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Abstract

The behavior of planetary wave with zonal wave number 1 (PW1) at the heights of middle and upper
stratosphere during different El Nino types has been considered. The sets of 5 winters have been chosen for
each El Nino type using the table of available extended Multivariate El Nino Southern Oscillation (ENSO) Index
values and index for identifying different types of El Nino Modoki events. Comparing planetary wave response
and residual circulation under various conditions caused by Modoki |, I, and canonical El Nino, it has been
revealed identical features associated with any of this type. The activity of travelling waves has been
presented at three latitudes (2.5, 27.5, and 62.5) of Northern Hemisphere to follow the changes in behavior of
waves. Travelling waves determined at 2.5°N latitude during every El Nino type have similar wave activity
distribution despite the different location of SST anomaly. The standing waves activity at 27.5°N latitude
during Modoki Il type is similar to this activity during canonical one. This similarity disappears at lower
latitudes, where wave amplitudes every canonical winter do not distinguish each other greatly especially
standing and westward propagating waves.

Introduction

El Nino Southern Oscillation (ENSO) is the phenomenon, which has three phases and irregular cycle of a
coupled ocean-atmosphere interaction. Over the years, El Nino — the “warm” phase of ENSO phenomenon -
has become very popular due to free access to scientific information and community-wide discussion. The
considerable part of the population in tropical regions is familiar with this ‘coupled’ climate event. The reason
is extreme weather, which is observed during this ENSO phase. Fish population die or migrate these years since
the normal upwelling is absent and coastal ecosystem changes. Increased convection above warmer Pacific
brings raised precipitation. This results in heavy rains and devastating floods. While South America suffers
from floodwaters, severe droughts occur in Indonesia and Australia (Ward et al. 2016; Nobre et al. 2017; Chung
and Power 2017; Igbal and Hassan 2018; Foley and Kelman 2020;).

Stronger El Nino events interfere as global atmospheric circulation via remote impacts. The movement of
atmospheric heat sources directed to the East lead to uncommon winter weather at higher altitudes. Sea
Surface Temperature (SST) and pressure anomalies can affect even the stratosphere trough the
teleconnections. The Aleutian low tends to deepen and goes southward during El Nino. This leads to the
strengthening of wave activity flux upward to stratosphere and the weakening of polar vortex (Garfinkel and
Hartmann 2008; Ineson and Scaife 2009; Bell et al. 2009; Garfinkel et al. 2010; Smith et al. 2010; Smith and
Kushner 2012; Rao and Ren 2016a). Despite scientists’ efforts to improve the understanding of the ENSQO'’s
phenomenon through new technologies, techniques, and approaches, many questions around. Most studies
dedicated to different phases of ENSO influence on planetary waves behavior concentrate on equatorial-
trapped Rossby-Gravity and extratropical planetary waves (Chen et al., 2002; Kim and Kim, 2002; Dima and
Wallace, 2007; Rakhman et al. 2017) or planetary waves at the heights of stratosphere (Garcia-Herrera et al.,
2006; M. Taguchi and D. Hartmann, 2006; Garfinkel and Hartmann, 2007; Ermakova et al. 2019), ignoring the
eastward traveling waves.

According to Pacific location of SST anomalies, El Nino phase can be divided into central Pacific (CP or
“Modoki” - a Japanese word meaning “similar but different”) (Larkin and Harrison 2005; Ashok et al. 2007; Yu
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and Kim 2011) and eastern Pacific (EP or canonical) (Larkin and Harrison 2005; Hurwitz et al. 2014; Domeisen
et al. 2019). It is noted that there is more substantial and rapid response of Aleutian low to eastern Pacific El
Nino type in contrast to central Pacific (Yu and Kim 2011; Sung et al. 2014). The polar stratosphere exhibits a
more pronounced warming and, as a consequence, the polar vortex weakening during EP, while there is no
consensus on CP mostly due to differences in its definition.

In order to distinguish two types of El Nifio, several methods and indices have been suggested. The El Nifo
type can be determined by comparing the values of the Nifio3 and Nifio4 indices (Kug et al. 2009; Yeh et al.
2009). The SST anomalies, furthermore, in the tropical southeastern Pacific (150-90°W, 0°-10°S) represent El
Nifio Modoki events as well (Qu and Yu 2014). Some of indexes are based on the empirical orthogonal
function analysis of the SST anomalies (Ashok et al. 2007; Kao and Yu 2009; Di Lorenzo et al. 2010;
Takahashi et al. 2011).

Considering the impacts of Modoki El Nino expressed in rainfall in southern China during boreal autumn
(Wang and Wang 2013), the CP can be classified into Modoki | and Modoki Il. The separation principle
includes not only rainfall anomalies but also the spatial-temporal evolutions of SST anomalies. The origin of
positive SST anomaly locates in the equatorial central Pacific and in the subtropical northeastern Pacific for
Modoki | and Modoki Il, respectively.

Obviously, the three types of El Nino send different signal about the extreme weather phenomena in the
troposphere. To analyze this signal the behavior of planetary waves at different latitudes: 2.5°N, 27.5°N and
62.5°N has been examined. Equatorial planetary waves, e.g. Kelvin wave, are excited by convective heating in
the equatorial region (Chapman and Lindzen 1970; Tsuda and Kato 1989; Forbes et al. 1997). They induce
meridional circulation that is why latitude of 2.5°N has been included in the present study. Latitude of 27.5°N
allows demonstrating variability of travelling planetary waves, while at higher latitudes these waves are
obfuscated by the standing and quasi-stationary waves (Pogoreltsev et al. 2009). The extratropical low-
frequency westward propagating normal atmospheric modes are well observed at higher mid-latitudes (e.g.
62.5°N) since their amplitudes are the greatest here (Salby 1984; Fedulina et al. 2004). The question is whether
the thermodynamic differences are observed under Modoki |, Modoki Il and canonical El Nino conditions in the
stratosphere? This paper is concerned primarily with this problem.

Data And Methods

Motivated by development of index which identifies the types of El Nino events (Wang et al. 2017), the
estimations of thermodynamical stratospheric features during different EI Nino winter conditions in the
Northern Hemisphere are presented. The JRA-55 (https://jra.kishou.go.jp/JRA-55/index_en.html) Reanalysis
covering the period from 1958 to present day is employed to analyze the behavior of planetary waves under
Modoki I, Modoki Il and canonical conditions.

Using the table of available extended Multivariate ENSO Index (MEI) values

(https://psl.noaa.gov/enso/mei.ext/table.ext.html; https://psl.noaa.gov/enso/mei/data/meiv2.data) and

results obtained by Wang et al. 2017, the following sets of winters have been chosen: 1963/64, 1979/80,

1987/88, 1992/93, and 2002/03 — Modoki | winters, 1968/69, 1977/78,1991/92, 1994/95, and 2009/10 -

Modoki Il winters, 1965/66, 1972/73,1982/83, 1997/98, and 2015/16 — canonical El Nino type winters.
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Positive values in Table 1, magnitudes greater than 0.5, indicate El Nino warm phase of the ENSO. ‘The
warmest’ winters are 1972/73, 1982/83, 1997/98 and 2015/16 (canonical type). “The coldest” ones are
1979/80, 1992/93 and 2002/03 (Modoki | type). Winter 1979/80 shows the smallest values of MEI index
values, just late autumn months have magnitudes slightly greater than 0.5. This winter can be rather referred
to neutral phase, while other ENSO indexes (The Oceanic Nifio Index (ONI) and Nino3.4) demonstrate positive
SST anomaly during winter months and Wang et al. identify this winter as Modoki | type of El Nino.

Table 1
Bimonthly MEI index values.

YEAR JulAug AugSep SepOct OctNov NovDec DecJan JanFeb FebMar MarApr
1963/64 091 1,06 1,11 1,07 0,97 0,93 0,73 0,25 -0,35
1965/66 1,73 1,73 1,42 1,52 1,73 1,68 1,53 1,21 0,89
1968/69 -0,34 0,20 0,62 0,73 0,66 0,76 1,04 1,03 0,94
1972/73 2,21 2,07 1,88 1,84 2,01 2,02 1,76 1,30 0,74
1977/78 0,75 0,72 0,83 1,01 1,11 0,94 0,85 0,90 0,57
1979/80 0,44 0,38 0,24 0,52 0,65 0,35 0,19 0,41 0,59
1982/83 2,02 1,81 1,93 2,28 2,48 2,57 2,74 2,68 2,79
1987/88 1,48 1,23 1,13 0,85 0,75 0,59 0,31 0,19 -0,01
1991/92 0,42 0,62 1,09 117 1,29 1,70 1,59 1,72 1,98
1992/93 0,08 0,50 0,81 0,73 0,78 0,83 0,93 0,78 0,98
1994/95 0,84 1,06 1,47 0,99 0,87 0,77 0,48 0,14 0,18
1997/98 2,20 217 2,01 2,06 2,03 2,23 243 2,27 2,55
2002/03 0,97 0,84 0,79 0,76 0,86 0,80 0,62 0,53 -0,08
2009/10 0,52 0,39 0,56 1,05 0,96 0,93 1,28 1,31 0,49
2015/16 1,92 2,21 2,11 1,88 1,90 1,94 1,81 1,31 1,33

The amplitudes of zonal harmonics with zonal wave numbers 1 in the geopotential height are presented in
Fig. 1. A strong variability with time that is caused by nonlinear interaction of this wave with zonal mean flow,
the so-called stratospheric vacillations, is evident (Holton and Mass 1976; Pogoreltsev 2007). Another reason
of observed variability is the interference of stationary planetary waves with travelling waves, for instance, the
interference of the SPWs and free atmospheric oscillations or the normal atmospheric modes (Salby 1984).

Traveling planetary waves have been extracted using a space-time spectral analysis of the geopotential height
fields based on the complex Morlet wavelet transform (Torrence and Compo 1998). It is examined the wave
with zonal wave number m = 1. The extraction method was described in Pogoreltsev et al. (2002) and (2009). It
should be noted that the separation of the geopotential height oscillations into the westward and eastward
propagating components is to some extent artificial. Two waves with the same period and amplitudes that
propagate westward and eastward can be presented as a standing wave.
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Analyzing the activity of stationary planetary wave with zonal wave number one (SPW1) it is worth considering
its impact on the mean flow. However, in the momentum and energy equations, the wave sources of
momentum and heat are compensated by advective momentum and heat fluxes (Charney and Drazin 1961).
To fill this gap, the alternative approach can be applied. It is the calculation of the transformed Eulerian mean
circulation (TEM, Andrews and Mcintyre 1976) that has been used in the present study. The essence of this
method is the consideration of the so-called residual mean meridional circulation (RMC), which is a
combination of eddy and advective mean transport.

Results

The amplitudes of SPW1 during different El Nino types are presented in Fig. 1. Maximum amplitude peaks
greater than 2500 meters arise in January 1964, February 1988, December 2002 (referred to as Modoki 1), in
the end of December 1994, December 2009, and January 2010 (Modoki Il), December 1982, February 2016
(canonical EI Nino). In both cases (Fig. 1c and Fig. 10, respectively), when the observed greatest amplitudes
occur in February, the maximum MEI values achieve of about 2 and appear to be in the summer. The
substantial SPW1 amplitudes in December during Modoki both types can be also related to MEI values, which
are of about unit and have the highest magnitude in early autumn months. Winters 1963/64 and 1987/88
have similar MEI values distribution and in both cases there is PW1 amplification, which is not so dramatic, in
the beginning of cold season: in the first case — middle of November, in the second case — end of November.
December 1982 (canonical El Nino) doesn't follow this pattern. Short time intervals of increased wave activity
are found during three types of El Nino in different winter months.

The observed temporal variability of the amplitudes and phases of the zonal harmonics is due to the
superposition of the variability of SPWs, which can be explained by a change in the conditions of their
propagation from the troposphere and/or the nonlinear interaction with the mean flow, and by the presence of
traveling and standing planetary waves (PWs) in the reanalysis data. Traveling (propagating to the East and to
the West of the PWs) and standing planetary waves, in turn, are also nonstationary. As a result, the situation is
rather complicated and the complex Morlet transform is used to estimate the variability of their amplitudes
and phases. The technique of waves’ division into traveling to the East and West, and the further recalculation
of the results obtained to distinguish standing waves, are described in Pogoreltsev et al. (2009). The
amplitudes of standing PW1 and traveling to the East and to the West at 2.5°N are shown in the Figs. 2—-4,
respectively. Despite the different origin of SST anomaly, some winters have a very similar wave activity
distribution (penetration) of both the period and maximum amplitude magnitudes. In Fig. 2 there is a calm
standing wave behavior during winters with Modoki | type (1979/80, 1992/93), Modoki Il type (1977/78,
1994/95), and canonical type (1972/73, 1982/83): the most active waves with 3-4-day periods and amplitude
peaks do not reach 25 meters. In contrast one should note the winters (1997/98 — canonical type and 2002/03
- Modoki I), when the standing PW1 with 6-day period is active in January and February. The amplitude values
are of about 25 meters in February. Paying attention to traveling waves, eastward planetary waves with periods
greater than 10 days and amplitudes 2—4 meters are observed every winter during Modoki | and canonical
types (Fig. 3). These waves occur not so often and they are less sustainable. Traveling westward waves with
different periods are active up to mid-January and in March during Modoki | excluding winter 1992/93 (Fig. 4).
The same pattern holds in winter of Modoki Il type in 2009/10. The 4-day and 6-day waves have the largest

amplitudes, which exist in all EI Nino types. The standing and traveling waves have been determined at 27.5°N
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(not presented) and 62.5°N (Fig. 5-7). The standing waves at 27.5°N during Modoki | winters are mainly with
the periods of 10-day and greater. They have amplitude peaks in December and February. The 8-day standing
waves occur during Modoki Il and canonical El Nino, but in the first case the 15-20-day waves have the
strongest amplitudes. They start disappearing in February and the amplitudes become roughly equal to 20
meters. It should be noted that calm March without large amplitudes of any waves features every winter. The
waves traveling to the East at this latitude do not have distinctive features for Modoki | and Il EI Nino types.
There is no any wave activity in the March and even in February (1965/66, 1972/73, and 1997/98). The
activity of westward propagating waves at 27.5°N is minimal in the second half of January and in the first half
of February except winter 1965/66. Evidently for the standing waves at 62.5°N it is difficult to find
characteristic features to mark any El Nino type (Fig. 5). The reason is likely in different stratospheric
processes and zonal flows that influence waves’ distribution and make them behave in a certain way. In
canonical El Nino winters (Fig. 6f-), there is a two-week pause while any eastward wave activity is absent, at
the beginning of January. Figure 7 (k-0) demonstrates that in canonical El Nino, the westward waves with
shorter periods (from 8 to 15 days) are observed at the beginning of winter. In the end of January orin
February, waves with longer periods (15-20 days) occur. There is the only 10-day or 15-day waves for long
time interval (of about two months) during Modoki Il El Nino event.

Traveling planetary waves (the normal atmospheric modes, ultra-fast Kelvin wave, etc.), unlike atmospheric
tides, do not have permanent sources, therefore they exist (observed in the results of wavelet analysis) in the
form of bursts of wave activity at certain periods that are not tied to a specific time interval (Salby 1984).
Therefore, to compare the wave activity of traveling planetary waves induced by different types of El Nino
events, the amplitude wavelet spectra have been averaged over 5 months (from November to March). Figures 8
and 9 demonstrate the standing, eastward, and westward waves averaged over boreal winter seasons during
different El Nino types at 2.5°N and 62.5°N, respectively. It is obvious that both amplitudes of nonmigrating
diurnal tide (Fig. 8a, b, c) and amplitudes of Kelvin waves (Fig. 8d, ¢, f) are overstated all years up to 1979
regardless of El Nino type, most likely due to lack of satellite data in reanalysis data. There are two peaks of
amplitudes over 8 meters after diurnal tides in Modoki | and canonical events, while there is the only one in
Modoki Il. The distribution of eastward propagating waves has no common features in various El Nino types
considering wave amplitudes and periods. The amplitudes of diurnal migrating tide propagating to the West
(Fig. 8g, h, i) are the greatest during Modoki Il. It should be noted that this overstating of diurnal tides is
observed in amplitudes at 27.5°N (not presented here) as well but only in the standing waves and it is the
highest during Modoki Il event. During this type of El Nino all westward propagating waves have their
amplitudes of about 20 meters, while in Modoki | and canonical El Nino types 10-day wave dominates and the
amplitude of about 30 meters is observed. The difference in the highest amplitudes is observed in standing
waves at 62.5°N (Fig. 9a, b, ¢). The magnitudes of amplitudes do not exceed 200 meters in Modoki Il event
(Fig. 9b), but they reach 250 meters in Modoki | event (Fig. 9a) and the 20-day wave occur with the amplitude
of 300 meters in 2015/16 (canonical type, Fig. 9c). The 16-day wave dominates among the traveling to the
East with the amplitude from 20 to 50 meters and of about 100 meters in 2002/03 (Modoki |, Fig. 9d). Such
strong amplitudes (92 meters) belong as well to 13-day eastward propagating waves (canonical El Nino,

Fig. 10f) in 1982/83 and 2015/16.

Planetary waves provide wave fluxes of heat and / or long-lived atmospheric species. To account for these
fluxes, it is usually considered the so-called residual meridional circulation (Andrews et al. 1987), which is the
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Brewer-Dobson circulation at the heights of the stratosphere-mesosphere. The observed variability of this
circulation, as well as its climatic variability, can significantly clarify the changes in the thermal regime and
ozone content in the Polar Regions during SSW events and / or depending on the ENSO, quasi-biennial
oscillation (QBO), and Madden-Julian oscillation phases.

Taking into account the amplitude overstating at 2.5°N and altitude limitation of JRA-55, the residual
circulation has been calculated using MERRA2 (The Modern-Era Retrospective analysis for Research and
Applications, https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/) reanalysis data for every December (Fig. 11,
12, and 13, left panels) and January (Fig. 10, 11, and 12, right panels). The distribution of residual circulation
in these two months should be enough, allowing for that the wave activity begins in December and January, to
assume that any dependence upon El Nino type is there. December in 1987/88 and 1992/93 shown in Fig. 10
(mid and bottom left panels) differ from one another by strength of flow and its direction especially over Pole
despite the same QBO phase and previous ENSO phase as well, in both cases it was positive. In contrast, the
residual circulation in December 1992 is similar to that in December 2002 (Fig. 10, top left panel) while in the
latter case the opposite QBO phase is observed and neutral previous ENSO phase. However, the MEI values in
fall months have identical meaning of about 0.8 in these years, and they are greater in 1987. The residual
circulation in December in Modoki Il event (Fig. 11 left panels) looks very similar to one in 2002 and 1992
(Modoki 1), but the flow is noticeably weaker at the altitude of 50-60 km at mid-latitudes. It should be noted
the strong reverse flow in this height region at 35°N directed to the South in December 1991. In January of
Modoki Il El Nino type (Fig. 11 right panels) the flows become very similar to those observed in 2003 and 1993
despite different QBO phases and ENSO conditions in previous summer. There is absolutely different pattern in
December of canonical El Nino (Fig. 12 left panels). Every circulation differs from another be the strength of
flows and their direction. The differences are smoothed out in January (Fig. 12 left panels), but still are
evident.

Conclusion

The behavior of planetary wave with zonal wave number 1 (PW1) in the middle and upper stratosphere during
different El Nino types has been considered. Comparing planetary wave response and residual circulation
under various conditions caused by Modoki |, I, and canonical El Nino, it has been done an attempt to reveal
identical features associated with any of this type. Obviously, in the extratropical stratosphere, there is weak
interannual variability under conditions of the canonical El Nifio type. At lower latitudes, it is extremely difficult
to distinguish a particular El Nino type in the stratosphere, taking into account only the penetration of planetary
waves. Often several winters demonstrate a similar behavior of the PW1 under conditions of different El Nifio
types.

The PW1 behavior during Modoki | and Il types of El Nino is similar and can be connected with MEI values
distribution, i.e. the time of the highest index magnitudes can provide the time interval of amplitude
amplification. The PW1 behavior during canonical conditions differs every examined winter but available data
do not enough to judge the reasons. Travelling waves determined at 2.5°N latitude during every El Nino type
have similar wave activity distribution despite the different location of SST anomaly. It allows to conclude that
SST anomaly is not the only cause of equatorial waves’ behavior. The standing waves activity at 27.5°N
latitude during Modoki Il type is similar to this activity during canonical one. This similarity disappears at
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62.5°N latitude that is more evident at the figures with the amplitude wave spectra averaged over cold season.
It can be explained by the fact, that commonly Modoki events are not as strong as the canonical ones and are
less controlled by equatorial ocean-atmosphere coupling (Capotondi et al. 2015).

It is difficult to estimate the amplitude wave spectra averaged over 5 months of cold season since the
amplitudes of nonmigrating diurnal tides and Kelvin waves are found to be overestimated all years up to 1979.
General shape of curves taking into account maximal amplitudes of standing and traveling waves in Modoki |
and canonical winters look similar. Modoki Il differs by smaller amplitudes and smoother curves. This
difference especially reveals at the mid-latitudes, where wave amplitudes every canonical winter do not
distinguish each other greatly especially standing and westward propagating waves.

Residual circulation in every considered winter has no identical features especially in November and December.
Taking into account the various origin location of SST anomaly, reflected in MEI values and time, when this
anomaly is begun to observe, it is possible to conclude that this information as initial is not enough. This
observation suggests that the other troposphere-stratosphere processes of equal importance interfere directly
or via teleconnections influencing the propagation of planetary waves into the stratosphere.

In the present study the only PW1 has been considered, while the smaller harmonics can show interesting
results with the similar analysis. Strong amplitudes with magnitudes more than 1000 meters of stationary
planetary waves with zonal wave number 2 (SPW2) are observed in the same winters as for SPW1, some of
them even in the same months. Considering SPW2, the wave activity in March attracts attention. Amplitudes of
more than 500 meters are common in March during Modoki | conditions. The opposite situation is during
Modoki Il phase - any wave activity is absent already in the second half of February. Canonical winters
demonstrate weak wave activity in the first decade of March or there is no any activity at all. But that’s beyond
the scope of this paper.
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Amplitude of standing PW1 in geopotentional height (m) at 2.5N, 40 km
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Figure 2

Amplitudes of standing planetary wave with zonal wave number 1 in geopotential height (meters) at 2.5°N, 40
km. Winters during Modoki | conditions (a-e), Modoki Il conditions (f-j), and canonical conditions (k-0)
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Amplitude of eastward PW1 in geopotentional height (m) at 2.5N, 40 km
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As in Fig. 2 but for the amplitudes of eastward propagating planetary waves
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Amplitude of westward PW1 in geopotentional height (m) at 2.5N, 40 km

bl
) 1) \
. —N
3
‘g 11 RN e \-_C_Gj 3 :é
a r:"ﬁ . - . 2
. = 5 s z — 3
o T T | g [ 1] [ —— 1627 | merm—— - 184 immme?] ) | ]
1DEC 16DEC 1N 16148 1¥E8 16FEB ZNAR ITMAR 10EC lbDEC 1A% 15].1N IFEB 16FEE  IMAR 16MAR IDEC 16DEC AR 16N 1FEB 16FER  1MAR 16MAR
1863 1964 1965 1566 1965 1986
20
N — A =
YT -
g 1B
3 |
3 0 = =
R el I~ T~ i S | ==
% g =N . g— > < T "= 9= L = Cf:;}, @.ﬁ
0 515 T — e ot | ] | 1| e 1B 18 | fom?]
1DEC 16DEC 1JAN 16JAN IFER 16FER QIR 1TMAR IDEE 16DEC lIﬁN 161N 1FiB 16FEB LHAR 16MAR IDEC 16DEC 1IN IM..‘! 1FEB 16FEB MR
1979 19860 1972 1973
20
¢) == m)
B e
5]
3 — g
= 10
] [ ]
i L2 = : T E =
e A = == . = =. T <4
o= - llﬂ"‘ - 1521 - i 13—21—— - 1ﬂ|—21 5 18 - ) 221 !
1DEC 16DEC 1N 164N IFEB 16FEB ZNAR 1TMAR 10EC JBDEC ]I.ﬁ’i 160N 1FE IEFEB E!LNR ['l‘]lﬁ.ﬁ IDEC 16DEC AR 160N 1FEB 16FER  1MAR 16UAR
1887 1988 1091 1992 1982 1983
2
q 1) p—_
b s ————
2
5 10 e — e 9
: < = = é =
I = = = 9. £
g 5 —_ = - - =
L = = g _ = 25 s — C@
0 21 1 Lﬂ.&ﬁ 91 131 21 _—-—_‘32’1#‘." D e 2 [w1E21 n—'.'._ "'_' 11 15
10EC 160EC /AN 16IAN IFER 16FEB  1UAR 16MAR 1DEC 16DEC 1IAK 16JAN IFEB I6FEB  1MAR 16MAR 1DEC 16DEC 14N 16N 1FEB 16FEB  1MAR 16UAR
1992 1993 1984 1995 1997 1958
20
- i — o)
; A= -
3 N ) = -
2 | = ) > s
g . ‘i - o S PR 3,., /%,c, = &= =
& ,:-.: F‘p . - . -u:- =
0 | e | St 2 e ]ﬁ-ﬂl—hlﬂnl_i " = 2] s 5116 L e EREIE 17| ) e e e 161152 | s 11
1DEC 16DEC 1JAN 160N IFER 16FEB l!lAR lﬁlﬁﬂ 1DEC 16DEC 1A% 16IAR IFEB IﬂE‘EB INAR 16MAR 1DEC 16DEC AN 160N 1FEB 16FEB 2MAR 17MAR
2002 2003 2009 2010 2015 2016

Figure 4

As in Fig. 2 but for the amplitudes of westward propagating planetary waves
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Amplitude of standing PW1 in geopotentional height (m) at 62.5N, 40 km
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Figure 5

Amplitudes of standing planetary wave activity with zonal wave number 1 in geopotential height (meters) at
62.5°N, 40 km. Winters during Modoki | conditions (a-e), Modoki Il conditions (f-j), canonical conditions (k-0)
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Amplitude of eastward PW1 in geopotentional height (m) at 62.5N, 40 km
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Figure 6

As in Fig. 5 but for the amplitudes of eastward propagating planetary waves
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Amplitude of westward PW1 in geopotentional height (m) at 62.5N, 40 km
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Figure 7

As in Fig. 5 but for the amplitudes of westward propagating planetary waves

Page 18/23



20 20
E - a) Standing wave b) Standing wave ©) Standing wave
-
L
g
=
=
="
=
<
Period, day
5 =
- &) Eastward wave
8 4
'g -
3 7]
= 7]
£
« 15
0 L I T I T ] T I T
0 2 4 3 8 1
Period, day
30 — 30 — 30 —
) Westward wave )} Westward wave i) Westward wave
8
o 20 [20
=
=
=
E‘ 10 10
<
0 0
0 10 20 3 g 10 20 30 1] 10 20 30
Period, day i
Modoki | Modoki Il Canonical
————— 1963-64 -—— — - 1068-60 — — — — - 1965-86
—_—1Tes| 000 - 97800 |mem——— 1972-73
—— 198788 1991-62 1982-83
—_— 158283 1594-85 1987-58
—— 2002-03 — 200910 2015-16 |
Figure 8

Figure 8 Standing waves (a-c), eastward waves (d-f), and westward waves (g-i) averaged over 5 months (from
November to March) during Modoki | (a, d, g), Modoki Il (b, &, h), canonical El Nino (c, f, i) at 2.5°N. The dashed
curves correspond to the wave amplitudes observed in winters till 1979
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As in Fig. 8 but at 62.5°N
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Figure 10

Monthly averaged residual meridional circulation in December (left panels) and January (right panels) during

Modoki | El Nino event
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Figure 11

As in Fig. 11 but during Modoki Il El Nino event
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Figure 12

As in Fig. 11 but during canonical El Nino event

Page 23/23



