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Abstract: The atmospheric Kelvin wave has been widely studied due to its importance in atmospheric
dynamics. Since a long-term climatological study is absent in the literature, we have employed the
two-dimensional fast Fourier transform (2D-FFT) method for the 40-year long-term reanalysis of
the dataset, ERA-Interim, to investigate the properties of Kelvin waves with wavenumbers 1 (E1)
and 2 (E2) at 6–24 days wave periods over the equatorial region of ±10◦ latitude between a 15 and
45 km altitude during the period 1979–2019. The spatio-temporal variations of the E1 and E2 wave
amplitudes were compared to the information of stratospheric quasi-biennial oscillation (QBO), and
the wave amplitudes were found to have an inter-QBO cycle variation that was related to sea surface
temperature and convections, as well as an intra-QBO cycle variation that was caused by interactions
between the waves and stratospheric mean flows. Also, the E1 waves with 6–10 day periods and the
E2 waves with 6 days period were observed to penetrate the westerly regime of QBO, which has a
thickness less than the vertical wavelengths of those waves, and the waves could further propagate
upward to higher altitudes. In a case study of the period 2006–2013, the wave amplitudes showed
a good correlation with the Niño 3.4 index, outgoing longwave radiation (OLR), and precipitation
during 2006–2013, though this was not the case for the full time series. The present paper is the first
report on the 40-year climatology of Kelvin waves, and the morphology of Kelvin waves will help us
diagnose the anomalies of wave activity and QBO in the future.

Keywords: atmospheric Kelvin waves; quasi-biennial oscillation; wave-mean flow interactions;
ERA-Interim

1. Introduction

Atmospheric Kelvin waves are a branch of gravity waves with a horizontal wavelength on the
planetary scale, and they propagate eastward and upward over equatorial (±10◦) latitudes. These waves
are equatorially trapped because of the Coriolis force. The wave amplitude peaks at the equator and
exponentially decays with increasing latitudes [1].

Kelvin waves can be detected as perturbations in the atmospheric wind field, temperature, and
pressure. In the 1960s, Matsuno [2], Holton, and Lindzen [3] predicted the existence of Kelvin waves
using theoretical derivation, and soon Wallace and Kousky [4] discovered the existence of Kelvin waves
from radiosonde observations. Since then, the properties of Kelvin waves have been investigated
using radiosondes, rockets, radars, satellites, and model simulations [5–15]. A brief summary of the
properties of Kelvin waves from the literature can be found in Table 1 in [16].
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Based on wave period, Kelvin waves are further classified into three categories of slow (10–20 days),
fast (6–10 days), and ultra-fast (2–5 days) Kelvin waves [4,8,13]. These waves have a variety of properties.
The phase speed varies from 20–40 (slow), to 50–80 (fast), to faster than 100 (ultra-fast) m/s. The vertical
wavelength also changes from 10 (slow), to 20 (fast), to 40 (ultra-fast) km. Slow Kelvin waves
mainly exist in the lower stratosphere. Contrastingly, fast Kelvin waves have mainly appeared in the
upper stratosphere and mesosphere. Different from the previous two categories, ultra-fast Kelvin
waves not only appear in the stratosphere and mesosphere, but also can propagate into the lower
thermosphere, and thus further affect the ionosphere in the variability of vertical drift and generation
of irregularities [17–19].

Kelvin waves play a crucial role in atmospheric dynamics because they transfer the eastward
momentum and energy from the troposphere into the stratosphere and even higher altitudes.
Kelvin waves contribute about 30–50% of the magnitude of the wind reversal regarding the
quasi-biennial oscillation (QBO), as well as 20–35% of the magnitude of the total wave forcing
at 20–40 km [20].

Tropospheric convection is believed to be the source of the generation of Kelvin waves [21,22].
The waves excited by the slowly accumulated heating that evolves over the seasonal time scale are
called the convective couple mode. These waves have a period of 5–10 days, a zonal wavenumber of
3–6, and a phase speed of 15 m/s [23,24]. On the other hand, there are also free mode Kelvin waves,
which result from high-frequency convective heating releases (usually in days to weeks), and do not
propagate coherently with the convective centers in the middle troposphere. These waves have a
period of 10–20 days, a zonal wavenumber of 1 or 2, and a phase speed of 20–30 m/s [4,16].

Recently, Das and Pan [7] used the Kelvin wave amplitude extracted from the
FORMOSAT-3/COSMIC mission, and the Niño 3.4 index (also known as oceanic Niño index, ONI),
which is a kind of sea surface temperature (SST) anomaly index in the Niño 3.4 region (5◦ N–5◦ S,
120◦–170◦ W), to investigate a fast descending event of the QBO westerly regime during the El Niño
episode of 2009–2010. They reported significant enhancements of Kelvin wave amplitude during the
El Niño episode, and concluded that the enhanced Kelvin waves may be produced by the processes
(e.g., westerly wind events) generating the El Niño. Those enhanced waves further resulted in the
fast descending event of the westerly QBO wind during the same epoch. Their study has faithfully
demonstrated the relationship between the ocean, tropospheric convections, stratospheric waves,
and winds.

Scientists have studied Kelvin waves for many decades. However, most studies focused on Kelvin
waves with wavenumber 1 (we abbreviated it to “E1” in the present study, which means eastward
propagating waves with wavenumber one) since they are dominant in amplitude. On the other hand,
the Kelvin waves with wavenumber 2 (E2) have received less attention, even though they are the second
significant component in amplitude. Therefore, we investigated both the E1 and E2 Kelvin waves
in this study. Through knowledge of the waves, we can further understand atmospheric dynamics
and energy balances as well as climate evolution, which may improve the weather forecast model.
This investigation is confined to the stratospheric altitudes of 15–45 km, and we have further divided
the stratosphere into three altitudinal ranges of the lower (15–25 km), middle (25–35 km), and upper
(35–45 km) stratosphere. For Kelvin waves, especially the ultra-fast waves in the upper stratosphere,
the mesosphere, and the lower thermosphere, one may refer to the recent paper [6]. In the present
study, we used the wave properties and the “zonal mean zonal wind” (we abbreviated it to zonal
wind in this paper) pattern from the ERA-Interim long-term (40 years) reanalysis data provided by the
European Centre for Medium-Range Weather Forecasts (ECMWF). We reported the morphology of the
E1 and E2 waves in the stratosphere through the wave spectra and spatio-temporal distributions of the
wave amplitudes. Besides this, we also studied the correlation between the waves and zonal wind as
well as tropospheric convections in the present study.

Please note that in this paper, we used (reserved) the word “period” for describing “wave period”.
On the other hand, we used “epoch” and “duration” to describe the time of some phenomena or events,
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though those words are not the customary ones people use to describe the “time period”. We also use
the words “faster” and “slower” to group the waves at different periods, as this helped us to avoid
using wordy descriptions. The adjectives faster/slower mean the wave(s) has a shorter/longer period
compared to another one(s), though by definition it may not be classified as a fast/slow Kelvin wave.

2. Data and Methods

In this study, we have used the space-time spectral analysis method, two-dimensional fast Fourier
transform (2D-FFT) [25], to extract Kelvin wave components from the temperature profiles provided by
the ERA-Interim reanalysis dataset. Besides this, four kinds of convective parameters were employed
to investigate the relationship between convective activities and the amplitudes of the E1 and E2
Kelvin waves.

2.1. The ERA-Interim Dataset and Kelvin Wave Analyses

The ERA-Interim dataset is a global atmospheric reanalysis from 1979 to 2019 produced by
ECMWF, which uses ECMWF’s forecast models and data assimilation systems to re-analyze archived
observations, creating global datasets describing the recent history of the atmosphere, land surface,
and oceans. Although the number of assimilated data varies by year and an especially large amount of
satellite data are taken into account in the last decade, the temperature data from ERA-Interim have a
good temporal consistency and only a slight over-estimation of the upper-tropospheric temperature
in recent years has been reported [26]. The detailed information, number of assimilated datasets,
configuration, and performance of the ERA-Interim dataset can be found in [26]. The horizontal and
temporal resolutions of the ERA-Interim are 0.75◦ (in both latitude and longitude) and 6 h, respectively.
Since Kelvin waves are on the planetary scale, a horizontal resolution of a few degrees is sufficient to
extract the wave properties. Hence, we used data with a 3◦ horizontal resolution from ERA-Interim
in this study. On the other hand, the vertical range of ERA-Interim spans from the ground up to a
~65 km altitude, and this range covers the whole stratosphere. The ERA-Interim data are provided at
60 model levels from 1013.25 to 0.1 hPa. In this study, we converted the model levels into corresponding
altitudinal levels according to the definitions of ERA L60 model levels [27] then further applied a linear
interpolation to bin the data with 1 km altitudinal spacing.

The analytical methods developed by [5,7] were followed with some modifications to suit the
temperature data from ERA-Interim to obtain the Kelvin wave amplitude. The procedures for the
Kelvin wave analyses in this study were as below. ERA-Interim provided 4-dimensional temperatures
as a function of time, altitude, latitude, and longitude. Data binning was done before extracting the
Kelvin waves from the temperature profiles. We grouped temperatures into the north (0◦–10◦ N) and
south (0◦–10◦ S) parts. For each part, profiles were binned into grid cells of 1 km altitude× 20◦ longitude
× 1 day size. Then, the average of each cell was calculated. Because Kelvin waves are equatorially
symmetric, we extracted the symmetric temperatures (Tsym) with the formula Tsym = (TN + TS)/2,
where TN and TS are temperatures of the north and south grids, respectively. Tsyn varied with the
longitudinal grid; the zonal mean of Tsym was subtracted from Tsym to get the temperature fluctuations
as a function of time, altitude, and longitude. 2D-FFT was applied to the two dimensions of time
and longitude in Tsym in 96-day data segments, and the computation was stepped forward in time
by one day. The output 2D Fourier spectra provided Kelvin wave information on the wavenumber
and period at different altitudes and on different days. Due to the Nyquist frequency, the range of the
wavenumber was limited to ±9, and the minimum period was two days. Fortunately, in this study, we
mainly focused on Kelvin waves with wavenumber 1 and 2 at 6–24 day periods, as they are the main
properties of stratospheric (fast and slow) Kelvin waves. We also noticed that a temporal uncertainty
of ±48 days (~1.5 months) existed in the output results, since we were considering the FFT method
over 96-day segments. In Section 5 of this paper, we used monthly mean amplitudes instead of daily
amplitudes, and the temporal uncertainty was reduced to ±1 month as the minimum temporal spacing
became a month. Anyway, this temporal uncertainty was negligible while investigating the long-term
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climatology of Kelvin waves, but may become crucial for determining the lag time in the correlation
analyses of the present study.

As mentioned in Section 1, Kelvin waves play an essential role in QBO evolution; also, the upward
propagation and amplitude of Kelvin waves are highly affected by the phase (polarity) and strength of
the zonal wind [20,28]. Information on the zonal wind pattern was needed in this study to investigate
the properties of Kelvin waves. ERA-Interim not only provided temperature profiles but also offered
wind fields in the same global range and resolution as the temperatures. The equatorial U-components
of winds were retrieved from ERA-Interim to construct the zonal wind profiles for every 1 km altitude
and 1 day. The zonal wind is plotted abreast of the Kelvin wave amplitudes in the same figure.

2.2. Convective Indices

In this study, we used four different indices as the proxies of tropospheric convections to study
the correlation between tropospheric convections and Kelvin waves. These indices are: (1) the Niño
3.4 index; (2) the outgoing longwave radiation (OLR); (3) the convective available potential energy
(CAPE) from ERA-Interim; (4) the precipitation from the Global Precipitation Climatology Project
(GPCP). The latter three indices provide data from 1979, while the Niño 3.4 index starts much earlier
in 1950. Since the Niño 3.4 index only contains information over the Niño 3.4 region of 5◦ N–5◦ S
and 120◦–170◦ W, we only retrieved data from the other three indices in the same region and thus
calculated their spatial mean values. Moreover, as the Niño 3.4 index is available monthly, the monthly
averaged values of the other three indices were calculated/retrieved to construct the time series in
the same way as the Niño 3.4 index. Although the Niño 3.4 index is a de-seasonalized (de-trended)
dataset, which means the background seasonal variation is removed from the original values, the wave
amplitudes are not de-seasonalized. Therefore, we have not removed the seasonal effect from the other
three indices. Some detailed information on these four convective indices is listed below.

2.2.1. The Niño 3.4 Index

The ocean can provide the necessary heat to support the development of convection. In this
study, we used the Niño 3.4 index, which is a specialized SST index and has also been used in [7].
The Niño 3.4 index is the 3-month running mean of SST anomalies from the Extended Reconstructed
SST version 5 (ERSST.v5) [29] in the Niño 3.4 region. This index further defines warm and cold episodes,
and is one measure of El Niño/La Niña events. The Niño 3.4 index was provided by the Climate
Prediction Center (CPC) of the National Oceanic and Atmospheric Administration (NOAA) and can
be downloaded at [30].

2.2.2. OLR

The outgoing longwave (infrared) radiation emitted by the Earth’s atmosphere and surface can be
monitored by satellites and is highly correlated with convections. Deep convective clouds can reach a
higher altitude, and their lower cloud top temperature results in a lower thermal emission. Therefore,
OLR is a good proxy that is used to estimate convective activities (e.g., [31,32]). In this study, we have
employed the OLR data provided by the Earth System Research Laboratory (ESRL) of NOAA that can
be downloaded at [33]. Detailed information about this OLR dataset can be found in [34].

2.2.3. CAPE

CAPE describes the energy (work) that an updraft air parcel can obtain from its environment
due to buoyancy [1,35]. It is an important index for meteorologists to analyze and forecast convective
activities. A higher CAPE value indicates a higher instability, which is suitable for the development of
convections. CAPE can be easily calculated using temperature and humidity (or dew point) data, so
ERA-Interim also provides CAPE values, and we used the CAPE values retrieved from ERA-Interim
directly in this study.
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2.2.4. The Precipitation Data from GPCP

Convection is usually accompanied by precipitation, though not all convective clouds precipitate,
and also not all precipitation is caused by convections. However, precipitation was also employed
in this study as one kind of convective index. We used precipitation data from the GPCP monthly
precipitation dataset. Measurements from various satellites, a large amount of rain gauge stations, and
sounding observations were merged to establish this precipitation product [36]. Version 2.3 of this
monthly GPCP product can be downloaded at [37].

3. Morphology of E1 and E2 Waves

In this section, we discuss the wave period variability during different QBO cycles. The beginning
of a QBO cycle is defined as the time when the westerly wind shear (meaning the boundary at which
the zonal wind reverses from easterly to westerly) appears at a 20 km altitude, and the end of a QBO
cycle is the time when the next westerly shear appears at the same 20 km altitude, i.e., the beginning of
the next QBO cycle. Figure 1 illustrates the direction of the zonal wind varying with altitude and time
over the equatorial region (±10◦ latitude, as defined in Section 2). Sixteen QBO cycles were counted
according to our definition. At the beginning of each QBO cycle, the westerly regime is thickest, with
an average thickness of 13 km. Meanwhile, the wind reverses to easterly above the westerly regime in
the upper stratosphere. The westerly shear remains at an altitude slightly higher than the tropopause,
but the easterly shear keeps descending as time goes on, resulting in the thinness of the westerly regime
during the early stage of the QBO. Then, the new westerly regime forms in the upper stratosphere at
the middle stage of QBO, and soon the new westerly shear and the new easterly shear that appears
right after the westerly start to descend, further ushering in the next QBO cycle while the new westerly
shear arrives at a 20 km altitude. The westerly regime is found to occupy much less time than the
easterly regime during a QBO cycle. Especially at the middle stage, the zonal wind is almost easterly
in the whole stratosphere.
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Figure 1. The phase of the daily ERA-Interim zonal mean zonal wind over the equatorial (±10◦)
region during the study period of 1979–2019. The mark “W” stands for westerly and “E” stands for
easterly. The dotted line indicates a 20 km altitude, and the dashed lines divide different quasi-biennial
oscillation (QBO) cycles, where each cycle starts and ends when the corresponding westerly shear
descends to a 20 km altitude. The identification number of each QBO cycle is also presented.

3.1. Properties and Long-Term Variations of E1 Waves

Figure 2 shows the amplitudes of E1 Kelvin waves with different wave periods and altitudes
(period-altitude spectra). The amplitudes during different QBO cycles are plotted separately. The E1
waves are active at periods ranging from 7 to 25 days but have a larger amplitude, concentrating
at 10–20 day periods during all QBO cycles. The amplitude contours in all spectra show L-shaped
patterns, implying that the dominant wave periods (the ones that have the largest amplitude at each
altitude) are different in the lower and middle/upper stratosphere. In the lower stratosphere, the slow
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E1 waves with periods of =12 days dominate; moreover, those waves have a larger amplitude of up to
0.3 K during some QBO cycles. On the other hand, in the middle and upper stratosphere both the fast
and slow Kelvin waves are active, though the slow waves have periods of 10–12 days here, somewhat
shorter than those that appear in the lower stratosphere. Also, the amplitudes of E1 waves are usually
smaller than 0.2 K in the middle and upper stratosphere. Overall, those L-shaped patterns inflect at
around 12 days in period and 20 km in altitude; both values may vary during different QBO cycles.
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Now we turn to the inter-cycle variations of E1 waves. The lower stratospheric slow E1 waves
are very active during the QBO cycles of #5, #8, #10, and #12–15. The 12-day E1 wave in Cycle
#10 is not only active in the lower stratosphere but further propagates into the upper stratosphere,
though those waves with =12 day periods are rather inactive in the middle and upper stratosphere in
other QBO cycles. Another similar case is the 16-day E1 wave in Cycle #13, and it also reaches the
middle stratosphere.

In addition, the amplitude of E1 waves seems to intensify as time goes on. We calculated the
altitude-period-averaged amplitude, i.e., the average amplitude of all spectral grids of each plot in
Figure 2. We found a significant difference between the former seven (#1–7) and the latter nine (#8–16)
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cycles. The average amplitudes in the former cycles and the latter cycles were 0.077 K and 0.094 K,
respectively. These average values were quite small because all the altitudes and periods were included
in calculating the average amplitude. However, it gained 21% during the 16 QBO cycles, and the
increment mainly occurred starting from Cycle #8. If we focus on the slow E1 waves, the average
amplitude further gained 24% from 0.146 K to 0.181 K, but in contrast, the ultra-fast E1 waves gained
only 11% from 0.027 K to 0.030 K during the same epoch. Please note that the results we discuss
here are regarding the long-term trend of E1 amplitudes. Cycle-to-cycle (short-term) variations are
sometimes evident, and this makes the average amplitude of slow E1 waves in Cycle #5 almost the
same as that of Cycle #16.

Since the information during a QBO cycle (~2–3 years) is all mixed, some details cannot be revealed
in Figure 2. To better understand the variations in amplitude and the discrepancies in the dominant
periods between different QBO cycles, the altitudinal variation in daily E1 amplitudes at some selected
periods was extracted and further plotted in Figure 3; larger versions of each panel are provided in the
Supplementary Materials (Figures S1–S10) of this paper. The ultra-fast E1 waves are not shown here
because their amplitude was negligible. The background zero-wind (shear) line is plotted in each plot
as well. In general, the fast E1 waves with 6–8 day periods tended to appear in the upper stratosphere,
and they were not restrained by either easterly or westerly regimes of the zonal wind. In contrast,
the slow E1 waves with =16 day periods were very active below the altitude of westerly shears and
inactive inside the westerly regimes. For those E1 waves with a medium period of between 8 and
16 days, they were evident in the whole stratosphere, and were usually (but not always) not restrained
by the phase of the zonal wind. We also noticed that the 24-day E1 wave seemed to have a maximum
amplitude of about 0.2–0.3 K that varied from cycle to cycle, as can be seen in Figure 2; actually, its
peak amplitude could exceed 0.6 K during some short epochs, as shown in Figure 3. This discrepancy
occurred because Figure 2 shows the spectral amplitudes during the full QBO cycle and illustrates the
average contribution at different wave periods during the QBO cycle. The amplitude is thus smaller
than that in Figure 3, since the 24-day E1 wave was absent in the westerly regimes.

It is also worth mentioning that the 16-day and 24-day E1 waves were significantly enhanced in
2010 (Figure 3). This event was investigated [7], as discussed in the introduction (Section 1). In the present
study, we further found that the amplitudes of those waves were most abundant (record amplitudes)
during the past 40 years, since we used a long-term dataset (ERA-Interim) rather than a single satellite
dataset such as FORMOSAT-3/COSMIC (data are available from 2006), which was used by [7].

3.2. Properties and Long-Term Variations of E2 Waves

Figure 4 shows the same period-altitude spectra as in Figure 2 but for E2 waves with a different
color axis scaling of 0–0.24 K. It is evident that the amplitude of the E2 waves was smaller than that of
the E1 waves, and the result is consistent with the previous studies by [11,38]. In the lower stratosphere,
E2 waves were active at periods ranging from 7 to 20 days, and both the fast and slow E2 waves were
present. However, in the middle and upper stratosphere, the dominant E2 waves were fast waves, and
slow waves were almost absent here. Although the contours of the E2 spectra also show L-shaped
patterns like those of the E1 spectra in Figure 2, the inflection points have shifted to 7–8 days in Figure 4.

The E2 waves also had inter-cycle variations. The lower stratospheric E2 waves during the six
consecutive QBO cycles of #10–15 were more active than other QBO cycles. Also, the dominant wave
periods in the lower stratosphere varied from 6 to 13 days (belonging to fast and slow waves) during
different QBO cycles. We noticed that the details of these active cycles were somewhat different from
those of the E1 waves. For example, the amplitudes of the E1 waves were high but the amplitudes of
the E2 waves were rather low in Cycle #5 (Figures 2 and 4). However, the E2 waves also tended to
amplify from Cycle #8, with a gain of 21%. The average amplitude was 0.057 K and 0.070 K before and
after the amplitude gap between Cycle #7 and #8. Both the slow and fast E2 waves gained about 20%,
but the ultra-fast E2 waves gained 26%. This was again different from the E1 waves, where the slow E1
waves gained more than the ultra-fast E1 waves.
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Figure 4. Same as in Figure 2, but showing the amplitudes of wavenumber 2 (E2) waves with a different
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Figure 5 (with enlargements in Figures S11–S20, Supplementary Materials) shows the time series
of E2 waves as similar to that in Figure 3 but with a different color axis scaling of 0–0.4 K. Not only the
slow E2 waves but also the fast E2 waves, especially those with periods of = 7 days, were confined to
the easterly regime. Even so, during some short epochs the fast E2 waves had large amplitudes in
almost the whole stratosphere, resulting in the narrow bright stripes in Figure 5 that can also be seen in
Figure 3 for some periods of E1 waves. Those narrow stripes imply that the waves are simultaneously
enhanced across a large altitudinal range in the stratosphere. In Figure 3, the occurrence of the E1
stripes is very chaotic in time. However, the occurrence of the E2 stripes in Figure 5 is much more
regular. Those E2 stripes occurred mostly during some time “windows” when the stratospheric zonal
wind was almost all or all easterly from the bottom to the top of the stratosphere—i.e., the moment
when the easterly shear had descended to the bottom of the stratosphere, but the following westerly
shear had not yet appeared at the top of the stratosphere. Since those windows appeared at the
middle–late stage of every QBO cycle, and as also the slow E2 waves were more active at the late
stage of every QBO cycle, the amplitude of the E2 waves further showed a periodic variation that was
synchronized to the cycle of QBO. On the other hand, most of the E2 waves were active only during
short epochs, so the average amplitude in Figure 4 is much smaller than the instantaneous amplitude
in Figure 5, and the discrepancy between these two figures is more evident than that between Figures 2
and 3.
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4. Amplitude Variations and Wave-Mean Flow Interactions

4.1. Intra-Cycle Variations of E1 and E2 Waves

One critical process in the theory of wave-mean flow interactions is the upward propagation of
eastward waves through the easterly regime. Those eastward waves can propagate to high altitudes
freely until they meet a shear zone in which

∣∣∣u− c
∣∣∣ is very small, where u is the zonal mean zonal wind

and c is the zonal phase velocity of the eastward wave [39]. According to the above rule, the situation
of the stratospheric zonal wind, i.e., the phase of stratospheric QBO, controls the upward propagation
of E1 and E2 waves. The waves will be either able or unable to propagate upward depending on
the zonal wind situation. In the present study, both the E1 and E2 slow waves, as well as some fast
E2 waves, showed a larger amplitude at the middle–late to the late stage of QBO cycles (Figures 3
and 5). This implies that the phase of QBO plays a critical role in affecting the propagation of waves,
and also reveals the existence of an intra-cycle variation that further causes the periodic variation
in E2 amplitude, as we have just mentioned in Section 3.2. The elapsed time in each of the 16 QBO
cycles was standardized to 0–1 (in the unit of QBO cycles), to establish the time-averaged E1 and E2
amplitudes as well as the zonal wind during different stages of a QBO cycle; a QBO cycle was about
29.4 months based on the average duration of the 16 QBO cycles in the present study. The results are
plotted in Figure 6, and the variability in the vertical distributions at different wave periods can again
be observed in the figure. We will not repeat the details that have been described in Section 3 but
instead concentrate on the temporal evolution in wave amplitudes.

E1 waves are partially restricted in the upper stratosphere at the early and late stages of a QBO
cycle when the westerly regime is thickest. Although fast E1 waves are usually not affected by zonal
wind and they reach the upper stratosphere more easily than slow E1 waves (also refer to Figure 3),
they still showed a lower amplitude around the beginning and the end of a QBO cycle in the upper
stratosphere. In contrast, the slow E1 waves were very active below the westerly shear that was close
to the tropopause at the early stage, though most of them were damped here and could not further
penetrate the westerly regime. As time elapsed during the middle–early stage, E1 waves, specifically
those with =9 day periods, became more active above the thinning westerly regime. The 9-day E1
wave was the first (t ~ 0.15 QBO cycle) to be amplified to a certain level that was almost equal to its
largest amplitude in a QBO cycle in the upper stratosphere. Then, the 10-day (t ~ 0.3 QBO cycle) and
other slower E1 waves (t = 0.4 QBO cycle) intensified one by one sequentially. The active region (red
area in the plots) not only differed in time but also descended in altitude as the wave period increased,
causing the active regions in the slower E1 panels in Figure 6 to migrate right and downward along
with the easterly regime.

The evolution of E2 waves had a tendency similar to that of E1 waves. The E2 amplitudes fell at
the early stage because the thick westerly regime occupied the lower stratosphere, and most of the E2
waves were damped. Then, the same as the E1 waves, the E2 waves also intensified sequentially from
faster ones to slower ones, and were active at different altitudes as the easterly regime descended as
time elapsed. Moreover, the spatio-temporal distributions of E2 waves were found to be quite similar
to E1 waves but at double wave periods—e.g., 6-day E2 vs. 12-day E1, 8-day E2 vs. 16-day E1, 12-day
E2 vs. 24-day E1—though the E2 amplitudes were much smaller than the E1 amplitudes.

On the wavenumber–frequency spectrum of Kelvin waves, waves on the same dispersion curve
for a particular equivalent depth had the same phase velocity, and the multiplication products of
the wavenumber and the period (reciprocal of frequency) of each wave were always the same [23].
Therefore, it was expeced that E2 waves with a certain period and E1 waves with a double period would
have quite similar spatio-temporal distributions because they had the same property of dispersion.
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Figure 6. The time-averaged amplitudes of E1 and E2 waves (columns) at periods ranging from 6 to
24 days (rows). The elapsed time is standardized to 0–1 QBO cycle (~29.4 months). The zero-wind of
the time-averaged zonal wind is also plotted by black lines in each panel, and the westerly regimes of
the time-averaged zonal wind are identified.



Atmosphere 2020, 11, 421 13 of 26

Das and Pan [16] reported a strong Kelvin wave activity during November and December 2008
(this can also be observed in the 8–12 day periods in Figure 3 as well as the 8 day periods in Figure 5),
when the westerly occupied the altitudes below 26 km in the lower stratosphere. They further found
that the vertical wavelengths of these active waves ranged from 12 to 18 km, which was longer than
the thickness of the westerly regime. In such cases, the waves could penetrate through the westerly
regime and propagate to the upper stratosphere, even further accelerating the easterly above the
westerly regime. In the present study, the vertical wavelengths of waves could be obtained from the
phase profiles of the 2D-FFT results. The wavelengths of the 6-, 8-, 10-, 12-, and 16-day E1 waves were
about 18–24, 14–18, 11–15, 9–13, and 6–11 km, respectively. Since the westerly regime had the most
massive thickness of 13 km in the lower stratosphere at the early stages of a QBO cycle, the E1 waves
with 6–10 day periods and parts of the 12-day E1 wave could penetrate through the westerly regime,
and those waves had a larger amplitude than the E1 waves with =16 day periods at the early stage.
From another perspective, since the slower E1 waves had a shorter wavelength, they were restrained
and could not penetrate the westerly regime until the westerly regime became much thinner, so they
were more active in the last half than in the first half of a QBO cycle. The same process also applies
to E2 waves, though E2 waves have shorter wavelengths that are approximately equal to the half
wavelengths of E1 waves with the same wave period.

4.2. The Relationships between the Zonal Wind and the Wave Amplitudes

Figure 6 demonstrates the intra-cycle variations of E1 and E2 waves. However, this is just a
fundamental qualitative analysis that reveals how the easterly environment affects wave activity and
how those waves appear at different QBO stages sequentially. To find the detailed relationship between
the zonal wind and E1/E2 waves, the average values of the 16 QBO cycles were used again to calculate
the linear cross-correlation coefficients between the zonal wind and wave amplitudes. A lag (phase
difference), defined as the time that the wave amplitude was behind the zonal wind (i.e., the response
time of the wave amplitude after the zonal wind has changed), was considered, since the variation
in the two parameters may have been out of phase. Figure 7 displays the correlation coefficients at
different wave periods within the lag of ±1 QBO cycle, though the zonal wind and the wave amplitude
are quasi-sinusoidal functions, and their correlation coefficient repeats the same values every 1 QBO
cycle in lag. Note that the transverse axis (lag) in each panel is reversed (value increases from right to
left), so that the tilted structures (regions circled by white lines) are similar to the descending phase of
the QBO, as shown in the previous figures. Besides this, the zonal wind, i.e., the U-component of the
wind, is alternately a positive or negative value by its original definition, but the wave amplitude is
always a positive value. These two parameters should be negatively correlated, as the E1/E2 waves
are favored by the easterly wind (negative U), as found in Figure 6. The positive correlation is just a
conjugate of the negative correlation with a ±0.5 QBO cycle difference in lag. Therefore, we mainly
focus on the high negative correlation parts in Figure 7.

The results of the correlation analysis for E1 waves can be classified into three types. The first
type is the E1 wave with the 6 day period. A high negative correlation was found at a 0.3–0.4 QBO
cycle lag at a 30–35 km altitude. This implies that the 6-day E1 wave is highly correlated to the easterly
at a 30–35 km altitude and that the easterly leads the wave amplitude by 0.3–0.4 of a QBO cycle
(~9–12 months). Either above or below this altitude, the lag increased with an increasing/decreasing
altitude and became a 0.8 QBO cycle (~24 months) at a 15 and a 45 km altitude. However, it seems
unlikely that the 0.8 QBO cycle lag is affected by stratospheric QBO only. These two altitudes are
close to the stratopause and tropopause and are therefore affected by stratospheric and tropospheric
semiannual oscillation (SAO), respectively, and the wind reversal of SAO is not only contributed to
by wave activities but also by solar heating. Indeed, the 6-day E1 wave could penetrate the westerly
regime and further propagate upward to higher altitudes. Those processes may have disturbed the
relationship between the zonal wind and the 6-day E1 wave, resulting in a lag of 0.8 of a QBO cycle at
15 and 45 km altitudes.
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The second type can be seen with the slow E1 waves with =12 day periods. A high negative
correlation was found below a 38 km altitude at a 50.2 QBO cycle lag. In the five corresponding
panels in Figure 7, the regions circled by a white contour line with a correlation coefficient of less than
−0.8 cover a much broader range in altitude than that of the 6-day E1 panel, indicating that a high
correlation is not only present in the upper stratosphere but also in the middle and lower stratosphere.
The geophysical processes at those longer periods should be somehow different from those at a 6-day
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period. Even so, there is still a slight discrepancy between those slower waves. The white-circled
region is found at 27–38 km altitude at a 12 day period, then extends downward with the increasing
wave period, reaching an 18 km altitude at the 19 day period. The lower boundary of this region
further touches a 17 km altitude at the 24 day period, but at the same time, the upper boundary also
descends to a 30 km altitude. On the other hand, the lag also varies from 0.2 of a QBO cycle to zero,
while the altitude decreases from 38 to 17 km, with an average rate of 0.01 cycle/km. In summary, the
high correlation region descends and the lag reduces with the increasing wave period, finally arriving
at the bottom of the stratosphere with zero lag. Again, since the geophysical processes around the
stratopause and the tropopause altitudes are different from those in the stratosphere, the extension of
the high correlation region is limited to the two boundaries of the 17 and 38 km altitudes. The broadest
altitudinal range thus appears at the 16 day and 19 day periods and not at the 12 day nor 24 day periods.

The last type noted is for those medium waves with periods of between 7 and 10 days, as it should
be. The plots of the 7-day and 10-day E1 waves are similar to those of the 6-day and 12-day E1 waves,
respectively, but the former two have lower correlations than the latter two, indicating that either the
controlling factors are different or some of the responsible processes are not linear. The 8-day and
9-day plots are even more chaotic. Especially in the 8-day plot, the lag of the correlation pattern grows
as the altitude decreases, which is totally different from that of other periods. We further checked
Figure 6 again and found that the amplitudes of E1 waves with 7–10 day periods are very large below
the westerly regimes of SAO around the stratopause. These waves penetrate the westerly regime of
QBO but are restricted by the westerly regime of SAO. Since the wave amplitudes of the E1 waves with
7–10 day periods are not linearly correlated to the zonal wind in the lower and middle stratosphere,
the correlation and lag become chaotic in the plots in Figure 7.

Let us now extend the same correlation analysis to E2 waves. The correlation plots of the E2
waves with 6–12 day periods are again similar to those of the E1 waves but at double periods, i.e.,
12–24 days. The absolute (non-negative) value of the correlation coefficient becomes slightly lower
at 37 km altitude for the 12-day E2 wave, denoting that a discontinuity in correlation exists at that
altitude. This discontinuity can also be found and is more evident at the same altitude as well as the
34 km altitude for the 24-day E1 wave. Then, the discontinuity appears at the 32 km altitude for the
13-day E2 wave, much lower than that for the 12-day E2 wave. Furthermore, the 16-, 19-, and 24-day
E2 waves have the same discontinuity at a lower altitude compared to the 12-day E2 wave. The 19-day
E2 wave especially is the most obvious one that demonstrates that the correlation and lag are very
different above and below the discontinuity at 30 km.

By comparing the correlation plot and the wave amplitude for each period, it was found that those
discontinuities occurred around the “troughs” where the wave amplitudes were at their minimum
in the middle stratosphere. Those troughs were caused by two processes that were both correlated
with the wave-mean flow interactions. First, those waves were slower waves which had shorter
wavelengths, they were mostly confined to the easterly regime, and their amplitudes were restricted in
the westerly regime. Second, a few slower waves could somehow appear in the upper stratosphere but
they were damped, and their amplitudes amplified around the stratopause where the zonal wind was
dominated by SAO. Amplitude troughs were thus formed in the middle stratosphere, disturbed the
correlations and lags, and further resulted in the discontinuities in the correlation plots. On the other
hand, since wave amplitudes in the upper stratosphere are controlled by different processes than those
in the lower stratosphere for the slower waves, the correlation contours were bent, especially in the
plots for the E2 waves with = 13 day periods in Figure 7.

4.3. The Wave Amplitude and the Acceleration of Zonal Wind

Another critical process in the wave-mean flow interactions was the acceleration of zonal wind.
Free-propagated eastward waves, as mentioned in Section 4.1, can accelerate the zonal wind eastward
(westerly) and gradually build a downward regime of westerly. Here we try to repeat the correlation
analysis in Section 4.2 to investigate the relationships between the wave amplitude and the acceleration
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of zonal wind, and the results are plotted in Figure 8. The acceleration shown here is the derivative of
zonal wind velocity, i.e., the change in zonal wind velocity with time. The direction of the transverse
axis in each panel is now back to normal (value increases from left to right). Since the eastward wave
provides an eastward acceleration with the positive derivative of velocity, the correlation between
the two parameters was expected to be positive. Besides this, the definition of lag becomes the time
of the maximum acceleration behind the maximum wave amplitude, so the reasonable lag shall be
positively close to zero. Therefore, in Figure 8 we have to pay attention to those regions with a positive
correlation at either zero or a small positive lag.

The results in Figure 8 seem good in the sense that each wave has a positive correlation with
the acceleration of the zonal wind at a small lag. However, some discrepancies again exist between
different wave periods. The E1 waves with 9 and 10 day periods have zero lag; that is different from
most of the waves, which have a 0.1 QBO cycle lag. The E1 waves with 6–8 day periods further have a
negative lag of −0.1 of a QBO cycle, which means that the maximum acceleration happens before the
maximum wave amplitude. Although the determination of lag time has a temporal uncertainty of
±48 days (~0.05 of a QBO cycle), the time difference between the lags at 6–8 day and =12 day periods is
about 0.2 of a QBO cycle—confidently larger than the temporal uncertainty.

Earlier in Section 4.1, we concluded that some faster E1 waves which have longer wavelengths can
defy the zonal wind and penetrate through the thin westerly regime. The interactions between those
faster E1 waves and the mean flow are negligible, and the correlation between them probably lacks
geophysical meaning. However, we can try to explain the results of the correlation analysis for those
faster E1 waves. Since the influence of the zonal wind is insignificant on those waves due to the absence
of wave-mean flow interactions, the possible acceleration occurs in slower waves. From Figure 7, we
learned that the maximum amplitudes of the E1 waves with 6–8 day periods lead those with = 12 day
periods by about 0.2 of a QBO cycle in the middle stratosphere, which is equal to the difference in lag
time, as mentioned in the previous paragraph. The correlation analysis actually shows the relationship
between the E1 waves with 6–8 day periods and the acceleration caused by the E1 waves witht =12
day periods in the middle stratosphere.

We further applied a theoretical estimation to confirm our assumption, as mentioned above.
The zonal acceleration (ax) of Kelvin waves can be derived from the vertical momentum flux (P) as
below [9].

ax = −
∂P
ρ∂z

= −
∂
ρ∂z

1
2
ρu′2

− km(
m2 + 1

4H2

) 
 (1)

where ρ is the density of the atmosphere, z is altitude, u′ is the perturbation term of the zonal wind
velocity, k and m are the horizontal and vertical wavenumbers, and H is the atmospheric scale height.

Here we used the 6-day and 12-day E1 waves at a 30 km altitude as examples to illustrate
Equation (1) because both waves showed a high correlation at this altitude in Figure 8. The horizontal
wavenumber k is a constant for all E1 waves. The vertical wavelength m can be obtained from the
phase profiles of the 2D-FFT results and the average values are shown in Figure 9a. The vertical
wavenumbers of the 6-day and 12-day E1 waves are about 0.048 and 0.087 km−1, respectively. ρ is a
constant and H is about 6.6 km at a 30 km altitude. Substituting these values into Equation (1), we
found that the term in the square brackets at 6-day and 12-day periods had a ratio of 0.91 and that the
6-day one is smaller than the 12-day one. On the other hand, the zonal wind velocity perturbation, u′,
was composed of terms with many wave periods and was considered to be linearly proportional to the
temperature fluctuation (i.e., the wave amplitude in the present study) for each wave period, due to the
linearity between the kinetic and the potential terms of atmospheric gravity waves [40,41]. Figure 9b
shows the E1 amplitudes at a 30 km altitude. The amplitude of the 6-day E1 wave was much smaller
than that of the 12-day E1 wave, with a ratio of 0.43. Finally, from Equation (1), we estimated that
the acceleration of the E1 waves with a 6-day period was only about 39% (=0.91 × 0.43) of those with
a 12-day period. Figure 9c further plots how the E1 amplitudes vary with period and altitude, and
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Figure 9d is the normalized zonal acceleration (âx, the value for a 12-day period at 30 km is normalized
to 1), calculated by substituting values in Figure 9a,c into Equation (1). From the figure, it is obvious
that the acceleration of the fast E1 waves is rather small and can be negligible, especially in the middle
and lower stratosphere. The result is in agreement with our earlier assumption.
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period and altitude.

Going back to the results of the slower E1 waves and all the E2 waves in Figure 8, we can see
they show a lag at 0.1 of a QBO cycle (~3 months). Since the zonal wind regimes are propagating
downward here, this lag can be explained by either the acceleration being at its maximum at about
3 months after the peak wave amplitude at the same altitude, or because the peak amplitude occurs
about 5 km below the maximum acceleration at the same time. Both explanations seem reasonable,
and we are not able to say which explanation is more reliable at this moment.

5. Examination of the Effects of Controlling Convective Factors on Wave Amplitudes

Kelvin waves are considered to be excited by convective activities over the equatorial region [21,22].
Randle and Wu [28] have compared the temperature variance at a 16.5 km altitude, as observed by GPS
radio occultation missions and the OLR value over the Indonesia region. A high correlation has been
found between the two parameters, and they have further concluded that the Kelvin waves observed in
their study are a response to transient deep convection. OLR, as a good proxy of convection, is widely
employed to study the connection between convections and wave activities in literature. However,
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OLR is not the only index indicating the activity of convection. In this section, we examined the
relationships between four kinds of convective indices and the E1/E2 wave amplitudes. The objective
of the analysis was to identify the most crucial index representing the activities of E1 and E2 waves.
The four examined indices were the Niño 3.4 index, OLR, CAPE, and precipitation, as we introduced in
Section 2.2. The analysis method from Section 4 was employed here again to calculate the correlation
coefficients between the convective indices and wave amplitudes. Since convective indices do not
vary with QBO cycles, we used the original time series but not the average ones from a QBO cycle to
examine their relationships with wave amplitudes.

However, it was found that the correlation coefficients were quite low (within ±0.3) at any wave
period, lag, and altitude, no matter which convective index was examined during the analysis. Das and
Pan [7] reported a similar situation when they tried to identify the correlation between the Niño 3.4
index and zonal wind. Good correlations were found between the two parameters during a few 8-year
epochs, but not on a long-term basis from 1979–2013, because the two parameters were not totally
but piecewise linear. Based on their findings, the analysis in the present study was also be limited to
a short epoch. We had to select a duration of time where the occurrence of high convective activity
matched the occurrence of easterly wind in the lower and middle stratosphere. A good candidate
is the strong El Niño event in 2009–2010 and the corresponding processes that further resulted in a
fast descending of the westerly regime in 2010 [7]. In the present study, the same consecutive 8-year
epoch of 2006–2013 as in [7] was examined, and the 16-day E1 and E2 waves were selected in the
correlation analysis based on two reasons: (1) both the amplitudes of E1 and E2 waves were at their
maximum during a 16-day period during the 2009–2010 El Niño episode (Figures 3 and 5); (2) the peak
of the El Niño occurred while the westerly regime descended to the bottom of the stratosphere, and
the 16-day waves were very active while the easterly occupied the lower and middle stratosphere
(Figure 6). The time series of the two 16-day waves as well as the four convective indices during the
epoch of 2006–2013 are plotted in Figure 10. Two El Niño episodes with the Niño 3.4 index exceeding
+0.5◦ Care were observed during 2006–2007 and 2009–2010, and we are interested in the latter event,
where the 16-day wave amplitudes were enhanced simultaneously. Both the OLR and the precipitation
changed drastically during the 2009–2010 El Niño episode, though the OLR is a particular index that
decreases as convection increases. At the same time, the CAPE value was not so notable, and its peak
value during the El Niño episode was even smaller than that in other years. Since we did not remove
the seasonal effect from the latter three indices, the local maxima and minima of those values were
found around boreal late winters to early springs and falls.

Figure 11 shows the results of the correlation analysis between the convective indices and wave
amplitudes for a 16-day period. Due to the 96-day segment of the 2D-FFT method, a temporal
uncertainty of ±1 month (we used monthly means here, so it is ±1 month) in lag was noticed, except for
the first Niño 3.4 group (Figure 11a,b). This group had a larger temporal uncertainty because the Niño
3.4 index is a 3-month average index. Thus, a superposition of the uncertainties coming from the wave
amplitudes and Niño 3.4 index leads to ±2 months in lag in extreme cases. Since the wave activity was
assumed to be excited by convection, a positive correlation between the wave and convection was
expected during the analysis. Therefore, we focused on the positive parts in Figure 11. Note that the
additive inverse of the OLR was taken during the analysis to make sure that the polarity of correlation
was the same as other parameters. The lag in the figure stands for the time that the wave amplitude
was behind the convective index.

Although the correlation coefficients in Figure 11 were not as high as those in Figures 7 and 8,
we still had three competing principles to evaluate those convective indices and decide the most
crucial one which could represent the enhancement of wave activity. First, the correlations between the
selected index and the wave amplitudes should be the highest ones compared to the rest indices—i.e.,
have the largest correlation coefficients for both the 16-day E1 and E2 waves. Second, the correlations
should reach their maximum at zero or almost zero lag. Third, the contour plots of the correlation
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coefficients between the selected index and wave amplitudes in Figure 11 should have a similar shape
to the wave amplitudes in Figure 10, representing a good correlation at any altitude and time.
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Figure 10. (top two panels) The amplitudes of the 16-day E1 and E2 waves as a function of time and
altitude. The zero-wind contours are also plotted by black lines, and the westerly regimes are identified.
(bottom four panels) The time series of the Niño 3.4 index, OLR, CAPE, and precipitation over the
Niño 3.4 region (5◦N–5◦S, 120◦–170◦W). The dashed red line and blue line in the Niño 3.4 panel indicate
the ±0.5◦C criterions for El Niño and La Niña events, respectively.

The green lines in Figure 11 circle regions where the correlation coefficient is greater than 0.5.
Above this 0.5 level, it can be said that the two parameters are somewhat positively correlated. Based on
our first competing principle, the CAPE (Figure 11e,f) was the first one to be eliminated through the
competition because of its lower correlations with the wave amplitudes. In contrast, the Niño 3.4 plots
(Figure 11a,b) and the precipitation plots (Figure 11g,h) all had a maximum correlation coefficient of
greater than 0.6 for the 16-day E1 as well as E2 waves.
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Figure 11. The linear cross correlation coefficients between (a,b) the Niño 3.4 index; (c,d) OLR; (e,f)
CAPE; (g,h) precipitation and the 16-day E1/E2 amplitudes, respectively. Black and green lines circle
regions where the correlation coefficient is greater than 0 and 0.5, respectively. Gray lines indicate
zero lag.

The correlation coefficient between the precipitation and the 16-day E1 wave reached its maximum
at zero lag (Figure 11g). However, it peaked at 2 months lag between the Niño 3.4 index and the
wave (Figure 11a). This implies that the maximum amplitude of the 16-day E1 wave occurred at the
time of maximum precipitation but two months after the maximum Niño 3.4 index. Besides this, the
same zero lag was found for the OLR in Figure 11c, though the correlation with the wave amplitude
was slightly lower than that of the precipitation. Furthermore, for the E2 groups, the maximum
correlation coefficient appeared at 3–4 months lag for the OLR and the precipitation (Figure 11d,h),
but at 7–8 months lag for the Niño 3.4 index. As mentioned earlier, the Niño 3.4 group had a larger
temporal uncertainty in lag than others. We have to clarify that the discrepancies in the lag time are
geophysical (related to an authentic phenomenon) or caused by the temporal uncertainty. This question
can be answered by the time series in Figure 10. On one hand, the Niño 3.4 index reached its maximum
in December 2009, but all the other three convective indices peaked in February 2010, 2 months after the
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maximum Niño 3.4 index. On the other hand, the 16-day E1 amplitude also peaked in February 2010,
though the 16-day E2 amplitude has two maximum times—one in June 2010 at a 24 km altitude and
another one in August 2010 at a 19 km altitude. In summary, the Niño 3.4 index leads the other
convective indices as well as the 16-day E1 amplitude by 2 months, resulting in the 2 months lag for the
Niño 3.4 index but zero lag for the OLR and the precipitation. In addition, the Niño 3.4 index and the
16-day E2 amplitude had a higher correlation around the 20 km altitude, and the lag time was about
8 months. The OLR and the precipitation had a higher correlation around the 25 km altitude with the
16-day E2 wave, and the lag was about 4 months. Over the Niño 3.4 region, the precipitation anomaly
during El Niño episodes had a tendency (seasonal phase-lock) to occur during boreal winter months
(December to February) [42], no matter when the peak of El Niño (as defined by the Niño 3.4 index)
occurred. This is the probable reason why the other three indices lagged behind the Niño 3.4 index by
2 months during this El Niño event, and why the 2-month difference in lag for the E1 groups was a
geophysical effect but not considered as an error from the 2-month temporal uncertainty. Anyway, the
zonal wind favored the propagation of the 16-day E1 wave from late 2009 to late 2010 (Figure 10), and
the maximum amplitude occurred synchronously with the maxima of the OLR and the precipitation.
According to our second competition principle, both the OLR and the precipitation qualified because
they have zero lag.

Lastly, we analyzed the shape of the contour plots in Figures 10 and 11. The amplitude contour
plots of the 16-day E1 and E2 waves both show a triangular shape (Figure 10) because these waves
can propagate upward while the easterly shear descends to the lower stratosphere but are confined
below the westerly regime, and therefore the active range in altitude becomes narrow as time goes on.
In Figure 11, both the OLR (Figure 11c) and the precipitation (Figure 11g) contour plots for the 16-day
E1 wave show the triangular shape (the positive correlation region centered at zero lag) as similar to
the amplitude in Figure 10. For the 16-day E2 wave, the OLR and precipitation contour plots look like
a trapezoid but not a triangle. Nevertheless, the descending structure is still recognizable, and the lag
increases as the altitude decreases. The contour plot for the CAPE (Figure 11f) shows a triangular shape
at 2–12 months lag that is similar to the 16-day E2 wave in Figure 10; unfortunately, its correlation
coefficient was smallest and we already eliminated it through the competition. The final result, based
on all three competition principles, was that precipitation was the most crucial convective index in
representing the activities of E1 and E2 waves, though the investigation was only a case study based
on the 8-year data from 2006 to 2013. Even though the Niño 3.4 index was defeated in the competition,
we still paid some attention to the Niño 3.4 index as well as the zonal wind, because the former one
can foresee the dramatic increase in precipitation (Figure 10, 2 months of leading time in this case) and
the latter one interacts with waves, further controlling wave amplitudes in the stratosphere.

Here we have an additional discussion of the results reported in Section 3. The E1 waves were
more active during the seven QBO cycles of #5, #8, #10, and #12–15 than in other epochs. El Niño
events occurred during those cycles except in Cycle #14. The enhancements of SST, convection, and
some related geophysical processes during the El Niño episodes may have further promoted the
Kelvin wave activities during those epochs [7]. Although some more El Niño events occurred during
the study epoch, either the strength of the event was too weak or the event peaked while the low
stratosphere was occupied by westerlies, hence no evident enhancement of Kelvin wave activity was
found. Besides this, both the E1 and E2 waves were found to be amplified, starting from Cycle #8
(around May 1997) (Figures 2–5). During our investigation on convective indices, a significant increase
in the global equatorial SST was found, though the three convective indices. except for the Niño 3.4
index (a de-trended index). did not show any evident long-term variation. The average equatorial SST
before and after May 1997 was 27.27◦C and 27.74◦C, respectively. The 0.47◦C increase in the equatorial
SST probably caused the enhancements of the E1 and E2 wave amplitudes through the increase in
convective activity.
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6. Summary and Conclusions

Kelvin wave activity was studied using some short-term datasets observed by radiosondes,
rockets, radars, satellites, and so forth (see Section 1 and also a review in Table 1 in [16]). However,
a long-term climatological study of Kelvin waves was absent in previous literature. In the present
paper, we employed the 40-year ERA-Interim reanalysis data produced by ECMWF to investigate
the properties of Kelvin waves at wavenumbers 1 and 2 at 6–24 day periods between a 15 and 45 km
altitude on a long-term basis from 1979 to early 2019. The wave amplitudes were retrieved from the
temperature data using the 2D-FFT space-time spectral analysis method. The morphology, including
the spatial and temporal variations of E1 and E2 waves, was studied. The wave amplitudes were
further compared with the zonal mean zonal wind (stratospheric QBO) and also with four kinds of
convective indices to determine their relationships. The main findings of this paper are grouped into
four items that are listed below.

The spatial distributions of E1 and E2 waves. Fast E1 waves are more active in the upper
stratosphere than in the lower stratosphere, while slow E1 waves are much evident below the westerly
shears in the lower and middle stratosphere. On the other hand, only the E2 waves with periods of
57 days are active in the upper stratosphere, and the other E2 waves mainly appear below the westerly
shears in the lower and middle stratosphere.

(1) The temporal variations of E1 and E2 waves. Both inter-cycle and intra-cycle variations were
found in the present study. The inter-cycle variations present in two ways. The wave amplitudes
are more intense during several individual QBO cycles and also amplified after Cycle #8 that
starts from May 1997. The intra-cycle variation is related to the zonal wind, so it also reveals the
spatio-temporal evolution of wave amplitudes. The dominant wave period in the stratosphere
varies throughout a QBO cycle. Faster waves that have a shorter wave period can penetrate
the westerly regimes in the lower stratosphere, so they appear in the upper stratosphere during
almost the whole QBO cycle. Those waves are mainly E1 waves with 6–10 day periods and E2
waves with 6 day periods that have a wavelength longer than the thickness of the westerly regime.
In contrast, other slower waves that have a longer wave period and a shorter vertical wavelength
cannot penetrate the westerly regime, and they are only active below the westerly shear in the
lower and middle stratosphere during the last half of a QBO cycle.

(2) Wave-mean flow interactions. The correlation analysis generally showed high correlations
between the easterly wind and E1/E2 waves with various periods. Most E1 and E2 waves amplify
to their maximum amplitudes after the maximum of easterly within a lag of 0.2 of a QBO cycle
(~6 months). The lag decreases as the altitude decreases and further becomes zero at the bottom
of the stratosphere (i.e., just above the tropopause). Exceptions are the E1 waves with 6–10 day
periods—they have lower correlations with longer lags. Another correlation analysis between the
E1/E2 waves and the acceleration of zonal wind also showed high correlations. The maximum
westerly acceleration occurs ~0.1 QBO cycle (~3 months) after the maximum amplitudes of most
E1 and E2 waves. Exceptions are again E1 waves with 6–10 day periods.

(3) Correlations between the convective indices and the wave amplitudes. The 16-day E1 and E2
amplitudes during the epoch 2006–2013 were correlated to the Niño 3.4 index, the OLR, and
the precipitation, but not the CAPE, over the examined Niño 3.4 region. The precipitation was
further the most crucial one as it is able to represent the variation in wave amplitudes, though
this part is a case study. In addition, inter-cycle variations, as summarized in (2), are considered
to correlate with several El Niño events and the long-term increase in SST after Cycle #8 through
the enhancement of convective activity.

The present study is the first long-term (40 years) investigation into the properties of Kelvin
waves with wavenumbers 1 and 2 in the stratosphere; it also demonstrates a unique application of
the ERA-Interim reanalysis dataset. The results and knowledge gained about Kelvin waves and their
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relationships with zonal wind as well as convections will help us in the future to diagnose anomalous
events such as wave enhancements and the fast descending of westerly QBO.
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Figures S1–S10: The amplitudes of the E1 waves with 6, 7, 8, 9, 10, 12, 13, 16, 19, 24 day periods, respectively.
Figures S11–S20: The amplitudes of the E2 waves with 6, 7, 8, 9, 10, 12, 13, 16, 19, 24 day periods, respectively.
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