from the single point A. See text (A2) for the details.  
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A.3. Rectangular area generation 

We now consider a stormy area with dimensions (see Fig. A2) d, c (respectively longitude and latitude). Following the logic in A2, the swell area 
after a certain time (distance x) is given by the curved “rectangle” AEFDHONL plus the “external” and “internal” curved half-ellipsoid areas. Simple 
geometry suggests c⋅(d+x) as area of the bent rectangle. Besides we have the ellipsoid area of Section A2 plus the d-wide ones external (from E to F) 
and internal (from N to O) to the curved rectangle. On the whole this leads to: 

Asw = 0.74⋅x2 + 0.9⋅d⋅x+ c⋅(d + x)

= 0.74⋅x2 +(0.9⋅d + c)⋅x+ c⋅d (a1)  

with x = 0.78⋅Tp⋅time (units m, s).
Under the (first order approximation) assumption that energy spreads uniformly in space and time, after a time (s) with Tp (s) initial peak period, 

the maximum swell height is given by: 

Hsw = Hsmax⋅(c⋅d/Asw)
0.5  

with Hsmax the peak significant wave height in the storm. 

A.4. Elliptical area generation 

With similar geometrical considerations, starting with an elliptical stormy area (axes c, d as in Fig. A2), we reach the similar expression. 

Asw = 0.70⋅x2 +(π/4)⋅(0.9⋅d + c)⋅x+(π/4)⋅c⋅d (a2)  

A.5. Some general suggestions 

As seen in Table 6 in the main text, applying the above formulas (we used the rectangular one, but there is not much difference – see below) we 
obtained surprisingly good results. As there said, this was a practically ideal case, that on the other hand is what we have here considered. There is a 
key point that we explain. The area expands in time, this is obvious. The question is how much in relation to the initial stormy one. Both from Fig. A2, 
and also from expressions (a1), (a2), it is obvious that the relative expansion will depend on the dimensions of the initial stormy area. In other words, 
the larger the stormy area, the smaller the relative increase of the swell area, hence the decrease of the internal, in particular the peak, wave height(s). 
On the other hand, this makes sense, as our intuition suggests. However, this means that we must have an idea about how to select the initial stormy 
area. Our practical tests suggested that the area enclosed by the Hs_peak/2 isoline is a good bet, with Hs_peak the maximum significant wave height at the 
peak of the storm. As seen in Table 6, this was a very large area. On the other hand, this was, if not unique, certainly a very peculiar intense storm, both 
as geographical extension and intensity, hence the large swell. It is clear that storms with different, possibly more complicated, geometry (the mind 
goes naturally to hurricanes and typhoons) may behave differently. However, it is possible that a similar analysis provides a similar “rule of thumb” for 
guessing the swell wave heights further on. 

Fig. A2. Swell propagation from the initial storm area. See text (A3) for the details.  
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Practicality? Debatable given the widespread use of computer wave models. On the other hand, it is always useful (and we also find personal 
satisfaction in) being able to guess, practically at once, what the conditions will be without the need of sophisticated models and machines. 
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