
1. Introduction
In the tropics, various types of atmospheric waves are generated from convection, which have a broad 
spectrum from mesoscales to planetary scales (Bergman & Salby, 1994; Lane & Moncrieff, 2008; Ortland 
et al., 2011). Not only do they contribute to the atmospheric variability on their own spatio-temporal scales 
but they also play a crucial role in the mean circulation via wave–mean-flow interactions (e.g., Booker & 
Bretherton,  1967). The latter is manifested by the quasi-biennial oscillation (QBO) in the tropical strat-
osphere (Baldwin et  al.,  2001). The QBO represents a large variation in the mean zonal wind, of up to 
∼50 m s−1 depending on the altitude, which is driven by the momentum carried from the lower atmosphere 
by large-scale equatorial waves and mesoscale gravity waves (GWs) (Dunkerton, 1997; Holt et al., 2016).

Theoretical studies of QBO dynamics have considered interactions of the zonally symmetric flow with trop-
ical wave modes. For instance, in one-dimensional models (in the vertical) of the tropical stratospheric 
mean flow (e.g., Holton & Lindzen, 1972; Lindzen & Holton, 1968; Plumb, 1977), which have contributed 
essentially to the current understanding of the QBO dynamics, the forcing of the flow due to each wave 
mode is formulated as a function of mean wind and characteristics of the wave, being independent of other 
wave modes. In the real atmosphere, however, different modes such as equatorial waves and mesoscale GWs 
can encounter each other in the stratosphere, because the convective sources of these waves are ubiquitous 
in the tropics and equatorial waves have planetary scales. Among the equatorial wave modes, Kelvin waves 
especially are observed to have large amplitudes (∼10 m s−1 in the zonal wind; Wallace & Kousky, 1968), 
which suggests potential for these waves to affect the propagation and dissipation of GWs they encounter. 
Therefore it will be of great interest to observe such a wave–wave interaction across different scales in the 
tropics and to examine its impact on the QBO dynamics. However, to the authors' knowledge, this interac-
tion has not been studied in the literature.

Abstract A general circulation model is used to study the interaction between parameterized gravity 
waves (GWs) and large-scale Kelvin waves in the tropical stratosphere. The simulation shows that Kelvin 
waves with substantial amplitudes (∼10 m s−1) can significantly affect the distribution of GW drag by 
modulating the local shear. Furthermore, this effect is localized to regions above strong convective 
organizations that generate large-amplitude GWs, so that at a given altitude it occurs selectively in a 
certain phase of Kelvin waves. Accordingly, this effect also contributes to the zonal-mean GW drag, which 
is large in the middle stratosphere during the phase transition of the quasi-biennial oscillation (QBO). 
Furthermore, we detect an enhancement of Kelvin-wave momentum flux due to GW drag modulated by 
Kelvin waves. The result implies an importance of GW dynamics coupled to Kelvin waves in the QBO 
progression.

Plain Language Summary The variability of the tropical atmosphere at altitudes of about 
18–40 km is dominated by a large-amplitude long-term oscillation of wind, the quasi-biennial oscillation, 
which has a broad impact on the climate and seasonal forecasting. This oscillation is known to be driven 
by various types of atmospheric waves with multiple spatial scales. Using a numerical model, this study 
reports a process of interaction between those waves on different scales, which has not been illuminated 
before. The result implies a potential importance of this process in the progression of the quasi-biennial 
oscillation. Proper model representations of these multiscale waves and tropical convection are required to 
simulate this process.
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General circulation models (GCMs) may be a useful tool to study the in-
teraction between equatorial waves and GWs, because GW forcing of the 
large-scale flow is usually parameterized in GCMs and thus easily identi-
fiable. Also, stratospheric Kelvin waves are resolved with reasonable am-
plitudes and characteristics in current-day GCMs (e.g., Holt et al., 2020; 
Lott et al., 2009). In this paper, we present a case of interaction between 
Kelvin waves and GWs, as simulated in a GCM with a state-of-the-art 
GW parameterization, and discuss its implications for the evolution of 
the QBO.

2. Methods
The model setup follows Kim et al. (2021). The Icosahedral Non-Hydro-
static (ICON) model (Zängl et  al.,  2015) is used with its upper-atmos-
phere extension (Borchert et  al.,  2019). The horizontal grid spacing is  
160 km, and the vertical spacing is 700 m in the stratosphere. Instead 
of the operational GW parameterization of this model, we use a prognos-
tic parameterization, the Multi-Scale Gravity Wave Model (MS-GWaM), 
which predicts the time evolution of GW action density field in position–
wavenumber phase space (Achatz et al., 2017; Bölöni et al., 2021; Mura-
schko et al., 2015). A detailed description of MS-GWaM and its applica-
tion to ICON is provided in Bölöni et al. (2021). In the current setup, the 
single-column approximation is used in MS-GWaM, that is, lateral GW 
propagation is not taken into account. To represent the spectral charac-
teristics and variability of tropical GWs, a subgrid convective source is 
used in MS-GWaM (Kim et al., 2021).

The model is initialized with the state of May 1, 2010 and integrated for 4 months of which the first 3 months 
are in the E–W transition phase of the QBO at 20 hPa (z  27 km). The zonal-mean zonal winds during the 
4 months are presented in Figure 1. We focus on the first month during which the simulated mean flow 
remains closest to the real atmosphere throughout the stratosphere. In the later 3 months, the evolution of 
mean flow around 20 hPa seems to be quite similar to that in the observation (not shown), while at lower 
altitudes the easterly jet becomes weaker than that in the real atmosphere, which is a common bias of exist-
ing QBO-simulating models (Bushell et al., 2020; Stockdale et al., 2020).

All the data used and presented in this study are 24-h moving averages of 3-h mean model outputs. The 
grid-cell outputs are binned zonally with intervals of 2.25° and averaged meridionally within the tropics in 
each longitude bin by
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Here we use a tapering function W  exp[ ( / ) ] 0
2  and set  b  0  12, considering the typical merid-

ional scale of equatorial waves (e.g., Yang et al., 2012). This temporal and meridional averaging filters out 
the antisymmetric modes of equatorial waves and diminishes signals of resolved waves on relatively small 
spatio-temporal scales. The equatorial Kelvin waves and the symmetric mode of Rossby waves are sustained 
which however can be distinguished from each other by the difference in their phase velocities relative to a 
given mean wind. In our case, Rossby waves are not detected in the lower stratosphere as their propagation 
is prohibited by the strong easterly wind shear (Figure 1).

3. Results
Figures 2a–2c present Hovmöller diagrams of temperature perturbations (departures from the zonal mean; 
T ) and parameterized zonal GW drag in the tropical lower stratosphere, based on the simulation time (t). 
Three altitudes, 19, 22, and 28 km, are selected so that the vertical fluctuation of T  is revealed by altered 
signs between the altitudes. The diagrams exhibit eastward propagation of T  at all these altitudes, most 
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Figure 1. Twelve vertical profiles of zonal-mean zonal wind in the 
4-month simulation, averaged for contiguous 10-day intervals from 
t  0–10 days to t  110–120 days (from red to purple in the rainbow color 
scale). The first three profiles (t  30 days) are indicated by thicker lines 
than the others.
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clearly after t  10 days with a phase speed of about 15 m s−1. This phase speed, together with the planetary 
scale of the perturbations, identifies them as Kelvin waves, according to the equatorial wave theory (e.g., 
Andrews et al., 1987).

At most locations and time at 19 and 22 km, GWs tend to exert westward force (Figures 2a and 2b) since the 
QBO is in the easterly shear phase throughout the month at these altitudes (Figure 1). However, eastward 
GW drag appears at 19 km with substantial magnitudes during t  11–18 days (peaks: 0.9–1.5 m s−1 d−1), 
along the positive T . Also, at the same locations/time but at 22 km, GW drag is westward and anomalously 
larger in magnitude than that elsewhere. At 28 km, again the eastward GW drag appears along the positive 
T  with peaks of 4–8 m s−1 d−1, while elsewhere the drag is only weak (the latter is because westward prop-
agating GWs are largely filtered below by strong easterlies of up to 35 m s−1 [see Figure 1] and eastward 
propagating GWs do not induce large forcing in the strong easterly flow at 28 km during the early phase of 
the E–W transition of QBO). The coupled signals indicate an interaction between Kelvin waves and GWs. 
The occurrence of positive GW drag at 19 km for the long duration is a strong evidence of the influence of 
Kelvin waves on GWs, given that it is unlikely to happen in the easterly shear QBO phase unless the flow is 
perturbed substantially.

On the other hand, to the west of those temperature perturbations, there also exist other prominent per-
turbations with opposite phases, propagating eastward (around 60E at t  15 days, Figures 2a–2c). Along 
those, however, the GW drag is very weak at all altitudes. This is because the convective source of GWs in 
the troposphere is much weaker at these locations/time, as can be inferred from the out-going longwave ra-
diation presented in Figure 2d as a proxy for deep convection. The asymmetry in the coupling of zonal GW 
drag and Kelvin wave with respect to the phase implies that the anomalous GW drag coupled with a phase 
is not averaged out in its zonal mean, and thereby such coupling could potentially play a role in the mean-
wind evolution (i.e., QBO). For example, at 28 km (22 km), the GW drag in the narrow longitude band of 

0 0[ 20 , 20 ]      contributes by 92% (31%) to the zonal-mean GW drag of 0.28 m s−1  1d  (−0.23 m s−1 d−1) 
during t  11–18 days, where 0  moves eastward with the speed of 15 m s−1 from 120E at t  11 days. Note 
that at 28 km, this magnitude of drag is sufficiently large for a significant impact on the mean-wind evolu-
tion, given that the total wave forcing driving this early phase of the 20-hPa E–W transition is estimated to be 
about 0.33–0.5 m s−1 d−1 in reanalyses (e.g., Kim & Chun, 2015, Figure 12b; Pahlavan et al., 2020, Figure 9b).

The coupling between GW drag anomaly and Kelvin wave shown in Figure 2 is not explained by T  itself 
but by the local wind shear. The vertical structures of zonal-wind perturbations (u) are presented in Fig-
ure 3 along with T  and zonal GW drag at t  12 and 15 days. In addition, the location of maximum vertical 
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Figure 2. Hovmöller diagrams of (a–c) temperature perturbations (T ; 2 K and 4 K, with red and blue contours for positives and negatives, respectively) 
and zonal gravity-wave drag (shading) at the altitudes of 19, 22, and 28 km (from left to right) and (d) out-going longwave radiation (OLR) for t  30 days. The 
horizontal lines indicate t  12 and 15 days when Figure 3 is plotted.
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velocity at z  14 km is indicated. The perturbations in the tropical tropopause layer (z  14–18.5 km) in 
Figure 3a show the typical structure of convectively coupled Kelvin waves: at t  12 days, the negative T  
appears above the deep convection (green triangle), while around the top of convection, the flow diverges 
with large negative u in the west (e.g., Ryu et al., 2008; Wheeler et al., 2000). In addition, the flow tends to 
be downward in the region of negative u away from the convection (not shown). All these perturbations 
satisfy the Kelvin-wave polarization relation well at z  17 km, allowing for vertical propagation of the wave 
into the stratosphere with considerable amplitudes. The zonal wavenumbers of the simulated Kelvin waves 
in the stratosphere are mainly 1–2, with a minor secondary peak at 5 in their spectrum, throughout the 
period of t  11–18 days (not shown). The vertical wavelengths are quite long (10 km) due to the easterly 
shear throughout the lower stratosphere (Figure 1).

As can be derived from the polarization relation of Kelvin waves, T  is in phase with the vertical shear of u 
(u

z

 ) in the stratosphere (e.g., Andrews et al., 1987, Section 4.7.1). At t  12 days, the GW drag is exhibited 
coherently with large magnitudes of u

z
  in the lower stratosphere of the eastern hemisphere, but distributed 

mainly over the regions of strong convection (Figures 3b and 2d). Afterward, the Kelvin waves in the strat-
osphere exhibit a vertically aligned structure of perturbations, as can be seen in Figure 3a (lower panel)  
for t  15 days. These aligned perturbations propagate together until t  24 days (Figures 2a–2c). The re-
lationship between the GW drag and u

z
 shown above is maintained for about a week (e.g., for t  15 days, 
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Figure 3. (a) Zonal-wind perturbations (u; red and blue contours for positives and negatives, respectively, with intervals of 3 m s−1, omitting zeros) 
superimposed on T  (shading) at t  12 and 15 days (upper and lower, respectively). At each time, the longitude of maximum upward velocity at z  14 km is 
indicated by the green triangle. (b) The same as in (a) but showing the zonal gravity-wave drag instead of T .
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see Figure 3b) until the stratospheric Kelvin waves arrive over the eastern Pacific (t  19 days) where the 
convective source of GWs is weak (Figure 2d).

Figure 3 demonstrates that Kelvin waves of ∼10 m s−1 amplitudes can perturb the local shear enough to 
affect the GW drag. This impact may depend on the phases of Kelvin waves where the convection is active 
in the troposphere. In the current case, the phases of u

z
 are positive and negative at z  28 and 22 km, 

respectively, over the most active convection region (indicated by green triangles in Figure 3), so that they 
both enhance the local shear of total zonal wind (see Figure 1). The enhanced shear leads to the anomalous 
GW drag at those altitudes, whereas the GW drag would occur at some higher altitudes if the local shear 
were not altered by Kelvin waves.

It is interesting to observe that Kelvin waves, which are an important driver of the QBO during the west-
erly shear phase, can also modulate the GW process that induces westward drag in the opposite phase (at 
z  22 km in our case). The magnitude of the GW drag coupled to the Kelvin wave in the lower stratosphere 
is relatively small in the simulation (locally ∼1 m s−1 d−1 at z ∼ 22 km, Figure 3), compared to that at higher 
altitudes. However the aforementioned bias of weak easterly jet in later months (Section 2) suggests that 
the westward GW drag parameterized in the lower stratosphere might be generally underestimated. The 
coupling of GWs and Kelvin waves in the easterly shear layer merits future study using a model that resolves 
and/or parameterizes lower stratospheric GWs with realistic amplitudes.

According to the Kelvin-wave polarization relation, the local tendency of u is in phase with u
z

 which tends 
to have the same signs with GW drag anomalies (Figure 3). It implies that the Kelvin-wave amplitude can 
be reinforced by GW drag. We observe a moderately high correlation between the GW drag anomaly and 
5-day tendency of u (Pearson correlation coefficients of 0.4–0.6 at most altitudes above 17  km), which 
supports the potential for the GW impact upon Kelvin waves. In order to investigate this impact, additional 
simulations are performed, each of which has the same setup as the original simulation except that, from 
t  10 days on, GW forcing to the model dynamics is artificially suppressed to zero in the altitude range 

0[ ,35 km]z  in the tropics, where 0z  varies among the simulations from 19 to 25 km (see Supporting Informa-
tion S1 for details of the setup).

Figure  4a presents the zonal average of perturbation-induced momentum flux in the simulation with 
0z  25 km (EXPz25) and its difference from the original simulation (CTL). Not surprisingly, the results at 

t  10–12 days are nearly identical between the simulations below 25 km ( 0z ). However, the flux at 28 km 
is found to differentiate between the two simulations gradually for the 2 days, showing up to 12% larger flux 
in CTL than in EXPz25. It demonstrates that the GW drag above 25 km amplifies Kelvin waves at 28 km 
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Figure 4. (a) Zonal-mean evolution of perturbation-induced vertical flux of zonal momentum in the original 
simulation (CTL; shading) and its relative difference between two simulations (CTL  EXPz25; white contours in 
percentages) for t  10–13 days. (b) Zonal-mean zonal wind difference (CTL  EXPz25) at t  11, 12, and 13 days (blue, 
red, and green, respectively).
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in CTL. Meanwhile, the zonal-mean wind there is also altered by the GW 
drag, as can be seen by its difference between the simulations shown in 
Figure 4b. The easterly mean wind at 28–30 km (Figure 1) is weakened 
by the eastward GW drag in CTL, which results in a reduction of vertical 
wavelengths of Kelvin waves, thereby enhancing the radiative dissipation 
of waves. This may be the reason that the increase of momentum flux 
in CTL is confined to z  30 km where the mean-wind change is only 
moderate (Figure 4).

After t   12  days, the mean wind at 28–30  km changes further (Fig-
ure 4b), and also the tropospheric flow fields associated with convection 
begin to differentiate (unpredictably) with noticeable magnitudes be-
tween the simulations (not shown). These seem to cause the differences 
in the momentum flux throughout the stratosphere at t  13 days seen in 
Figure 4a, while preventing further amplification of Kelvin waves around 
28 km in CTL. Results in other simulations with 0z  22 or 19 km were 
similar to those in EXPz25 even at z  25 km (not shown), implying that 
the impact of lowermost stratospheric GW drag on Kelvin waves is neg-
ligible in the short term, due probably to the small magnitudes of drag.

In the later 3 months, stratospheric Kelvin waves in the simulation tend 
to have smaller amplitudes than those in the first month (not shown). 
There are a couple of reasons for this. In the troposphere, convectively 
coupled Kelvin waves in the simulation were less active in these months 
than before, which might partly affect the activity of stratospheric waves 
(Maury et  al.,  2013). Also, in the lower stratosphere, the easterlies be-
come weaker with the QBO progression as shown in Figure 1 (even more 
than in the real atmosphere), which result in a reduction of vertical wave-
lengths of Kelvin waves. The vertical grid spacing of the current simu-
lation (700 m) might still be not small enough to fully resolve relatively 
short waves, given the numerical dissipation of the model.

Figure  5 shows the Hovmöller diagrams of zonal GW drag for 
t  0–120 days at 28, 25, and 22 km. Despite the smaller amplitudes of 
simulated Kelvin waves at t  30 days discussed above, signatures of cou-
pling between Kelvin waves and GW drag are found rather persistently 
during the course of the E–W transition (Figure 1), as can be seen by the 
drag exhibiting eastward progressions with planetary scales (although 
they are less clear at 22 km when quasi-stationary or westward signals 
also seem to exist together). This feature may imply a potential impor-
tance of the coupled dynamics of Kelvin waves and GWs during this tran-
sition phase of QBO. There also exists the negative GW drag coupled to 
Kelvin waves at 22 km beyond the first month, although its magnitude is 
very small.

4. Discussion
The current study shows that stratospheric Kelvin waves with amplitudes of ∼10 m s−1 strongly affect the 
distribution of GW drag by modulating the local shear. Furthermore, zonal asymmetry in the distribution 
of the GW source (convection) can cause this effect to also appear in the zonal mean of the GW drag, there-
by influencing the progression of the QBO. The zonal-mean effect may be large especially when a Kelvin 
wave propagates over an organized convective system that also moves eastward, so that GWs generated 
from the convection can induce the drag within a certain phase of the Kelvin wave constantly for several 
days. This may not be a rare case, as organized convective systems often move at the typical phase speed 
of Kelvin waves and the typical zonal wavelengths of Kelvin waves are large enough to cover a convective 
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Figure 5. Hovmöller diagrams of zonal gravity-wave drag for 
t  0–120 days at the altitudes of 28 and 22 km (left and right, 
respectively). The base-2 logarithmic scale is used for the shading intervals.
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organization in a phase. Such an example is presented in our case during t  11–18 days (Figures 2 and 3). 
It is noteworthy that Kelvin waves can also contribute to the easterly momentum deposition of GWs in the 
lower stratosphere with easterly shear, although the magnitude of GW drag was only small at that altitude 
(22 km) in our simulation (Figure 5).

On the other hand, GWs in the middle stratosphere (20 hPa) are found to influence Kelvin waves when 
they are coupled. In our case, Kelvin waves are amplified by 10% (in terms of the zonal-mean momen-
tum flux) in 2 days due to the coupled GW drag (Figure 4). It is difficult to project such an effect to longer 
time scales, as the GWs also alter the mean wind by which Kelvin waves are largely affected. The impact 
of GWs on Kelvin waves (and other equatorial waves) may merit further investigation, beyond this case 
study, by theoretical work or idealized modeling. It also remains to study the coupling of waves in the real 
atmosphere.

The result revealed complex interactions among GWs, Kelvin waves, and zonal-mean flow as well as con-
vection. It stresses the importance of proper representation of all these in realistic QBO simulation. As the 
flow modulated by Kelvin waves can be regarded as the mean flow for GWs, the interaction processes are 
viewed in the context of a GW-mean-flow problem which, in GCMs, should be taken into account by GW 
parameterization. In the parameterization, description of the flow-dependent source of GWs associated 
with convection matters. Note that had the GW source been uniformly distributed (i.e., if a simpler rep-
resentation were used), the zonal-mean effect of Kelvin waves on the GW drag would probably be negligible 
due to cancellation of the effect between phases. In this study, a unique, prognostic GW parameterization 
(MS-GWaM) is used, which represents the transient GW dynamics in a realistic manner. The role of the 
transient dynamics in GW drag and QBO evolution in the tropics will have to be investigated in the future.
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