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Abstract. Equatorial Kelvin and mixed Rossby—gravity
(MRG) waves in the tropical tropopause layer and strato-
sphere represented in recent reanalyses for the period of
1981-2010 are compared in terms of spectral characteris-
tics, spatial structures, long-term variations, and their forc-
ing of the quasi-biennial oscillation (QBO). For both wave
types, the spectral distributions are broadly similar among
most of the reanalyses, while the peak amplitudes exhibit
considerable spread. The longitudinal distributions and spa-
tial patterns of wave perturbations show reasonable agree-
ment between the reanalyses. A few exceptions to the sim-
ilarity of the spectral shapes and spatial structures among
them are also noted. While the interannual variations of wave
activity appear to be coherent for both the Kelvin and MRG
waves, there is substantial variability in long-term trends
among the reanalyses. Most of the reanalyses which assim-
ilate satellite data exhibit large increasing trends in wave
variance ( ~ 15 %-50 % increase in 30 years at 100-10 hPa),
whereas one reanalysis (Japanese 55-year Reanalysis assim-
ilating conventional observations only; JRA-55C) produced
without satellite data does not. Several discontinuities are
found around 1998 in the time series of the Kelvin and MRG

wave variances, which manifest in different ways depending
on the reanalysis, and are indicative of impacts of the tran-
sition of satellite measurements during that year. The equa-
torial wave forcing of the QBO, estimated by the Eliassen—
Palm (EP) flux divergence, occurs in similar phase-speed
ranges in the lower stratosphere among the reanalyses. How-
ever, the EP flux and its divergence are found to be dependent
on the zonal-mean winds represented in reanalyses, exhibit-
ing different magnitudes, altitudes, and phase-speed ranges
of the Kelvin wave forcing between the reanalyses, espe-
cially at 20-10hPa. In addition, at around 20hPa, a wave
signal which appears only in easterly mean winds with west-
ward phase speeds is found and discussed.

1 Introduction

Stratospheric equatorial waves are known to be generated in
response to the heat sources associated with tropical con-
vection and to play an important role in the tropics (Salby
and Garcia, 1987; Garcia and Salby, 1987). On subsea-
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sonal timescales, Kelvin waves lead to large variations in
tropopause temperature and height (e.g., Tsuda et al., 1994;
Kim and Son, 2012; Kim and Alexander, 2015) and modulate
the formation of cirrus clouds (Boehm and Verlinde, 2000;
Immler et al., 2008). Kelvin waves in the tropical tropopause
layer (TTL) are also important in stratosphere—troposphere
exchange, as they modulate the amount of water vapor enter-
ing the stratosphere via dehydration of air and transport and
mixing of chemical species such as ozone via wave break-
ing (Fujiwara et al., 1998, 2001; Plumb, 2002; Fueglistaler
et al., 2009). It has been observed that mixed Rossby—gravity
(MRG) wave circulations in the lower troposphere are re-
lated to tropical cyclogenesis (Dickinson and Molinari, 2002;
Zhou and Wang, 2007). In the stratosphere, the Kelvin and
MRG waves, along with smaller-scale waves, are known
as sources of momentum needed to drive the easterly-to-
westerly and westerly-to-easterly phase transitions of the
quasi-biennial oscillation (QBO), respectively (Holton and
Lindzen, 1972; Dunkerton, 1997; Baldwin et al., 2001), al-
though the momentum transported by the MRG waves needs
to be further quantified (Randel et al., 1990; Kim and Chun,
2015a).

Investigation of the distribution and variability of large-
scale equatorial waves requires datasets with global cover-
age, and global (re)analyses are extremely useful datasets
for this purpose. A reanalysis is a product of a data assim-
ilation system which reconciles the observed atmospheric
states from many kinds of measurements with the atmo-
spheric governing equations resolved by a numerical pre-
diction model. Reanalysis products depend on the assimila-
tion method and prediction (“first-guess”) model, especially
in the stratosphere where the assimilated fields are less con-
strained by the observations due to less density of observa-
tions when compared to the troposphere. Around the TTL,
there exist abrupt vertical changes in the temperature and sta-
bility, which greatly modify characteristics of the equatorial
waves, particularly their vertical wavelengths and amplitudes
(e.g., Randel and Wu, 2005; Ryu et al., 2011). Representa-
tion of the TTL in reanalyses might be sensitive to the verti-
cal resolution of the prediction model and assimilation tech-
niques used (see Birner et al., 2006, for a case of the extrat-
ropical tropopause). Therefore, it is important to identify the
difference/spread among various reanalysis products in their
representation of the equatorial waves in the TTL and strato-
sphere. For example, equatorial wave activity in the TTL dur-
ing 1990-1999 was compared using seven reanalyses by Fu-
jiwara et al. (2012), and significant differences between the
reanalyses were found.

In contrast to analyses, which are made using opera-
tionally changing, state-of-the-art versions of the prediction
model and assimilation system, reanalyses are derived us-
ing fixed versions of the data assimilation system and first-
guess models for the whole period of the product. This helps
to generate a temporally homogeneous product, which ben-
efits studies of long-term changes in meteorological vari-
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ables. However, reanalyses also have a potential for inhomo-
geneities or discontinuities arising from introduction of new
observational data into the assimilation. Examples include
the introduction of radiance/temperature profiles derived
from the Television Infrared Observation Satellite (TIROS)
Operational Vertical Sounder (TOVS) suite (Smith et al.,
1979) around 1978 and those from the Advanced TOVS
(ATOVS) suite around 1998. While these measurements have
improved the quality of reanalyses, it has been reported that
the transition from the TOVS to ATOVS suites induced tem-
poral discontinuities in assimilated variables such as upper-
stratospheric global-mean temperature (Onogi et al., 2007;
Simmons et al., 2014) and equatorial stratospheric mean
wind and temperature (Kawatani et al., 2016).

To the best of our knowledge, impacts of such satellite
transitions in reanalyses have so far not been studied in the
context of equatorial waves. It is likely more difficult to iden-
tify discontinuities or inhomogeneities in wave fields which,
by definition, contain smaller-scale variations in space and
time than mean fields. Recently, a pair of reanalyses have
been identically produced using a single assimilation system,
with the exception that the satellite data are assimilated in
one (JRA-55) but not in the other (JRA-55C; see Table 1 for
the abbreviations and references). These datasets can allow
us to identify the impact of satellite data in that assimilation
system and, in particular, to help further distinguish the im-
pact of the TOVS—ATOVS transition.

In this study, we investigate the characteristics of equa-
torial Kelvin and MRG waves in the TTL and stratosphere,
and how they differ between recent reanalyses for the period
of 1981-2010 (Sect. 3.1). Spatial distributions and patterns
of the waves in the reanalyses are presented in Sect. 3.2. In
Sect. 3.3, long-term changes in equatorial wave amplitudes
are compared among the reanalyses and, based on the com-
parison between JRA-55 and JRA-55C, the effects of the
satellite data on the assimilated waves are discussed. In ad-
dition, spectra of the Eliassen—Palm (EP) flux and its diver-
gence, a measure of wave—-mean flow interaction, are pre-
sented to compare the equatorial wave forcing of the QBO es-
timated from different reanalyses (Sect. 3.4). Among the re-
sults presented in Sect. 3.1, we identify a wave signal that has
not been dealt with in the literature before, found at 20 hPa
along with the well-documented equatorial waves in all the
reanalyses studied. This wave spectrum is further discussed
in Sect. 4. A summary of the results is included in Sect. 5.

2 Data and method

We examine six reanalyses: ERA-I, MERRA, MERRA-2,
CFSR, JRA-55, and JRA-55C (see Table 1 for their full
names, vertical resolutions in the lower stratosphere, and
key citations). The horizontal and vertical winds, tempera-
ture, and geopotential in the TTL and stratosphere for the
period of 1981-2010 are used. The data we use are stored
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Table 1. Reanalyses used in this study.
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Abbreviation  Full name Vertical resolution ~ Reference
(km) in 100-10 hPa
ERA-I European Centre for Medium-Range 1.2-1.5 Dee et al. (2011)
Weather Forecasts Interim
Reanalysis
MERRA Modern-Era Retrospective Analysis 1.1-1.3 Rienecker et al. (2011)
for Research and Applications
MERRA-2 Modern-Era Retrospective Analysis 1.1-1.3 Gelaro et al. (2017)
for Research and Applications,
version 2
CFSR Climate Forecast System Reanalysis 0.9-1.3 Saha et al. (2010)
JRA-55 Japanese 55-year Reanalysis 1.2-1.5 Kobayashi et al. (2015)
JRA-55C Japanese 55-year Reanalysis 1.2-1.5 Kobayashi et al. (2014)

assimilating conventional
observations only

MERRA and MERRA-2 each provide two sets of products called ANA (analysis state) and ASM (assimilated state) (see Bloom et al., 1996,

for the details), and the latter is used here.

at 3 h intervals for MERRA and MERRA-2 and 6 h intervals
for the others. The results do not significantly change if we
use 6h subsampled time series for MERRA and MERRA-
2 (not shown) as we analyze equatorial waves with periods
longer than 2d. Both pressure-level datasets, which are in-
terpolated to standard levels (SLs, e.g., 100 hPa), and model-
level (ML) datasets are used for each reanalysis, except for
MERRA of which ML data are not available. At 100 hPa and
above in the tropics, pressure variations on a model level
are negligibly small or absent in all of the reanalyses used
in the present study (see the Supplement to Fujiwara et al.,
2017). Therefore, the model levels can be regarded as being
at nearly constant pressure levels, which allows us to sim-
ply perform spectral calculations on horizontal planes with-
out the need to introduce vertical interpolation. For spectral
shapes and spatial distributions of Kelvin and MRG waves,
the results were very similar between SL and ML datasets
(not shown), whereas wave amplitudes differ significantly,
as will be seen in Fig. 8. Therefore, only the SL results are
presented in Sect. 3.1 and 3.2, and the ML results (or both)
are presented for quantitative analysis of wave variances and
EP flux profiles in Sect. 3.3 and 3.4.

Zonal wavenumber—frequency (k—w) spectra are calcu-
lated monthly at each latitude and height for each of the
symmetric and antisymmetric components of variables with
respect to the Equator. To obtain the monthly spectra, we
use a 90d time window centered on the target month. The
window function is defined as C for the central 30d and
Csin(mrt/60) and C cos(mrt/60) for the first and last 30 d, re-
spectively, where ¢ is the time (in days) relative to the first
day of each 30d segment and the normalization constant
C = /3/2. The window function is determined such that for
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a long-term mean, the integral of the power spectrum equals
the variance of the original variable. The spectra are calcu-
lated using the Fourier transform after removal of zonal mean
and application of the time window, and they are averaged
over the latitude range 15° N-15°S. The spectra are plotted
in a variance-preserving form using base-10 logarithm axes
in frequency and wavenumber.

The use of a 90 d time window retains intraseasonal varia-
tions such as the Madden—Julian oscillation (MJO) partly in
the spectra in the TTL at the lower-frequency range, as will
be seen in Fig. 1. However, we will exclude these signals
from our analysis and focus on signals with periods shorter
than 20 d.

Following previous studies (Wheeler and Kiladis, 1999;
Hendon and Wheeler, 2008; Fujiwara et al., 2012), the back-
ground spectra are obtained using the 1-2-1 filter repeatedly
in wavenumber and frequency for each reanalysis. In this
study, common background spectra for symmetric and an-
tisymmetric components are obtained by averaging spectra
of the two components before applying the filter. The filter is
applied to the logarithm of the power spectrum; the number
of passes is 23 for zonal wavenumber and 7 for frequency
(Fujiwara et al., 2012).

k- spectra of the EP flux are also calculated monthly for
symmetric and antisymmetric modes (Sect. 3.4). The EP flux
formulation defined with the transformed Eulerian mean of
the primitive equations is used (Andrews et al., 1987):

F=(Fy, F,)

=p0cos¢(A1W—W, Azﬁ—w’w), (1)
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Figure 1. Zonal wavenumber—frequency power spectra of the symmetric component of temperature at 100, 70, 50, and 20 hPa (from bottom
to top) from the standard-level datasets of six reanalyses (ERA-I, MERRA, MERRA-2, CFSR, JRA-55, and JRA-55C: from left to right),
averaged over 15° N-15° S in 1981-2010. The power spectra are presented in the variance-preserving form with log-scale axes. The Kelvin
wave dispersion curves are indicated by black diagonal lines for the equivalent depths (%) of 8, 60, and 240 m. The ratio of the spectral power
to that of the background spectrum is indicated by thin purple contours for the values of 1.5, 2, 3, and 5.

where

ou /96 — /30
Al=— / — and Ay = —. 2
! az/az e A g“"/az @

Here, u, v, w, 0, and ¢, are the zonal, meridional, and ver-
tical winds, potential temperature, and absolute vorticity, re-
spectively; po = p/(gH), where p and g are the pressure and
gravitational acceleration, respectively, and H = 6.6 km. The
overbar and prime denote the zonal average and the pertur-
bation from the average, respectively. The EP flux spectra for
symmetric (antisymmetric) modes are obtained using ug, 0s,
ws, and va (ua, 6a, wa, and vs), where the subscripts S and
A denote the symmetric and antisymmetric components of
each variable, respectively. The flux terms are calculated via
co-spectra (e.g., R{wsig} for the term w’u’ for symmetric
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modes, where the hat indicates the complex Fourier coeffi-
cients of the variables, and the asterisk the complex conju-
gate). The same window function as the above is applied to
all perturbation variables before calculating co-spectra. The
terms A; and A, are averaged for the target month to be
multiplied by the co-spectra. The EP flux spectra are aver-
aged over 5° N-5°S, considering the meridional structures
of the Kelvin and MRG wave EP fluxes and their divergence.
The EP flux divergence would be largely underestimated if
a broader latitude band is used for averaging, in particular
for MRG waves for which the EP flux divergence changes
its sign around 5° (e.g., Kim and Chun, 2015b, their Fig. 9c¢;
Garcia and Richter, 2019, their Fig. 9b and d).

The buoyancy frequency used to compute equivalent
depths of the equatorial waves is set to 0.024s~! based on

www.atmos-chem-phys.net/19/10027/2019/
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the climatological temperature profile of the tropical lower
stratosphere (e.g., Grise et al., 2010).

3 Results
3.1 Spectral characteristics

Figure 1 shows k—w power spectra for the eastward-
propagating symmetric component of temperature (7g) at
100, 70, 50, and 20 hPa from the SL datasets of the six re-
analyses, averaged over the 30-year period (1981-2010). The
major portion of the spectral power appears along the Kelvin
wave dispersion curves (black diagonal lines) at all altitudes.
The spectral characteristics are broadly similar among the re-
analyses with peaks at k = 2-3. The reanalyses commonly
exhibit a gradual shift of the Kelvin wave spectrum to larger
equivalent depths (k) with respect to the altitude: the ma-
jority of the spectral power appears at 7 < 60 m at 100 hPa,
at h ~ 60m at 70 hPa, and at 7 = 60-240m above 70 hPa.
There exist variations in the spectral width in A: for example,
compared to the other reanalyses, CFSR shows broader spec-
tra at small equivalent depths (7 < 60 m) consistently at 70—
20 hPa, with peaks at slightly smaller equivalent depths (70—
50hPa). In addition to the Kelvin wave signal, at 100 hPa,
another peak exists at k = 2 in the low-frequency range (v <
0.04cycd™"). As mentioned in Sect. 2, this is likely related
to the intraseasonal MJO (Hendon and Wheeler, 2008).

The relative magnitude of Kelvin wave spectral power be-
tween ERA-I, MERRA, MERRA-2, and CFSR varies with
height (Fig. 1), while JRA-55 and JRA-55C show generally
less power below 20 hPa compared to the other four datasets.
Note that relatively small variances in JRA-55 and JRA-55C
are found in the temperature field but not in the wind fields
(see Fig. S1 in the Supplement). In Fig. 1, the ratio of the
spectral power to the background spectrum is also shown
(thin purple contours), which indicates statistical significance
of the spectral signals. A ratio of 1.2 was deemed to be sta-
tistically significant at the 95 % level by Wheeler and Ki-
ladis (1999), and for the majority portions of the Kelvin wave
spectra in Fig. 1, the ratios are generally larger than 1.5 (i.e.,
50 % larger than the background spectral power), conserva-
tively implying that the spectral peaks are all statistically sig-
nificant.

Figure 2 shows k—w spectra for the westward-propagating
symmetric component of v (vg) at 100, 70, 50, and 20 hPa.
Note that the lower bound of the y axis at 100 hPa is differ-
ent from that at the other levels, as the vg spectrum is much
broader in frequency at 100 hPa. The 100 hPa spectrum has
periods from around 2.5d (0.4 cycd™") to longer than 30d
(0.033 cycd™"), with a peak at k = —5, w =0.1-0.2cycd™!
common to all of the reanalyses. In the upper troposphere, the
background zonal wind near the Equator is westerly (east-
erly) in the western (eastern) hemisphere. MRG waves that
are generated in the region of westerly (easterly) background
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flow can have relatively low (high) ground-based frequen-
cies, which might result in the broad spectrum in frequency
of vg at 100 hPa. The low-frequency portion of the wave
spectrum at 100 hPa seems to roughly follow the MRG wave
dispersion curves for a background wind (U) of +10ms~!
(Fig. 2, long-dashed lines).

At 70hPa, the low-frequency portion (< 0.1cycd™") of
the spectrum is mostly filtered out, and commonly in all re-
analyses, the peaks appear at k = —6, w ~ 0.20cycd™! and
at k=-5, w~0.22-0.25cyc d-! (h ~60m for both, as-
suming U = 0) (Fig. 2). However, the lower bound in fre-
quency of the spectral power is different between the reanal-
yses: JRA-55C, JRA-55, and MERRA-2 exhibit broader fre-
quency spectra than the others. Above 70 hPa, another two
local peaks appear in a higher-frequency region (k = —4,
w~0.3cyc dlk=-3,0~04 cyc d_l), in addition to the
aforementioned peaks, and these peaks become primary at
20hPa. At 50hPa, the spectral shapes are generally simi-
lar among the reanalyses, although the spectral region where
the majority of the power exists in CFSR is slightly shifted
toward lower zonal wavenumbers when compared with the
other reanalyses.

Figure 2 also exhibits a distinct feature in the vg spectra
at 20 hPa, compared to the spectra at the lower altitudes: sta-
tistically significant power appears along the narrow spec-
tral region that includes k = —5, w ~ 0.5 cyc d~! and extends
into higher wavenumbers and frequencies in all of the reanal-
yses. Toward lower wavenumbers, it seems to merge into the
aforementioned peak at k = —3, w ~ 0.4 cycd~!. The spec-
tral power along this region is larger in JRA-55C, JRA-55,
and CFSR than in the others. This portion of the spectrum
is further examined in Sect. 4. As will be seen therein, the
waves with this spectrum do not originate from below, and
they appear with different timing and different characteristics
from the lower-frequency upward-propagating MRG waves
which dominate the vg spectra in the lower altitudes. In
Sect. 3.2-3.4, we focus on the lower-frequency MRG waves
filtered with a cut-off frequency of 0.33 cycd™! (period of
34d).

The spectral shapes of Kelvin and MRG waves obtained
from the ML datasets (not shown) are very similar to those
from the SL datasets (Figs. 1 and 2) for each reanalysis,
whereas their spectral power is larger by up to about 35 %,
depending on the altitude and reanalysis. This will be further
discussed in Sect. 3.3.

In the following sections, we define Kelvin waves as the
symmetric mode with # = 8-240m, k = 1-10, and periods
of 2-20d following Fujiwara et al. (2012), unless otherwise
stated. These spectral components include a major portion of
the Kelvin wave variances (Fig. 1), while excluding contri-
butions of the other disturbances at low phase-speed ranges
at 100 hPa (see also Fig. 9). The MRG waves are defined as
the antisymmetric mode with 27 > 8 m, —10 < k < 0, and pe-
riods of longer than 3 d, as previously mentioned, where 4 is
for U = 0. The perturbations filtered for these spectral com-
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10032

MERRA2

MERRA

Y.-H. Kim et al.: Equatorial waves in reanalyses

JRA-55C

[p] pouad

Frequency [cyc d']

10

-20

ri
2
3
5
10
20
30
50

Zonal wavenumber

16 32 48 64 8

I s - —— =T ]
2 4 6 8 10
- —— =T

4 6 8 10

T [ 1 - — [ 2 .2
4 8 12 16 20 [m's”]

Figure 2. The same as in Fig. 1 except for the spectra of the symmetric component of meridional wind. The mixed Rossby—gravity (MRG)
wave dispersion curves for the windless background state are indicated by the dotted lines for 2 = 8, 60, and 480 m. At 100 hPa, the dispersion

curves for the background zonal wind of +10m s—1

ponents are denoted as, for example, Tkelvin for the Kelvin
wave temperature or vMrg for the MRG wave meridional
wind.

3.2 Spatial structure

To investigate the spatial distributions, the Kelvin and MRG
signals are reconstructed in physical space by filtering their
spectral components. Figure 3a shows the distributions of
Tkelvin and vmrg Vvariances at 100, 70, 50, and 20 hPa dur-
ing the period of 1981-2010, averaged for ERA-I, MERRA-
2, CFSR, and JRA-55 (the reanalyses that assimilate satellite
data are included as the ensemble members, but MERRA is
excluded since it exhibits very similar spatial distributions
to MERRA-2, as will be seen in Fig. 3b). The ensemble-
mean variances are normalized by their maximum values on
each horizontal plane. Both the Kelvin and MRG wave vari-

Atmos. Chem. Phys., 19, 10027-10050, 2019

are also indicated by the long-dashed lines.

ances are confined near the Equator, and the locations of their
maxima slant eastward in the vertical, consistent with the
equatorial wave theory. Note that, while the phase of MRG
waves propagates westward, their wave packet travels east-
ward when the background flow is westerly or weak easterly
which is a preferred condition for MRG wave propagation
in the stratosphere. The maxima of variances for the Kelvin
(MRG) waves are located in the eastern (western) hemi-
sphere in the lower stratosphere: 70 and 50 hPa, consistent
with previous observational studies (Alexander et al., 2008;
Yang et al., 2012; Kiladis et al., 2016). At 20 hPa, the Kelvin
and MRG waves show rather broad distributions in longitude.
The distributions of the wave variances at 100 hPa are closely
related to those of background zonal wind in the upper tro-
posphere (Yang et al., 2012; Flannaghan and Fueglistaler,
2013). The easterly (westerly) upper tropospheric wind in the
eastern (western) hemisphere allows Kelvin (MRG) waves

www.atmos-chem-phys.net/19/10027/2019/
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waves (vvrg) at 100, 70, 50, and 20 hPa averaged for 1981-2010: (a) ensemble mean for ERA-I, MERRA-2, CFSR, and JRA-55, and
(b) distributions at the Equator for each of the six reanalyses. In panel (a), the mean variances are normalized by their maximum value on
each horizontal plane. The shading interval is 0.1, with the black contour indicating 0.5. See the text in Sect. 3.1 for the definitions of Tkelyin

and vMRG-

to more readily propagate vertically, resulting in the hemi-
spheric difference in the wave variances. In addition, the
MRG wave variances at 100 hPa are distributed quite broadly
in longitude (Fig. 3a). Yang et al. (2012) showed that during
the northern winter the MRG wave variances in the upper
troposphere are much larger in the western hemisphere, with
peaks at about 140 and 30° W, than in the eastern hemisphere,
whereas during the northern summer, the variance distribu-
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tion becomes broad, stretching to the western Pacific (see
their Fig. 6).

Figure 3b shows the wave variances at the Equator in
each of the six reanalyses. The longitudinal variations of the
Kelvin wave variances seem broadly similar among the re-
analyses, with peaks at approximately 45° E at 100 hPa and
at 75-110° E at 50 hPa, although the Kelvin waves in CFSR
show much smaller longitudinal variations than those in the
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other reanalyses at 100 and 50 hPa. The MRG waves have
maximum variances in the eastern Pacific and South Amer-
ica at 70 and 50 hPa, and these maxima are roughly twice
the minima over the Maritime Continent and western Pacific,
common to all of the reanalyses. However, at 50 hPa, detailed
distributions in the eastern hemisphere show some differ-
ences among the reanalyses: the peak in ERA-I is eastward of
that in the others (e.g., 35-45° eastward of CFSR, JRA-55,
and JRA-55C), and the variance in CFSR seems to extend
further to the west (~ 150° W). Differences between JRA-55
and JRA-55C appear over the Indian Ocean for Kelvin waves
and the eastern Pacific for both waves, whereas the differ-
ences are very small on the Maritime Continent and western
Pacific at all altitudes. These could be explained in part by
relatively large numbers of radiosonde observations near the
Maritime Continent compared to the other regions around the
Equator in these two reanalyses (Fig. 5 in Kawatani et al.,
2016; Fig. 2.8c and 2.9¢ in Wright et al. (2019)).

The locations of the wave variances vary with respect to
the QBO winds in the stratosphere (not shown). For ex-
ample, MRG wave variances averaged for the 50 hPa east-
erly QBO are located to the west of those for the westerly
QBO. However, the MRG wave variances are much smaller
in the easterly QBO phases, and their contribution to the
climatological-mean variances shown in Fig. 3 is relatively
small. Therefore, the results in Fig. 3 are more representative
of the westerly QBO phases for MRG waves and, similarly,
easterly phases for Kelvin waves.

The currently used filters for the MRG waves exclude the
low-frequency perturbations (< 0.1cycd™') at 100hPa re-
vealed in Fig. 2, of which the spectrum follows the disper-
sion curves for U ~ 10ms~!. An additional calculation, the
same as with Fig. 3, is performed but for the 100 hPa low-
frequency components of vs using the filters for 0.033 < w <
0.1cyc d'and —10<k <0 (Fig. S2). It is observed in all
the reanalyses that the low-frequency perturbations are lo-
cated mostly in the western hemisphere where westerlies ex-
ist (over the eastern Pacific and Atlantic), consistent with the
Doppler-shifted dispersion curves discussed in Fig. 2.

To further investigate the spatial structures of the Kelvin
and MRG waves, including the circulation patterns and hor-
izontal scales of representative wave modes in each reanaly-
sis, an empirical orthogonal function (EOF) analysis is used
following the technique outlined in Kiladis et al. (2016). In
that study, EOFs were calculated from the covariance ma-
trix of a 2-6d filtered meridional wind in 20° N-20° S from
ERA-I data to isolate MRG waves. The filter band was based
on the well-documented strong spectral peak in the equatorial
meridional wind centered at around the 4.5 d period (Fig. 2).
Dynamical fields associated with each EOF were obtained by
projecting unfiltered ERA-I data at each grid point onto the
associated principal component (PC) time series.

Here, we use data interpolated to 2.5° resolution for the
six reanalyses considered. A similar technique as in Kiladis
et al. (2016) is used to obtain the statistical structures of the
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Table 2. Percentage of variance explained by the leading EOF pairs
representing Kelvin and MRG waves for each reanalysis.

MRG

ERA-I 41.5 19.1
MERRA 35.8 19.4
MERRA-2 36.3 19.7
CFSR 32.0 18.2
JRA-55 354 19.0
JRA-55C 37.6 17.9

Kelvin

equatorial Kelvin waves, except that a 2-25 d eastward-only
filter band is applied to the equatorial zonal wind based on
the spectral peaks in Fig. 1. The results are very robust to
changes in the filtering, as long as the filter band contains
the spectral peaks shown in Figs. 1 and 2, and to changes in
latitudinal extent of the EOF basis.

In all cases, EOF “pairs” are obtained with respective PC
time series that correlate at better than 0.96 (with time lag),
which together represent the propagating pattern of Kelvin
or MRG waves. Thus, each mode can be represented by
either EOF pattern and its associated PC. Figure 4 shows
the projected structures of the leading modes (EOF 1) of
50 hPa Kelvin waves from the six reanalyses for the period of
1981-2010. Wind vectors are shown at the locations where
they are statistically significant, taking into account temporal
and spatial autocorrelation. In all cases, zonal wavenumber
1 structures are obtained as the leading modes in the trop-
ics, with zonal wind perturbations in phase with geopoten-
tial, as expected from theory. Especially in the tropics, re-
markably similar patterns are found in all of the reanaly-
ses. The wind and geopotential perturbations exhibit much
larger amplitudes in the eastern hemisphere than in the west-
ern hemisphere, consistent with the result in Fig. 3. Higher-
order Kelvin EOF pairs represent integer zonal wavenum-
ber structures, with k = 2 Kelvin structures comprising the
second EOF pair (EOFs 3 and 4). The second EOF pairs
also show reasonable agreement among the reanalyses (not
shown). The k =1 patterns shown in Fig. 4 account for the
largest portion of total variance in the equatorial 2-25 d east-
ward zonal wind in each reanalysis, which amounts to a max-
imum of 42 % in the case of ERA-I and somewhat smaller
amounts in the other reanalyses (Table 2).

Lag regressions based on the PC time series show the east-
ward propagation of the Kelvin wave signals at a mean phase
speed of around 35 ms~! (not shown), which is rather faster
than the 20-30ms~! found in previous studies, although
these phase speeds are highly dependent on the state of the
QBO (e.g., Randel and Wu, 2005; Ern et al., 2008; Lott et al.,
2009, 2014). While these features will be explored in further
detail in a future study, the main point here is that the various
reanalyses appear to be quite suitable for studying the mean
statistical structure of these waves, as well as their variability.
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Figure 4. Horizontal-wind (arrow) and geopotential perturbations (shading) projected onto the principle component time series of the first
EOF modes for Kelvin waves at 50hPa in each reanalysis. The EOFs for Kelvin waves are calculated using 2-25d filtered eastward-
propagating zonal winds (see the text). The winds are shown at the locations where they are statistically significant.

The situation for the MRG wave signals is rather different
(Fig. 5). The leading MRG EOFs represent localized wave
packets that are confined over the eastern Pacific to Atlantic
sector, as expected from the location of the variance peaks in
Fig. 3. The EOF patterns have classical structures of equato-
rial gyres and off-equatorial antisymmetric geopotential per-
turbations as predicted by Matsuno (1966). The reanalyses
each represent structurally very similar MRG wave patterns,
except for CFSR which has a zonally broader signal (i.e.,
longer wavelengths), consistent with the spectra shown in
Fig. 2. In addition, the MRG wave patterns in JRA-55, JRA-
55C, and CFSR are displaced somewhat to the west of the
other reanalyses, again reflecting their variance distributions
shown in Fig. 3b. The higher-mode EOF pairs of MRG waves
(not shown) have wave structures over the Indian and Pacific
oceans, with good agreement among the reanalyses for up to
the fourth mode pairs.

Kelvin and MRG signals at other levels from 70 to 10 hPa
are broadly similar to those shown here, although the struc-
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tures change considerably at 100 hPa (not shown). In sum-
mary, there is reasonable agreement between the reanalyses
in their statistical representation of Kelvin and MRG wave
structures, at least for the leading modes.

3.3 Long-term change and satellite effects

In this section, we analyze long-term variations in the Kelvin
and MRG wave activity and discuss the impact of satellite
data upon the assimilated wave activity based on the compar-
ison of JRA-55 and JRA-55C. Figure 6 shows annual-mean
time series of 100 hPa Tkevin and vmrg Variances, as defined
in Sect. 3.1. The results from the ML datasets are presented
(solid lines), except for MERRA for which the SL datasets
are used (dashed lines) due to the lack of ML data. The vari-
ance of Txelvin in ERA-I fluctuates between about 0.5 and
0.85 K2 with an increasing trend, whereas that in JRA-55C
fluctuates between ~ 0.35 and 0.58 K2 without such an obvi-
ous trend. Despite this difference, much of the interannual
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Figure 5. The same as in Fig. 4 except for MRG waves. The EOFs for MRG waves are calculated using 2—6 d filtered meridional winds.

variability in the Kelvin wave activity is reflected in both
time series, with a Pearson linear correlation of 0.85 (0.88
after trend removal) between the two. Similar correlations
are obtained between the other series, with the Txejvin Vvari-
ances ranging between those in ERA-I and JRA-55C. By
comparing JRA-55 and JRA-55C, it appears that assimila-
tion of satellite data leads to an increase in the Kelvin wave
temperature variance, as also found in the previous section
(Fig. 3b).

The difference in the variance between JRA-55 and JRA-
55C is further investigated in Fig. 7, which presents the time
series of the annually averaged difference at altitudes from
100 to 5 hPa. Because the wave variance in the stratosphere
is strongly dependent on the QBO (e.g., Yang et al., 2012), 1-
2-1 smoothing is applied to the annual time series to filter out
the quasi-biennial fluctuations and focus on the longer-term
variations. It is evident that the difference (JRA-55 minus
JRA-55C) in the Tkelvin Variance is generally positive from
100 to 20hPa during the 30-year period, indicating the en-
hancement of the Kelvin wave amplitude by assimilation of
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satellite data in JRA-55. In addition, it is noteworthy that at
100 hPa, the difference is systematically larger from around
2000, compared to that before late 1990s: it is roughly 6 %
(up to ~ 8 %) in the years before 1998, whereas it increases
to ~ 10 % in 1998-2000 and becomes ~ 20 % afterward. A
similar systematic change of the difference in the Tkelvin Vari-
ance is even more evident in the upper stratosphere: at 10 and
5hPa (Fig. 7) and above (not shown), where the difference is
mostly negative until 1998 and becomes positive after 1999.
Such changes are not found at 50 hPa.

The systematic change in the impact of satellite data as-
similation on the Kelvin wave amplitude in JRA-55 around
1998 might be due to the TOVS—ATOVS transition, given
the timing of the change (see Fig. 8 in Fujiwara et al.,
2017, for the timelines of satellite data used in JRA-55 and
other reanalyses). The Advanced Microwave Sounding Unit
A (AMSU-A) instruments in the ATOVS suite were intro-
duced in 1998. Compared to the Stratospheric Sounding Unit
(SSU) instruments in the TOVS suite, the AMSU-A obser-
vations have better vertical coverage with a higher vertical
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Figure 6. Annual-mean time series of variances of (a) Tge]vin and
(b) vMmRrG at 100 hPa averaged over 15° N-15° S. The MERRA re-
sults are from the standard-level datasets (dashed lines), and the oth-
ers from the model-level datasets (solid lines).

resolution (see Fig. 7 in Fujiwara et al., 2017, for the ver-
tical weighting functions of the SSU and AMSU-A mea-
surements). The vertical weighting functions of the two sug-
gest that the AMSU-A instruments could be advantageous
over the SSU, particularly at an altitude of ~ 100 hPa which
the latter does not cover. This may explain the systematic
change found at 100 hPa around 1998 (Fig. 7). The higher
vertical resolution of the AMSU-A instruments is expected
to mostly benefit the upper stratosphere where radiosonde
sounding observations do not reach (i.e., above ~ 10hPa).
This is consistent with the observed systematic change be-
ing most prominent in the upper stratosphere. In addition
to the TOVS—-ATOVS transition, there is also a possibility
that the Global Navigation Satellite System Radio Occulta-
tion (GNSS-RO) has been influencing the assimilated waves
in JRA-55 since 2006 (Fig. 10 in Fujiwara et al., 2017), al-
though this cannot be identified by the current analysis.
Recalling that JRA-55C does not exhibit a long-term trend
in Kelvin wave activity at 100 hPa (Fig. 6), the trend shown
in JRA-55 is probably not an actual change in the true at-
mosphere but instead an artifact arising due to the satel-
lite transition. The change in the 100hPa Txevin variance
around 1998 is 17 % in JRA-55 when it is measured by the
difference between the variances averaged for the two pe-
riods before and after 1998, i.e., 1981-1997 (P1 hereafter)
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Figure 7. Differences in the annual-mean variances of (a) Tkelvin
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tudes. The 1-2-1 smoothing is applied to the differences to filter out
the interannual fluctuations by the QBO. The results are obtained
from the model-level datasets.

and 1999-2010 (P2), relative to the 30-year mean variance.
The changes in the other reanalyses are comparable to or
smaller than that in JRA-55 (e.g., 19 % in ERA-I, which is
the largest value). This suggests that the long-term changes
in the 100 hPa Kelvin wave activity shown in those reanaly-
ses also could result largely from the satellite transition.

The variance of vyrg exhibits generally similar inter-
annual variations at 100 hPa between all of the reanalyses
(Fig. 6), while the magnitudes of the variance are different.
The vMmRrg variance has an increasing long-term trend from
the early 1990s, even in JRA-55C. The vpmrg variance at
100hPa in JRA-55 is always larger than that in JRA-55C
by roughly 6 %—12 % (Figs. 6 and 7), reflecting the impact
of satellite data on the assimilated MRG waves. In addition,
the assimilation of satellite data increases the analyzed MRG
wave activity at ShPa in JRA-55 (Fig. 7). This increase is
up to ~ 55 %, and it becomes even larger at higher altitudes
(see Fig. 8). Notable differences between P1 and P2 in the
satellite impact on the assimilated MRG wave activity are
not found below 5 hPa (Fig. 7). At 5 hPa, the impact is signif-
icantly larger in P2 than in P1 (note that two different scales
are used in the y axis in the bottom panel of Fig. 7, below
and above 20 %, separated by the dashed horizontal line).

Figure 8 presents the vertical profiles of Tkelvin and vMRG
variances averaged for P1 and P2 along with the differences
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between the two periods. In the ML results, the Tkelyin vari-
ance is maximized at approximately 80 hPa in ERA-I and at
70hPa in the others for both periods. These peak altitudes
are generally consistent with that obtained using GNSS-
RO data in 2007-2014 by Scherllin-Pirscher et al. (2017,
Fig. 6): 18 km (75-80hPa), considering vertical grid spac-
ings of the reanalyses. The Tkelvin Vvariance decreases with
height from these levels to ~ 30 hPa and gradually increases
from ~ 20 hPa in both periods in all the reanalyses, except
in MERRA-2 during P1. Further examination indicates that
sometimes the temperature seems not to be properly as-
similated in the upper stratosphere during P1 in MERRA-
2 (Fig. S3; note the lack of Kelvin wave peaks in 1984,
1989, and 1991), which may result in the decrease above
~ 20hPain P1 in MERRA-2. It has previously been reported
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that the monthly mean zonal wind at 10 hPa in MERRA-2
shows significant differences from observations, in particu-
lar with larger annual/semiannual oscillations, until the mid-
1990s (Coy et al., 2016; Kawatani et al., 2016), which is per-
haps partly related to the underrepresentation of the Kelvin
wave temperature shown in Fig. S3. Errors in a mean state
of assimilated fields can cause degradation of any variables
describing waves during the first-guess model integration,
which in turn degrade the assimilated fields 3 or 6 h later. In
P2, the Tkelvin variance at 70-30 hPa has similar magnitudes
between ERA-I, MERRA-2, and CFSR, while JRA-55 ex-
hibits a relatively smaller variance than these reanalyses, as
is also evident in Fig. 1. In the upper stratosphere, the vari-
ance is notably larger in ERA-I in P2 than in the others (also
see Fig. S3).
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The difference in the Tkelvin variance between P1 and P2
is positive in the whole stratosphere in all of the reanaly-
ses (Fig. 8). In JRA-55C, the difference is small at 100 hPa
(~ 6 %), as already discussed (Fig. 6), and above 10hPa
(4 %—8 %), although it reaches ~ 20 % at 50-20 hPa. Given
the small difference in Kelvin wave activity at ~ 100 hPa, the
increase in the activity at 50-20 hPa could result from inter-
action with the QBO which itself has variability in its mor-
phology. However, since only five (seven) QBO cycles are
included in P2 (P1), further investigation of the long-term
change associated with the QBO might be less meaningful
in a statistical sense. Another possible reason could be the
increased number of radiosonde observations around 30 hPa
with time (see Fig. 15 in Kawatani et al., 2016). In JRA-
55, the difference is large in the upper stratosphere (~ 25 %
or larger), and it is even larger in ERA-I, MERRA-2, and
CFSR. Similarly to the case of JRA-55, the large increase
in Kelvin wave activity in the middle and upper stratosphere
in the other reanalyses could also be in large part due to the
transition of satellite instruments. From Fig. S3, it is evident
that the difference in the Kelvin wave variances at 10 hPa be-
tween ERA-I and the others increases abruptly around 2000,
which may support such an impact of the satellite instrument
change in ERA-IL.

In all the reanalyses, the wvmrg variance decreases
with height below ~ 20hPa and increases above ~ 10hPa
(Fig. 8). In both periods, MERRA-2 and CFSR exhibit larger
variances than the others, particularly in the upper strato-
sphere. In P1, it is seen in the upper stratosphere that the
vMRG Vvariance in the ML result of CFSR varies less smoothly
in the vertical and that the variance in MERRA-2 is about 2—
3 times larger than that in the others. These features are still
present to a lesser extent in P2. Examination of time series
of the vpmrg variance (Fig. S3) shows that some unexpected
peaks appear in P1 in MERRA-2 with exceptionally large
magnitudes even during the easterly QBO phase, which are
primarily responsible for the large value of the vyrg vari-
ance in P1 shown in Fig. 8. The unexpected peaks disappear
suddenly starting in 1999 (Fig. S3), likely emphasizing the
impact of the AMSU-A observations on the assimilated wave
activity in MERRA-2. Regarding the vertical fluctuations ex-
hibited in CFSR, the reason for this is unknown. The profiles
of the difference between P1 and P2 may imply that above
10 hPa, the large increase in the vyrg variance in JRA-55
(10 %—25 %) and ERA-I (~ 40 %), compared to the small in-
crease in JRA-55C (~ 5 %), is probably in large part due to
the satellite transition.

In each reanalysis, the variances obtained from the SL
datasets are smaller than those from the ML datasets in both
periods (Fig. 8) by 3 %29 % (0 %—38 %) for Kelvin (MRG)
waves depending on the altitudes and reanalyses. The differ-
ences in the variances between the ML and SL results (ML
minus SL) normalized by the variances in the ML results at
each altitude are reported in Table 3. The smaller amplitudes
of the waves in the SL datasets compared to those in the ML
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Table 3. Differences in the mean variances over 1981-2010 be-
tween the ML and SL results, relative to the ML results (%), for the
(left) Kelvin wave temperature and (right) MRG wave meridional
wind.

ERA-I MERRA-2 CFSR JRA-55 JRA-55C

5hPa 10/8 19/14 7/8 13/1 12/1
7hPa 16/ 15 4/3 23/38 13/1 12/1

10hPa  3/4 9/10 13726 13/0  12/0
20nPa 15/22  17/27  8/21 13/3 13/4
30hPa 13/19  11/18 13722 16/2  16/2
50nPa 29/27 16/18  16/20 20/3  20/3
70hPa 25/26  18/16  17/21 23/4  22/3
100hPa 15/ 13 4/3 16/15 19/0  19/0

datasets result from vertical interpolation of reanalysis out-
put variables, which inevitably damps wave perturbations in
the standard-level products of reanalyses. The damping by
the interpolation is more significant for waves with smaller
vertical wavelengths (e.g., Kim and Alexander, 2013; Kim
and Chun, 2015a). In addition, for a given pressure level,
the damping of waves in the SL datasets also depends on
the distance between the given level and its adjacent model
level. That is, the interpolation effect must be less if a model
level is very close to the given pressure level. For example,
the distance between 100hPa and its adjacent model level
in MERRA-2 is very small (< 50m), and thus the differ-
ence between the SL and ML results of MERRA-2 is only
3%-4 % at 100 hPa (Table 3). The same (opposite) is true
for the 10hPa (50hPa) in ERA-I, with a small (large) dif-
ference at that level. In JRA-55 and JRA-55C, the difference
in the vmrg variance between the ML and SL results is less
than 5 % at all levels, implying that the ML fields of these
two reanalyses contain less of the MRG wave perturbations
with small vertical wavelengths (~ 2Az—4Az, where Az is
the vertical grid spacings of their model), compared to the
other reanalyses.

34 EPflux

In this section, we compare the vertical EP flux (F;) spectra
and the wave forcing of the QBO calculated by the EP flux di-
vergence among the reanalyses. As for the figures discussed
in Sect. 3.1, we obtain k—w spectra for each of the symmetric
and antisymmetric modes but for F, averaged over 5° N-5° S
(Figs. 9 and 10, respectively; see Sect. 2 for justification of
the narrowed latitude band). The spectral characteristics of
F, for the symmetric and antisymmetric modes are qualita-
tively similar to those of 75 and vs, respectively, for each re-
analysis. For the symmetric mode, the F, spectra are aligned
along the Kelvin wave dispersion curves with 4 values that
are similar to those for 7g, along with exhibiting a gradual
shift of the spectra to the higher 4 with increasing altitudes
(Figs. 1 and 9). On the other hand, the symmetric F; and Ts
spectra differ in that the F, (Ts) spectra have peaks at k = 3—
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Figure 9. Zonal wavenumber—frequency spectra of the vertical EP flux, multiplied by —1 (—F7), for symmetric modes at 100, 70, 50, and
20 hPa (from bottom to top) from the standard-level datasets of six reanalyses, averaged over 5° N-5°S in 1981-2010. The Kelvin wave
dispersion curves are indicated by black diagonal lines for 4 = 8, 60, and 240 m.

5 (2-3) in all of the reanalysis and that the magnitudes of F,
in JRA-55 and JRA-55C are not smaller compared to those
in the others as was the case for temperature (Fig. 1). As al-
ready mentioned, JRA-55 and JRA-55C have relatively weak
Kelvin wave temperature amplitudes but not wind amplitudes
(Fig. S1), and the major term of F, for Kelvin waves is the
vertical momentum flux (w’u’). The reason that the peak of
F, occurs at larger zonal wavenumbers than in the Ts spec-
tra is because the vertical wind perturbations tend to have
large amplitudes at higher zonal wavenumbers: the ratio of
vertical to horizontal wind amplitudes is proportional to k/m
(where m is the vertical wavenumber), as from the continuity
equation. In the Kelvin wave dispersion relationship, & is in-
dependent of m, so that the ratio is proportional to k for given
m.

For the antisymmetric mode, F, has similar spectral
shapes and roughly the same (k, w) peaks as those of vg for
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each reanalysis below 20hPa (Figs. 2 and 10). Consistent
with the vg spectra, the frequency bounds of the F, spec-
tra at 70 hPa are quite a bit lower in JRA-55, JRA-55C, and
MERRA-2 than in the other reanalyses. At 20 hPa, the F;
spectra differ from the vg spectra in that the relatively low-
frequency and high-wavenumber (and thus low phase-speed)
components are largely suppressed in the F spectra. Indeed,
these low-frequency components are more emphasized in the
meridional EP flux (Fy) spectra (Fig. S4), implying that the
low-frequency MRG waves tend to propagate laterally rather
than vertically. In addition, even negative F, values appear in
the 20 hPa spectra at k = 67 in MERRA-2, while this fea-
ture is less clear in the other reanalyses. This is suggestive of
coexistence of upward- and downward-propagating waves at
this level which could be another reason for the small F in
the low-frequency range.

www.atmos-chem-phys.net/19/10027/2019/
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Figure 10. The same as in Fig. 9 but for F, of antisymmetric modes. The MRG wave dispersion curves for the windless background state
are indicated by the dotted lines for & = 8, 60, and 480 m. At 100 hPa, the dispersion curves for the background zonal wind of +10m s~ ! are

also indicated by the long-dashed lines.

The EP flux spectra are reconstructed as a function of
phase speed to investigate the vertical propagation and dis-
sipation of Kelvin and MRG waves during different QBO
phases and to quantify the QBO forcing by those waves as
well as the phase-speed ranges responsible for the forcing.
For this, we construct bins of phase speeds (cj) with a width
of 2ms~! (Ac) and integrate the k—w spectral densities of
Fy and F; across the corresponding bins (i.e., 2wa)w/k €
[cj — Ac/2, cj+ Ac/2], where w is in cycles per second and
a is the mean radius of the Earth).! The EP flux diver-

LPrior to this procedure, we converted the k—w spectra to much
finer resolution in frequency using linear interpolation for each
k. This is required because the frequency resolution of the origi-
nal spectra (Aw =1/90cyc d~1) is coarse in terms of ¢ for small
k (e.g.,fork=1, Qra)Aw/k ~5 ms™! > Ac), causing artificial
peaks and noise. For the finer spectra, we set Aw to be 500 times
smaller than the original, after confirming that the results converge

www.atmos-chem-phys.net/19/10027/2019/

gence is also calculated in each bin. For each wave type, the
same filters as described in Sect. 3.1 are used: 7 = 8-240m,
k =1-10, and 0.05 < w < 0.5¢cyc d~! for Kelvin waves and
h > 8m, |k| =1-10, and w < 0.33 cyc d~! for MRG waves.

Figure 11 shows vertical profiles of 5° N-5°S averaged
EP flux divergence and F, as a function of phase speed,
for Kelvin and MRG waves at ¢ > 0 and ¢ < 0, respectively,
composited for four different phases of the QBO. The com-
posite is made by selecting 1 month for each QBO cycle
when the zonal wind tendency is largest at a given altitude
and then averaging over the 13 cycles available. The ob-
served monthly mean near-Equator wind profiles compiled
by the Freie Universitit Berlin (FUB) are used to select the
months. The four composites presented in Fig. 11 are for the

without displaying artificial peaks for varying Aw around such val-
ues.

Atmos. Chem. Phys., 19, 10027-10050, 2019
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Figure 11. Vertical profiles of phase-speed spectra of the EP flux divergence (shading) and vertical EP flux (black contour) averaged over
5°N-5° S for the Kelvin waves at ¢ > 0 and MRG waves at ¢ < 0, composited for the QBO phases of maximum westerly tendencies at 20
and 50 hPa (the first and second rows, respectively) and easterly tendencies at 20 and 50 hPa (the third and last rows, respectively) within
the period of 1981-2010, from the model-level datasets of ERA-I, MERRA-2, JRA-55, and JRA-55C. The zonal-wind profiles for those
composites are also indicated using each reanalysis (thin red lines) and radiosonde observations (thick green lines; see the text for the
composite method). The contour intervals of the EP flux are 0.008 and 0.0003 mPa / (m s~1) for the Kelvin and MRG waves, respectively,
and every third contour is distinguished by thicker lines. Note that the contour interval of the EP flux divergence for the Kelvin waves is 4

times larger than that for the MRG waves.

months of maximum westerly and easterly tendencies at 20
and 50hPa. The composite averages of the FUB wind are
also plotted in Fig. 11 (thick green lines) as well as those
of each reanalysis wind (thin red lines). The results are gen-
erated using the ML datasets of the four reanalyses avail-
able for EP flux calculation (ERA-I, MERRA-2, JRA-55, and
JRA-55C), since the EP flux could be largely underestimated

Atmos. Chem. Phys., 19, 10027-10050, 2019

when using the SL datasets. Furthermore, the height depen-
dence of the amplitude damping, as reported in Table 3, could
also affect the estimation of the vertical divergence of EP flux
(see Fig. 3 in Kim and Chun, 2015a, for a large difference in
the EP flux divergence between ML and SL datasets of ERA-
D).
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The EP flux divergence of the Kelvin waves is found to be
quite different between reanalyses not only in magnitude but
also in its peak altitude. At the maximum westerly tendency
phase at 20 hPa (Fig. 11, the first row), the vertical EP flux
is notably the largest in ERA-I at ~ 20hPa. However, the
EP flux divergence at this level is the largest in MERRA-2,
implying that the assimilated wave fields exhibit the most se-
vere dissipation in MERRA-2 among the reanalyses around
this level. ERA-I and JRA-55 show the peaks of the EP flux
divergence at ~15 and 12 hPa, respectively. It is important to
note that the easterly-to-westerly transition (i.e., zero wind)
occurs at different altitudes between the reanalyses (Fig. 11,
red lines; also refer to Fig. 16 in Kawatani et al. (2016), for
different time evolutions of the phase transition) and that the
maximum Kelvin wave forcing is found to occur at around
the zero-wind altitudes in each reanalysis. These suggest
that the mean wind in the assimilated field could affect the
representation of wave behaviors in reanalyses in the shear
zone. The phase speed at which the forcing occurs increases
with altitudes from 10-30ms~! at 20hPa to 15-40ms™! at
10 hPa but with large spread at 10 hPa among the reanaly-
ses. The Kelvin wave forcing integrated for the phase speed
has maxima of 9.2, 10.2, and 10.0m s~ ! month~! in ERA-
I, MERRA-2, and JRA-55, respectively. When the westerly
tendency is maximized at 50 hPa (Fig. 11, the second row),
the peak of the Kelvin wave forcing appears slightly below
(above) 40hPa in ERA-I and MERRA-2 (JRA-55). Simi-
lar to the 20 hPa transition phase, the vertical EP flux is the
largest in ERA-I, while the EP flux divergence at ~ 40 hPa is
larger in MERRA-2 (8.6 m s~ ! month™!), which may also be
related to the different mean-wind profiles in the reanalyses.
Note that the mean winds in ERA-I and JRA-55 have weaker
shear at 40-50 hPa with weaker westerly magnitudes above
40 hPa compared to the observed winds (Fig. 11, thick green
lines), and they might affect the wave dissipation rate in these
reanalyses. At the other two phases of the QBO (Fig. 11, the
third and last rows), the zonal wind is westerly at 70 hPa,
causing less upward propagation of Kelvin waves in the low-
ermost stratosphere.

Figure 12 shows the vertical divergence of the EP flux,
(pocosp) 19 F,/dz, as a function of phase speed, along with
F, as in Fig. 11. In the main regions of the Kelvin wave forc-
ing during the westerly-shear phases (Fig. 12, the first and
second rows), the vertical divergence of the EP flux for the
Kelvin waves is roughly 50 %—75 % of the total divergence
shown in Fig. 11. The vertical divergence is the largest in
ERA-I among the reanalyses, whereas the total divergence
of the EP flux is larger in MERRA-2 (Fig. 11). This in-
dicates that the contribution of meridional flux divergence
to the Kelvin wave forcing is relatively large in MERRA-2
(40 %—50 %, not shown) compared to that in the other reanal-
yses (25 %—45 %). The Kelvin wave flux tends to be slanted
toward the Equator in westerly-shear winds (e.g., Plumb and
Bell, 1982; Kim and Chun, 2015b). The larger wind shear in
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MERRA-2 is likely the cause for the larger contribution of
meridional divergence of the flux.

MRG waves dissipate largely in the lower stratosphere
when the zonal wind is easterly at 70hPa (Fig. 11, the
first and second rows). The MRG wave forcing is about 2—
3ms~! month~! below 70hPa in these QBO phases in the
reanalyses. When the 20 hPa easterly tendency is at its maxi-
mum (Fig. 11, the third row), MRG waves propagate through
the lower stratospheric westerlies and dissipate at around 30—
20hPa. The forcing by the MRG waves at these altitudes is
largest in JRA-55 (~ 1.6ms™! month~!), where it occurs at
phase speeds between —10 and —30ms~!. It is also found in
Fig. 11 (the first and last rows) that the EP flux divergence of
MRG waves exists in the westerly-shear zone at 10-20 hPa
in MERRA-2 when the easterly jet is located at 20-40 hPa.
This signal also exists in the other reanalyses but with much
weaker magnitudes. The waves responsible for this signal
seem not to originate from below, as the vertical EP flux from
the lower altitudes is interrupted by the easterly winds. The
phase speeds of the signal (around —20ms~!) correspond
to the spectral region where F; is suppressed in Fig. 10 (but
Fy is emphasized in Fig. S4) mentioned previously. The EP
flux divergence in this region is about 34 ms~! month~! in
MERRA-2, although it is uncertain to estimate because of the
large discrepancy between MERRA-2 and the others and the
larger westerly shear in MERRA-2 compared to the observed
(Fig. 11). Previously, Maury and Lott (2014) also found
that MRG waves with the phase speed of —19ms~! appear
at 20hPa when there exist easterlies (westerlies) at 50 hPa
(20 hPa), using ERA-I. Recently, using a climate model, Gar-
cia and Richter (2019) simulated MRG waves existing in a
westerly-shear zone (see their Fig. 9b), which were gener-
ated locally by barotropic instability of the westerly QBO
jet. These waves have a spectral peak at around k = 7-8 and
w~0.2cycd™! (see their Fig. 8a) which is similar to that
detected in MERRA-2 (Fig. S4). The simulated MRG waves
induced westward forcing of 7.5-15ms~! month~!.

In Fig. 12, it is seen that for MRG waves, the contribution
of vertical divergence of the EP flux to the total divergence
is very small everywhere (~ 10 %). In addition, the EP flux
divergence and F;, for each of the composited 13 QBO cy-
cles, as well as the individual profiles of the mean winds, are
included in the Supplement (Fig. S5). While there are sub-
stantial cycle-to-cycle variations, the overall structures of the
EP flux and its divergence for all cases are generally similar
to those of the composite averages shown in Fig. 11.

As mentioned in the introduction, the momentum budget
of the QBO is currently not fully constrained by observa-
tions, and it is believed to be essential for modeling the QBO.
The different altitudes of Kelvin wave forcing around 15 hPa
among the reanalyses, as well as the different magnitudes,
shown in Fig. 11 may imply a limitation in quantifying wave
forcing of the QBO using a reanalysis dataset. Advances in
observation and assimilation of stratospheric waves might be
needed to reduce the spread of the assimilated waves and to
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Figure 12. The same as in Fig. 11 except for the vertical divergence of the EP flux (shading).

further improve global models. In addition, given that the
representation of equatorial waves in reanalyses is depen-
dent on the assimilated mean winds (Fig. 11), the reality of
small-scale gravity-wave parameterization in forecast mod-
els, which can affect the details of the QBO winds, might
also be important for the assessment of the large-scale wave
forcing. The rather weak magnitudes of the MRG wave forc-
ing in the easterly-shear zone in all of the reanalyses im-
ply that other waves (especially gravity waves) might play a
more important role in driving the easterly phase of the QBO
than MRG waves (Kawatani et al., 2010; Evan et al., 2012;
Ern et al., 2014) and/or that current observational measure-
ments, as well as models and assimilation methods, cannot

Atmos. Chem. Phys., 19, 10027-10050, 2019

fully capture the MRG waves which have relatively small
vertical wavelengths. Modeling studies have demonstrated
that adequate representation of the stratospheric equatorial
waves requires vertical resolutions of ~ 700 m or finer in the
lower to middle stratosphere (Giorgetta et al., 2006; Richter
et al., 2014), while the vertical spacings of the prediction
models used for the current reanalyses are about a factor of 2
larger than that (Table 1). It is noteworthy that the afore-
mentioned simulation of locally generated MRG waves by
Garcia and Richter (2019) used a 500 m vertical resolution,
in which the MRG waves induced large momentum forcing
(~ 10ms~! month~!), although they did not act to drive the
QBO but to neutralize the westerly jet.
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Figure 13. Monthly time series of variances of the symmetric component of meridional wind at (a) 10 and (b) 20 hPa, filtered for 0.5 < w <
0.7 cyc d~! with k = —7 and 0.6 < » < 0.75 cyc d~! with k = -8 (see Fig. 2). The monthly zonal wind from radiosonde observations is

also presented at each level (dashed black lines).
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Figure 14. The same as in the rightmost panel of the first row in
Fig. 2 (JRA-55C, at 20 hPa) except for the averages over the months
when (a) the radiosonde-observed zonal wind U < —25 ms~! and
(b)U > —20m s~ 1. The dashed lines in panel (a) indicate the MRG
wave dispersion curves for 4 = 8, 60, and 480 m for the background
wind of —30m sfl, and the dotted lines in panel (b) indicate those
for the windless background state.

4 Further investigation of the high-frequency
disturbances in the middle stratosphere

In the k—w spectrum for the symmetric component of merid-
ional wind (Fig. 2), a distinct spectral peak is seen at 20 hPa,
which stretches toward high frequencies and high wavenum-
bers from around @ ~ 0.4 cyc d~! and k ~ —3. To investigate
this further, we filter a part of the spectrum that does not coin-
cide with the spectrum of the lower-frequency MRG waves
investigated in Sect. 3. The filtered spectral region is 0.5 <
w<0.7cycd™! for k=—7and 0.6 < w < 0.75cycd™! for
k = —8. Figure 13 presents time series of variances of the
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filtered meridional-wind spectrum at 20 and 10hPa, along
with the observed near-Equator zonal wind at each altitude
compiled by FUB. For all reanalyses, it is clearly seen that
this spectral peak appears only when the background wind
is easterly with substantial speeds at each altitude. Further-
more, there exist time lags of the variance peaks between
the two altitudes, as well as a lag in the zonal wind due to
the downward progression of the QBO. Due to these time
lags, there exist periods during which the variance is large
at 10hPa, while it is much smaller at 20 hPa at the same
time (e.g., late 1999/early 2000 and late 2008/early 2009).
This indicates that the spectral signal of these waves does
not originate from below. On the other hand, there also exist
periods during which the variance is much larger at 20 hPa
than at 10hPa (e.g., late 2007), suggesting that the waves
at 20 hPa are, at least in part, generated in situ. In fact, the
vertical EP flux of this spectrum is not well identified (see
Fig. 10), which could indicate a minimal preference for up-
ward or downward propagation of the waves. This also could
be suggestive of in situ wave generation. This spectral peak is
also seen in the upper stratosphere above 10 hPa, although it
is less evident here because the peak is not clearly separated
from that of the lower-frequency waves (not shown).

Given the dependence of that spectrum filtered for k = —7
and —8 upon the background wind U (Fig. 13), the en-
tire spectrum of those waves can be more clearly identi-
fied by compositing for the periods with strong background
easterlies. Figure 14 presents two composites of the sym-
metric meridional-wind spectrum for the months with U <
—25ms~ ' and U > —20ms~! at 20 hPa, based on the FUB
zonal wind. The composite result is shown only for JRA-
55C (in which the amplitude of this spectrum is the largest

Atmos. Chem. Phys., 19, 10027-10050, 2019
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in Fig. 2) but is qualitatively similar for the other reanalyses.
For U < —25ms™!, it is shown that the spectrum has peaks
at k = —4 and —5 with periods of about 2d. The ground-
based zonal phase speeds corresponding to the peaks are be-
tween —45 and —60 m s~ !. These are much higher compared
to those of the waves detected in the westerly QBO wind
in Maury and Lott (2014) and Garcia and Richter (2019)
discussed in Sect. 3.4 (about —20ms~!; see also Fig. 11,
the first and last rows). The spectral region is best identi-
fied by the dispersion curves of MRG waves (Fig. 14) rather
than the other types of waves, provided that U ~ —30ms~!.
The spectrum composited for U > —20ms~! is similar to
that of the lower-frequency MRG waves observed in the
lower stratosphere. The variances of the symmetric merid-
ional wind by the waves observed at 20-10hPa during the
easterly QBO phase typically have magnitudes of roughly
half of those by the lower-frequency MRG waves during the
westerly phase (not shown).

The high-frequency waves detected here have similar char-
acteristics to the quasi-two-day wave (QTDW) observed in
the summer mesosphere and uppermost stratosphere: the
QTDW also occurs in strong easterly winds with a ~ 2 d pe-
riod. It has been proposed that the QTDW is a MRG mode
triggered by the baroclinic and/or barotropic instabilities as-
sociated with the easterly jet in the summer mesosphere (e.g.,
Salby, 1981; Pfister, 1985; McCormack et al., 2009). How-
ever, given that the occurrence of the 20 hPa disturbances is
strongly tied to certain phases of the QBO, as seen in Figs. 13
and 14, they might not be necessarily connected from the
QTDW above. More details on the structure of these waves
and their possible impacts in the tropical stratosphere will be
pursued in a future study.

S Summary

The equatorial Kelvin and MRG waves in the TTL and
stratosphere represented in six reanalyses (ERA-I, MERRA,
MERRA-2, CFSR, JRA-55, and JRA-55C) are compared for
the period of 1981-2010. The power spectra with respect to
the zonal wavenumber and frequency are presented (Figs. 1
and 2). The spectral shapes of the Kelvin and MRG waves are
broadly similar among the reanalyses: they exhibit common
spectral peaks and widths as well as vertical variations of the
spectral shapes, except for the Kelvin waves above 100 hPa
in CFSR. The stratospheric Kelvin waves in CFSR have
remarkably larger powers at relatively low-frequency, low-
equivalent-depth ranges than in the others. JRA-55 and JRA-
55C show relatively smaller temperature amplitudes than the
other reanalyses, common to all altitudes below 20 hPa.

The spatial distributions and patterns of the equatorial
waves in the lower stratosphere are investigated (Figs. 3-5).
It is shown in all of the reanalyses that Kelvin and MRG wave
variances tend to be large in the eastern and western hemi-
spheres, respectively, and that the locations of their maxima
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tilt eastward in the vertical. However, the longitudinal varia-
tions of the Kelvin wave variances are much smaller in CFSR
compared to those in the others. The leading mode EOFs
of the Kelvin wave and MRG wave filtered perturbations
are used to obtain statistically representative patterns of the
waves in each reanalysis, following Kiladis et al. (2016). For
both waves, the horizontal-wind and geopotential perturba-
tions projected onto the leading EOFs show spatial patterns
and phase relationships between variables that are consistent
with the classical equatorial wave theory. All the reanaly-
ses studied here exhibit remarkably similar patterns for the
Kelvin wave leading modes, which have zonal wavenumber
1 structures with larger amplitudes in the eastern hemisphere.
The MRG wave leading modes are confined over the eastern
Pacific to Atlantic sector and also show reasonable agree-
ment between the reanalyses, although their zonal scales are
somewhat larger in CFSR.

From analysis of the time series of Kelvin and MRG wave
variances, systematic differences are found between the peri-
ods before and after the late 1990s in several aspects (Figs. 6—
8).

— The difference in the Kelvin wave variances between
JRA-55 and JRA-55C (which stems from the exclusion
of satellite data in the assimilation in JRA-55C) shows
significant changes after the late 1990s at 100 hPa (from
~T7% to 10 %-24 %) and at 10 and 5hPa (from be-
tween 0 and —10 % to 10 %-20 %) but not at ~ 50 hPa
(Fig. 7).

— The Kelvin wave variances in the middle and upper
stratosphere in ERA-I exhibit a large increase around
1998 (~ 50 %), becoming significantly larger than those
in the other reanalyses (Figs. 8 and S3).

— In the middle and upper stratosphere in MERRA-2, the
peaks of the Kelvin wave variances during westerly-
shear phases of the QBO are not represented in some
years before the mid-1990s (Fig. S3). The MRG wave
variances at 10 hPa show exceptionally large values dur-
ing the westerly-shear phases until 1998 but not after-
ward.

— The MRG wave variances in CFSR fluctuate largely in
the vertical from ~ 30hPa before 1998 but not after-
ward (Fig. 8).

The results listed here demonstrate significant impacts of the
TOVS—-ATOVS transition starting in 1998 on the assimilated
wave amplitudes in the middle and upper stratosphere in all
the reanalyses. Below 10hPa, the satellite impacts on the
waves are identifiable in JRA-55 only by direct comparison
with JRA-55C at 100 hPa where the SSU instruments in the
TOVS suite do not cover.

The time series of the Kelvin wave variances at 100 hPa
(Fig. 6) exhibit increasing trends in all the reanalyses except
JRA-55C. However, the veracity of the trends in Kelvin wave
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activity is uncertain due to potential satellite effects in the re-
analyses. On the other hand, the MRG wave variances show a
long-term increase at 100 hPa, common to all of the reanaly-
ses including JRA-55C which is not affected by satellite tran-
sitions.

It is also noted that variances of equatorial waves can
be underestimated by up to around 30 % when standard-
pressure-level datasets are used. The wave perturbations in
these datasets are damped out by vertical interpolation, and
the damping effect is large for waves with small vertical
wavelengths.

The EP flux and its divergence are presented as a func-
tion of phase speed and height to compare the QBO forcing
measured in the reanalyses (Figs. 11 and 12). In general, the
phase speeds at which the Kelvin wave forcing occurs are
comparable among ERA-I, MERRA-2, JRA-55, and JRA-
55C. The Kelvin wave EP flux is the largest in ERA-I, while
its forcing is larger in MERRA-2 with more severe dissipa-
tion of the waves. For the QBO phases with westerly accel-
eration at ~ 15 hPa, the height of the peak forcing differs be-
tween the reanalyses by up to ~ 3 km. The differences in the
dissipation rate and peak forcing altitude are found to be re-
lated to the different mean-wind profiles in the reanalyses.
The MRG wave forcing is in general small in all the reanal-
yses (up to ~ 3ms~ ! month™! for the 5° N-5° S average).

In addition, relatively high-frequency waves detected in
the spectra of symmetric meridional winds at 20 hPa (Fig. 2),
which are distinguishable from the MRG waves observed be-
low, are further investigated (Figs. 13 and 14). It is found in
all the reanalyses that they appear only when the background
wind is easterly, unlike the MRG waves propagating from
below, with ground-based periods of about 1-3 d. Their spec-
tral shape is best identified by the dispersion curve of MRG
waves with the background wind of about —30ms~!. More
details regarding the spatial pattern, origin, and implication
of these waves remain to be studied in the future.

Data availability. The ERA-Interim data can be obtained from
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/

era-interim and the MERRA and MERRA-2 data from
https://disc.gsfc.nasa.gov/datasets. The CFSR data can be
downloaded from  https://www.ncei.noaa.gov/thredds/catalog/
cfs_reanl_ts/catalog.html and the JRA-55 and JRA-55C data
can be found in https://jra.kishou.go.jp/JRA-55/index_en.html.
The near-Equator monthly zonal wind from the radiosonde
observations compiled by FUB can be found in https:
/Iwww.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html.
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