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Abstract. Descriptions of the ocean’s role in the El Niño usu-
ally focus on equatorial Kelvin waves and the ability of such
waves to change the mean thermocline depth and the sea sur-
face temperature (SST) in the central and eastern Pacific.

In contrast, starting from a study of the transport of wa-
ter with temperatures greater than 28 ◦C, sufficient to trig-
ger deep atmospheric convection, Webb (2018) found that,
during the strong El Niños of 1983–1984 and 1997–1998,
advection by the North Equatorial Counter Current (NECC)
had a much greater impact on sea surface temperatures than
processes occurring near the Equator.

Webb’s analysis, which supports the scheme proposed by
Wyrtki (1973, 1974), made use of archived data from a
high-resolution ocean model. Previously the model had been
checked in a preliminary comparison against SST observa-
tions in the equatorial Pacific, but, given the contentious na-
ture of the new analysis, the model’s behaviour in key areas
needs to be checked further against observations.

In this paper this is done for the 1987–1988 El Niño, mak-
ing use of satellite observations of SST and sea level. SST is
used to check the movement of warm water near the Equator
and at the latitudes of the NECC. Sea level is used to check
the model results at the Equator and at 6◦ N in the North
Equatorial Trough. Sea level differences between these lat-
itudes affect the transport of the NECC, the increased trans-
port at the start of each strong El Niño being associated with
a drop in sea level at 6◦ N in the western Pacific. Later rises
in sea level at the Equator increase the transport of the NECC
in mid-ocean.

The variability of sea level at 6◦ N is also used to compare
the strength of tropical instability waves in the model and in
the observations. The model showed that in a normal year

these act to dilute the temperature in the core of the NECC.
However their strength declined during the development of
the strong El Niños, allowing the NECC to carry warm water
much further than normal across the Pacific.

The results of this paper should not be taken as provid-
ing proof of the hypotheses of Wyrtki (1973, 1974) or Webb
(2018) but instead as a failure of a targeted study, using satel-
lite observations, to disprove the hypotheses.
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1 Introduction

Wyrtki (1973, 1974) analysed sea level time series at Pa-
cific islands and showed that there was a correlation between
the occurrence of strong El Niños and an increase in the sea
level difference across the North Equatorial Counter Current
(NECC). This current lies near 5◦ N and carries near-surface
ocean water from the warm western equatorial Pacific into
the eastern Pacific, north of the Galapagos.

The increased sea level difference implies an increased
pressure difference within the ocean, and, as with pressure
differences in the atmosphere, this in turn implies an in-
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creased transport by the current. Wyrtki surmised that the
increased current would transport more warm surface water
from the western to the eastern Pacific. Here it would trig-
ger strong convection in the atmosphere and so trigger an El
Niño.

Unfortunately the work was published at a time when an-
alytic and numerical models of the equatorial ocean were
leading researchers in another direction. Thus Anderson and
Rowlands (1976) and McCreary (1978) both showed that
Kelvin waves caused downwelling off Central America, the
implication being that this could cause warming of the sur-
face layer sufficient to generate an El Niño (Gill, 1982).

This led to an emphasis on the potential role of equatorial
Kelvin waves in triggering El Niños. Indeed Wyrtki’s own
theory of the El Niño (Wyrtki, 1975) states that “the accu-
mulated water flows eastward, probably in the form of an
internal equatorial Kelvin wave” and “this wave leads to an
accumulation of warm water off Ecuador and Peru”.

Other papers which use the Kelvin wave hypothesis in-
clude McPhaden (1999) and Vialard et al. (2001) and more
recently Levine and McPhaden (2016), Chen et al. (2016)
and Hu and Fedorov (2017).

However although equatorial Kelvin waves can readily
transport energy and momentum, wave motions are very in-
efficient at transporting mass and related properties such as
salinity and heat. Kelvin waves might trigger another process
which heats the central and eastern Pacific, but, although in-
ternal Kelvin waves can warm the deep ocean through down-
ward advection, there is no way in which they can directly
warm the surface layer.

This problem of the heat transport during an El Niño was
investigated by Webb (2018) using archived data from a
1/12◦ global ocean model. The study concentrated on the
strong El Niños of 1982–1983 and 1997–1997 and found that
equatorial Kelvin waves had no significant effect on the sur-
face temperature of the eastern Pacific.

Instead the model results showed that both the temperature
and volume of water carried by the NECC increased during
the period in which the El Niños were growing.

This resulted in water reaching the eastern Pacific with
temperatures above 28 ◦C, sufficient to trigger deep atmo-
spheric convection (Evans and Webster, 2014). This oc-
curred near the latitude of the Intertropical Convergence
Zone (ITCZ), the band where the atmosphere is more un-
stable than normal. As a result it was concluded that it was
this water which triggered the strong El Niños.

1.1 Mechanisms

The model results also indicated that three physical mecha-
nisms are involved. The first is an increased strength of the
NECC which is in part due to the annual Rossby wave (My-
ers, 1979). This starts in the eastern Pacific near the begin-
ning of each year and reaches the dateline about 5 months
later. In mid-1982 and mid-1997 it appears to progress much

further westwards than normal, but this may be a local west
Pacific effect increasing the depth of the North Equatorial
Trough. Whatever the cause, the changes in the depth of the
trough increase the pressure difference across the NECC and
at some longitudes move it towards the Equator, both pro-
cesses increasing its transport.

It is the increased transport in the west equatorial Pacific
which appears to start the strong El Niños of 1982–1983 and
1997–1998. The NECC always carries some warm pool wa-
ter to the east, but this extra impetus means that it carries
warm water much further eastwards than normal. As the wa-
ter is above 28 ◦C, it encourages new centres of deep atmo-
spheric convection to develop over the ocean. The result sup-
ports Wyrtki’s observations (Wyrtki, 1973, 1974) discussed
above.

The second mechanism involves an increase in the core
temperature of the NECC due to the reduction in the strength
of tropical instability waves (or eddies). In a normal year the
eddies extract warm water from the core of the NECC and
replace it with cooler water, thus reducing the temperature of
the current.

However as the El Niños develop and the areas of deep
atmospheric convection move eastwards, the easterly winds
along the Equator decay to zero and, as convection moves
even further east, are replaced by westerlies. The surface
current along the Equator reflects this, the westward-flowing
Equatorial Current decaying to zero and eventually being re-
placed by a eastward-flowing current.

A key result of this is that the Equatorial Current can no
longer power the tropical instability eddies. These die away
and no longer dilute the NECC. As a result the NECC car-
ries warm water further east, again triggering a new region of
deep atmospheric convection and so repeating the process.

Finally the model confirmed a third mechanism, originally
proposed by Kug et al. (2009), where the region of highest
sea level on the Equator moves from the western Pacific into
the central Pacific. Comparison with the wind field indicates
that this develops between the westerly and easterly winds
along the Equator. The increased sea level on the Equator in
this region also increases the pressure difference across the
NECC and so further increases its transport of warm surface
water towards the eastern Pacific.

1.2 Comparison with observations

But these are just model results, and, given the widespread
acceptance of the Kelvin wave ideas discussed earlier1, both
the results and the mechanisms proposed need to be carefully
checked against observations.

To a certain extent this has been done. Webb (2016) inves-
tigated surface temperatures in the Pacific Niño regions and
found good agreement between the model and observations.

1See also Wikipedia “Equatorial wave” (version of 21 Septem-
ber 2019).
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That study also investigated whether the changes occurring
during an El Niño were due to advection, other model pro-
cesses or feedback between the model and the atmospheric
forcing. The results indicated that any feedback was cool-
ing the ocean surface and that surface warming during the
development of the strong El Niños was due primarily to ad-
vection.

However this study was carried out before the results of
Webb (2018) were known, and, given the contentious na-
ture of the latter’s results, the model’s behaviour in key areas
needs to be checked further against observations. If serious
discrepancies are found, then the conclusions of the paper
become invalid.

In the present study this is done by using satellite data
from 1995 to 2000 to check the model sea surface temper-
ature (SST) and sea surface height (SSH) fields in regions
most affected by the three mechanisms discussed above.

When comparing the SST fields, the present paper uses
absolute values because, as discussed by Evans and Webster
(2014), it is only when the SST rises above 28 ◦C that deep
atmospheric convection can occur. SSH is useful because, in
the model, the annual Rossby wave and tropical instability
eddies show up clearly in the sea surface height signal. As
a result, satellite-based radar altimeters, which measure sea
level to within a few centimetres, provide a useful check on
both the Rossby wave and the tropical instability eddies seen
in the model.

There were no altimeter measurements of SSH dur-
ing the 1982–1983 period, but by 1997–1998 both the
TOPEX/Poseidon and ERS-2 satellite altimeters were oper-
ating. This paper thus concentrates on the later period.

In the remainder of this paper Sect. 2 gives details of the
model and satellite data, and the processing used to generate
the gridded data sets used later. Section 3 then focuses on the
sea surface temperature signal in the equatorial band (used
in many El Niño analyses) and also in a band including the
core of the NECC. Comparisons between model and obser-
vations are also made for September 1997, when the El Niño
is developing rapidly, and for September 1996, during a more
typical year.

Section 4 then compares the observed and model sea lev-
els at 6◦ N, a key latitude for the propagation of the annual
Rossby wave, and at the Equator. At 6◦ N the tropical insta-
bility eddies show up as propagating waves, so this property
is used in Sect. 5 to check that the strength of the eddies in
the model is comparable to that of eddies in the real world.

Overall qualitative agreement between model and obser-
vations is good for both SST and sea level. However in the
case of the instability eddies, when these are weakest, the
variance in the model data is smaller than in the observations
– as though the model is too quiet.

The final section reviews the results and discusses how
they support, or fail to support, the proposed mechanisms
controlling the growth of a strong El Niño.

2 Data sources and processing

The model datasets used in this paper are from the 5 d av-
erages generated during run six of the NEMO 1/12◦ model.
These are the same datasets as used for Webb (2016, 2018),
where detailed information on the model, the model run and
the archive data sets can be found. The model uses a 1/12◦

grid, but, for the comparisons reported here, sea surface val-
ues were averaged onto the same grid as used for the pro-
cessed satellite data.

The processed sea surface temperature used in this paper is
the weekly averaged version of the Reynolds optimally inter-
polated satellite data (Reynolds and Stokes, 1981). The anal-
ysis scheme, described in Reynolds et al. (2002), combines
data from separate satellites and corrects for the effects of
clouds and other errors in the measurements. The resulting
dataset is provided in the form of averages over 1◦ cells.

The processed satellite altimeter dataset used here is the
Copernicus DUACS DT2014 gridded absolute dynamic to-
pography data set (Pujol et al., 2016; Taburet and Team,
2018, 2018). For the period studied here this combines the
altimeter measurements of the ERS-2 and TOPEX/Poseidon
satellites, correcting for errors and using optimal interpola-
tion to generate data on a 1/4◦ grid at daily intervals.

There are some reservations about the altimeter data which
need to be kept in mind. Pujol et al. (2016) refer to error
variances of up to 32.5 cm2 in energetic regions of the ocean,
and Taburet and Team (2018) state that two satellites are the
“minimum for offline applications”. They also show that the
effective spatial resolution of the gridded data may be 200 km
or more in the equatorial regions discussed here.

3 Comparison of sea surface temperatures

Figure 1 compares the SST averaged between 5◦ S and 5◦ N
for the period 1995 to 2000. Both the model and observa-
tions show the 1997–1998 El Niño developing in two stages:
an initial advance of warm water towards the central equa-
torial Pacific between March and June 1997, followed by
the main El Niño advance, which starts during late (north-
ern hemispheric) summer and reaches the eastern boundary
of the Pacific in early 1998.

As discussed in Webb (2018) the first advance may have
been triggered by winds crossing the Equator north of New
Guinea. The following main advance is then consistent with
the development of an enhanced NECC arising from a
stronger-than-normal pressure difference across the current.

The results show that the observations and model are gen-
erally in good agreement in both the magnitude and the tim-
ing, not only of the El Niño but also of the many other fea-
tures seen in the figures. For the El Niño, the main discrep-
ancy occurs in the central Pacific, where the difference figure
shows that the model is up to 1◦C warmer than the observa-
tions.

www.ocean-sci.net/16/565/2020/ Ocean Sci., 16, 565–574, 2020



568 D. J. Webb et al.: The 1997–1998 El Niño – comparing model results with observations

Figure 1. Observed and model sea surface temperatures and their difference, averaged between 5◦ S and 5◦ N, for the equatorial Pacific
between 140 and 280◦ E (80◦W), showing (a) tropical instability waves, strongest in the second half of non-El Niño years; (b) initial mid-
ocean El Niño, discussed in Webb (2018); and (c) strong El Niño, starting in the west around mid-year and arriving in the east around new
year. Temperature units are degrees Celsius.

The model is also warmer than observations in the east-
ern Pacific, where there appears to be a jump in model tem-
peratures east of the Galapagos Islands at 270◦ E. This may
be due to the model topography, with the relatively coarse
model representation of the islands partly blocking both the
Equatorial Current and Equatorial Undercurrent.

In addition the figures show that, outside the El Niño years,
the central Pacific temperature anomalies due to tropical in-
stability waves appear larger in the model data set than in
the observations. However after allowing for this, there is
agreement with the model in both the east–west wavelength
of the waves and the variations in the speed as they propagate
westwards. The differences in the amplitudes may be due to
model errors, but they could also be due to smoothing of the
observations by the optimal interpolation process.

The waves are emphasized in the difference plot, as would
be expected for chaotic events. In this respect the lack of any
short-wavelength features in the difference plot during the
second half of 1997, when the El Niño was growing, is sig-
nificant.

The mechanisms proposed by Webb (2018) mainly in-
volved the transport of heat by the NECC. Unfortunately the
current lies partly outside the equatorial band of Fig. 1, so
as a check Fig. 2 shows a similar comparison for the latitude

range 3–9◦ N. This includes most of the NECC and is centred
on the 6◦ N latitude discussed later. It also covers most of the
latitude range of the ITCZ, where the atmosphere appears to
be most unstable.

The figures again illustrate good agreement between
model and observations and, as discussed below, show that
during the development of the El Niño, when the central Pa-
cific warms, there is a cooling of the western Pacific at these
latitudes.

The tropical instability waves between 3 and 9◦ N are
slightly weaker than those of Fig. 1, but in both cases the
difference plot shows that during the El Niño they all but dis-
appear in the central Pacific.

Surface temperature maps

The El Niño is usually characterized in terms of the average
sea surface temperatures between 5◦ N and 5◦ S. However the
model results reported by Webb (2018) indicate that the most
significant changes occur further north.

Here, during the development of an El Niño, the North
Equatorial Counter Current can transport significant amounts
of warm water into the eastern Pacific near the latitude of
the atmospheric ITCZ. There the warm water can trigger en-
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Figure 2. Observed and model sea surface temperatures and their difference, averaged between 3 and 9◦ N, for the equatorial Pacific between
140 and 280◦ E (80◦W). Units are degrees Celsius.

Figure 3. Observed and model sea surface temperatures in (a) late September 1996 and (b) late September 1997. Units are degrees Celsius.
For these figures the model datasets have been averaged onto the same 1◦ grid as used for the satellite-based data set.

www.ocean-sci.net/16/565/2020/ Ocean Sci., 16, 565–574, 2020



570 D. J. Webb et al.: The 1997–1998 El Niño – comparing model results with observations

Figure 4. Observed and model sea surface height and their difference in the Pacific at a latitude of 6◦ N between 135 and 280◦ E (80◦W),
showing (a) westward-propagating tropical instability waves or eddies, (b) quasi-steady meanders near the start of the NECC, (c) westward-
propagating annual Rossby wave and (d) transition event (see text). Units are metres.

hanced deep atmospheric convection and thus be the cause of
a strong atmospheric El Niño.

Figure 3 compares the observed and model fields of SST
during late September in 1996, a normal year, and in 1997,
during the development of the 1997–1998 El Niño. Late
September is of interest because, as discussed in Webb
(2018), during the development of a strong El Niño it shows
two important features.

The first, the result of enhanced transport by the NECC,
is the region of enhanced SST north of the Equator in the
eastern Pacific. The second is the region of high SSTs that
develops in the central Pacific. As is discussed later, the latter
also shows a maximum in sea level, probably because it lies
between regions of easterly and westerly winds acting along
the Equator.

The results for September 1996 show generally good
agreement. The most obvious difference occurs along the
Equator in the central and eastern Pacific, where the tropi-
cal instability waves are much more pronounced in the model
plot than in the observations. Plots of individual satellite SST
measurements, for example Wentz et al. (2000), usually show
much stronger instability waves, so it is possible that the
Reynolds SST processing has smoothed out these features.

There is also good agreement in September 1997. Both
the observations and the model show a region of high tem-

peratures at the latitude of the NECC which extends from
the central Pacific into the eastern Pacific. The model results
showed that this water had been advected from the west. In
support of this, both figures show a region of reduced SSTs
between 150 and 170◦ E at the latitudes of the NECC.

Both observations and model also show the eastward shift
in the region of highest SSTs along the Equator. This shift
also affects temperatures south of the Equator as far as 10◦ S.

4 Sea levels along 6◦ N and the Equator

Webb (2018) found that the increased strength of the NECC
during the growth of an El Niño was in part associated with
an increased sea level difference between the Equator and
6◦ N. It is thus of interest to see how the observations and
model compare at both these latitudes.

Figure 4 compares the observed and model sea levels
at 6◦ N (i.e. the gridded data averaged between 5.75 and
6.25◦ N). Between 1995 and 1997 both behave in a similar
manner, showing a similar mean east–west slope, an annual
signal and small-scale structures. Between 160 and 250◦ E
these are due to westward-propagating tropical instability
waves. West of 160◦ E they are due to the almost-steady
north–south meanders generated near the start of the NECC.
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Figure 5. Observed and model sea surface height and their difference in the Pacific on the Equator between 135 and 280◦ E (80◦W), showing
(a) eastward-propagating Kelvin waves and (b) sea level high moving to the central Pacific. Units are metres.

The years 1995 and 1996 also show the annual Rossby
wave propagating westwards in both observations and model.
This also occurs in 1997, but in the second half of the year
both the observations and model show an additional drop in
sea level between 130 and 180◦ E. Webb (2018) argues that it
was this drop in sea level which was responsible for increas-
ing the transport of the NECC, allowing it to carry warm sur-
face water further east than normal and so trigger the strong
El Niño.

Sea levels in the west continue dropping towards the end
of 1997, but then there is a transition during which sea level
starts rising from the western boundary as far as 250◦ E. This
is also the period when the raised sea level along the Equator
starts returning to more normal values (Fig. 5), and there are
other major changes in both the Equatorial Current and the
NECC (Webb, 2018).

The transition is most probably the results of the south-
ward movement of the ITCZ (see Wodzicki and Rapp, 2015),
with the trade winds of the North Pacific reaching and some-
times crossing the Equator during the early months of 19982.

During 1998 the standing waves due to the NECC are
weaker than in the previous years, and, initially, so are the
tropical instability eddies. The latter reappear strongly dur-

2A similar transition is seen at the end of 1983 during the strong
1983–1984 El Niño.

ing the second half of the year, after which the ocean appears
to return to its normal state.

The comparison between observations of SSH and the
model results at the Equator is shown in Fig. 5. The agree-
ment is good, both in the large-scale structure and the tim-
ing of individual Kelvin waves seen to propagate eastwards
across the equatorial ocean. Although the timing of these
events is good, they will be a direct response to the wind
forcing, and so the agreement is really a measure of the qual-
ity of the wind forcing used to drive the model.

Possibly of more importance is the close agreement in the
strength and position of the region of maximum sea level
which, during 1997, moves from the western boundary into
the centre of the Pacific. During the second and third quar-
ters of 1997 this will have increased the sea level difference
in the western and central Pacific between the Equator and
6◦ N. As a result it will have been partly responsible for the
enhanced strength of the NECC.

5 Mixing by tropical instability eddies

Webb (2018) found from the model results that the transport
of warm water by the NECC during an El Niño was also in-
creased as a result of reduced mixing by tropical instability
eddies. In the paper the magnitude of the mixing was esti-
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mated by calculating the smoothed variance of the northward
component of velocity in the top 300 m of the ocean at 6◦ N.

Averages over the top few hundred metres are not avail-
able from the satellite data discussed here, but a closely re-
lated value, the geostrophic component of the surface veloc-
ity field, can be calculated from the sea surface height. If v is
the northward component of geostrophic current at the ocean
surface, then

v = (g/f )∂h/∂x, (1)

where g is gravity, f the Coriolis term, h the sea surface
height and x the eastwards co-ordinate.

Let v be the smoothed value, produced by averaging over a
range of longitudes, and let vrms be the smoothed root-mean-
square (rms) variance defined in a similar way. Then,

v =H(v),

vrms =H (|(v− v)|) , (2)

where H() is a smoothing filter. For the results presented here
H is a Hann filter with a width of 20◦ of longitude.

The results at 6◦ N, calculated using the above scheme, for
both the satellite observations and the model are shown in
Fig. 6.

In 1995 both figures show that the rms velocity variances
have maxima in the eastern Pacific during the second half of
the year. Peak values are above 35 cms−1 for both the model
and observations, but the model has a marginally greater
range of longitudes with values above 15 cms−1.

The results for 1996 also show increases during the sec-
ond half of the year, but in both cases the amplitudes are
about 10 cms−1 lower and the variance is more evenly spread
across the ocean.

Late 1998 then shows an opposite extreme, with the values
in the western Pacific based on observations reaching peak
values of over 60 cms−1 and with 45 cms−1 over significant
ranges of both space and time. The model shows a simi-
lar maximum during this period, but peak values are nearer
50 cms−1, and average values nearer 35 cms−1.

However for the purposes of this paper the key period
is during 1997 when the El Niño was developing. Figure 6
shows that as this was occurring the model variance dropped
to below 3 cms−1 at times and was below 7 cms−1 for long
periods and over a large range of longitudes. In Webb (2018)
the corresponding velocity variance plot was taken to indi-
cate reduced mixing, resulting in enhanced transport of the
warmest surface water by the NECC.

However using the observed sea surface height, the rms
variance is reduced during this period but remains much
larger than when calculated from the model data. Sometimes
it drops below 7 cms−1, but usually it is above 10 cms−1

with peaks above 20 cms−1. This discrepancy is discussed
below.

Figure 6. Rms variance of the northward component of ocean sur-
face geostrophic velocity at 6◦ N. The values were calculated from
the satellite altimeter and model sea surface height fields using
Eqs. (1) and (2). Units are centimetres per second (cms−1).

6 Discussion

In a study of the 1982–1983 and 1997–1998 El Niños,
using data archived from a high-resolution global ocean
model, Webb (2018) proposed a number of mechanisms
which helped trigger both events. The first was the increased
strength of the NECC due to a larger sea level difference
across the current than is normal. The second was an increase
in the temperature of the water advected by the NECC due to
reduced mixing of cooler water by tropical instability eddies.

Prior to the original paper the realism of the model results
had been checked by comparing the model prediction of tem-
peratures in standard Niño regions with observations. How-
ever this study (Webb, 2016) did not investigate the realism
of the model SSH values and studied only part of the devel-
opment in the surface temperature field in space and time.

The present paper has therefore concentrated on aspects
of the temperature and SSH field that have most effect on the
proposed mechanisms. For the temperature field, the results
show that in the equatorial band, between 1995 and 2000,
there is good agreement between the model and observations.
In the autumn of 1997 during the main development phase of
the El Niño, there is also good spatial agreement between the
model and observations.

The comparison of SSH values at 6◦ N and at the Equa-
tor show similar good agreement. Together with the surface
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temperature comparison this does not prove the hypothesis
about the role of the North Equatorial Trough, but it gives no
reason to think it is wrong.

In the study of rms variance, the agreement during the de-
velopment phase of the El Niño is not so good. During this
period, the estimate based on the observed SSH data shows
much more variance than that based on the model SSH. This
implies that tropical instability waves were more active in
reality than in the model.

However this result is in conflict with the SST observa-
tions (Figs. 1 to 3) where temperature fluctuations due to
tropical instability waves all but disappeared in the central
Pacific. It is thus possible that there is some tropical instabil-
ity wave activity during a strong El Niño, but this is too weak
to have a significant effect on the transport of warm water by
the NECC.

Alternatively, given the potential errors in the altimeter
data referred to earlier, it is possible that the differences in
sea level variance during the growth period of the 1997–1998
El Niño result from some other cause, such as the noise level
of the gridded data.

Additional tests

In physics, hypotheses can only be disproven, but if well-
targeted tests fail to do this then one might start having some
confidence in the ideas. In the present case the targets have
been aspects of the model results which were critical for the
development of the ideas of Webb (2018). The present set of
comparisons, despite using some of the best data sets avail-
able, have failed to show that the computer model results, and
thus the hypotheses, are seriously in error.

However further tests are needed, to ensure that the model
results are realistic and that mechanisms proposed are causal.
One check on reality would be to repeat the comparisons of
this paper for the 2015–2016 El Niño, during which bet-
ter satellite coverage is available. Unfortunately the high-
resolution computer model run stopped at the end of 2015,
but changes during the El Niño growth phase can still be in-
vestigated.

A second is to compare the strength of the NECC and the
tropical instability eddies in the model with temperature and
current meter observations from the region. The TOGA-TAU
buoy array (Hayes et al., 1991) covers the region of interest
and has measured temperatures in the top few hundred metres
of the ocean since 1992. Unfortunately there are no compa-
rable velocity measurements in the central Pacific, except at
the Equator, but one might hope that this will change.

The question of causality may be tackled by analysing
the model results in more detail. Although Webb (2018)
was mainly concerned with qualitative comparisons, Webb
(2016) included quantitative estimates of surface heating in
the eastern Pacific, and this could be extended to include the
horizontal and vertical advection of heat into the surface lay-
ers at both the Equator and the latitude of the NECC. This

should give a more quantitative understanding of the role
of waves and advection near to the Equator and the effect
of tropical instability eddies on the volume transports and
temperatures of the warmest water masses transported by the
NECC.

Finally there is the question of where and why deep atmo-
spheric convection occurs in the central and eastern Pacific.
The study by Evans and Webster (2014) is notable in the way
it excludes much of the Pacific. A similar study is required
which corrects this and which investigates the pathways and
preconditioning of the air masses by the ocean prior to the
occurrence of deep-convection events there.

This would help identify the key ocean regions responsible
for the changes in deep atmospheric convection that occur at
the start of a strong El Niño.

Code and data availability. At the time of publication the
model datasets are freely available at http://gws-access.
ceda.ac.uk/public/nemo/runs/ORCA0083-N06/means/ (Cow-
ard, 2016). The NEMO ocean model code and its docu-
mentation are available from https://www.nemo-ocean.eu
(last access: 17 April 2020) (NEMO, 2020). The satellite
datasets are available from https://doi.org/10.5067/REYN2-
OIMOW (Reynolds and Stokes, 1981). The satellite al-
timeter datasets are available (ftp://my.cmems-du.eu/Core/
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