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Abstract
The representation of the semi-annual oscillation (SAO) in climate models
shows a common easterly bias of several tens of metres per second compared
to observations. These biases could be due to deficiencies in eastward tropi-
cal wave forcing, the position or strength of the climatological summertime jet
or the strength/timing of the Brewer–Dobson circulation. This motivates fur-
ther analysis of the momentum budget of the upper stratosphere within models
and a more detailed comparison with reanalyses to determine the origin of
the bias. In this study, the transformed Eulerian mean momentum equation is
used to evaluate the different forcing terms that contribute to the SAO in the
MERRA2 reanalysis dataset. This is then compared with the equivalent analy-
sis using data from a climate simulation of the Whole Atmosphere Community
Climate Model (WACCM). The comparison shows that WACCM underestimates
eastward forcing by both resolved and parameterised waves at equatorial lati-
tudes when compared with MERRA2 and also has a weaker tropical upwelling
above 1 hPa.
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1 INTRODUCTION

The stratospheric semi-annual oscillation (SAO) is char-
acterised by oscillating wind and temperature fields with
a periodicity of six months in the equatorial upper strato-
sphere and lower mesosphere. The SAO dominates equa-
torial variability between 0.3 and 5 hPa, in the region above
the quasi-biennial oscillation (QBO). It has been suggested
that both oscillations influence surface weather through
various pathways, including their influence on the winter

polar vortex (Anstey et al., 2022; Baldwin et al., 2001;
Gray et al., 2020). The first documentation of the SAO
was based on rocket sonde observations in the tropics by
Reed (1966). Even though there are still some uncertainties
among observations and reanalyses (SPARC, 2022 Chapter
11), substantial progress has been made in understanding
the mechanisms of the SAO since then.

The zonal wind SAO near the stratopause con-
sists of easterly phases that occur around the solstices,
December–February (DJF) and June–August (JJA), and
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(a) (b)
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F I G U R E 1 Daily mean climatology of zonal-mean zonal wind (m⋅s−1) averaged over 5◦ N to 5◦ S for (a,b) Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA 2) based on 42 years (1980–2021). (c,d) Whole Atmosphere community climate
model (WACCM), based on the first 500 years of the CMIP6 pi-Control simulation (see Section 2 for details). Contours of −20, 0, 20 m⋅s−1 are
overlaid, with dashed contours denoting negative values. For clarity, the time axis has been separated and centred around the onset of the
easterly phase. (e,f) WACCM minus MERRA2 differences, with overlaid wind contours from the WACCM distribution. Stippling denotes 99%
confidence interval.

westerly phases around the equinoxes, March–May
(MAM) and September–November (SON) (Hirota, 1980;
Reed, 1966). Figure 1a,b shows the climatological equa-
torial zonal-mean zonal winds from the Modern-Era
Retrospective Analysis for Research and Applications,

Version 2 (MERRA2) reanalysis dataset. The time series
are shown in six-month sub-sections (November–April
and May–October), centred around the MERRA2 peaks in
stratopause easterlies that occur in February and August.
In this way, we can highlight the differences between the
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first and second SAO cycles that contribute to the presence
of an annual cycle.

The magnitudes of the peak easterlies and westerlies
are similar, at around 30–40 m⋅s−1, but the easterly phase
centred around Northern Hemisphere (NH) winter is
stronger than the summer phase, so there is also an
annual component to the equatorial stratopause variabil-
ity (Delisi & Dunkerton, 1988; Quiroz & Miller, 1967).
The semi-annual nature of the zonal wind variability is
clearly visible within ∼10 degrees north and south of the
equator. At higher latitudes annual harmonics dominate
(Ray et al., 1998). The SAO easterly phase onset occurs
almost simultaneously at heights between 0.5 and 5 hPa
while the westerly phase starts at a higher altitude and
gradually descends over time (Quiroz & Miller, 1967).
The underlying QBO is also known to modulate the SAO
(Smith et al., 2023). The SAO westerly phases (SAOW)
are observed to be stronger during the easterly phase of
the QBO (QBOE) and, as the QBOE descends, the succes-
sive SAOW phases also extend farther down in altitude.
Once in every four to six SAO cycles the SAOW propa-
gates sufficiently far down to merge with the onset of the
westerly phase of the QBO (Dunkerton & Delisi, 1997;
Garcia et al., 1997; Gray & Pyle, 1989; Krismer et al., 2013).
Garcia et al. (1997) presented a comprehensive study of
the SAO climatology in the tropical stratosphere using
multiple observations, which has since been updated
using reanalysis datasets and more recent observations
(Smith et al., 2017; Kawatani et al., 2020; SPARC, 2022,
Chapter 11). Ern et al. (2021) recently examined the
SAO and the gravity wave (GW) forcing using these
observational datasets.

The semi-annual nature of the oscillation was first
explained using radiative forcing ideas, as the sun crosses
the equator twice a year (Webb, 1967). However, it was
noted that radiative forcing cannot drive tropical oscilla-
tions (Wallace, 1967; Wallace & Holton, 1968) and wave
forcing was suggested as a major driver (Meyer, 1970).
Extensive research since then has indicated that the west-
erly phase of the SAO is driven primarily by vertically
propagating tropical waves, although this is difficult to
explicitly confirm due to the lack of high-resolution obser-
vations at SAO altitudes. Planetary-scale Kelvin waves
and inertia-GWs (Garcia, 2000; Hirota, 1978) as well as
small scale eastward-propagating GWs (Ern et al., 2021;
Hamilton & Mahlman, 1988; Hitchman & Leovy, 1986,
1988) are all believed to contribute to the SAO westerly
forcing. While relatively slow eastward-propagating waves
are absorbed at lower levels in the westerly QBO region,
high-speed waves can propagate through to the SAO region
where they are damped and transfer their momentum to
the background flow (Dunkerton, 1979; Hirota, 1978). The
observed weaker SAO westerlies during the westerly phase

of QBO can thus be explained since the waves are more
likely to be absorbed in the lower stratosphere during a
westerly QBO phase than during the easterly QBO phase.

The simultaneous onset of the easterly phase of the
stratospheric SAO over a range of altitudes suggests that it
is likely associated with the meridional circulation (Holton
& Wehrbein, 1980). Two sources of westward momentum
have been proposed for the easterly SAO phase. Firstly, the
meridional cross-equatorial advection of easterlies from
the summer to winter hemisphere by the residual mean
meridional circulation, which is primarily driven by eddy
forcing in the extratropical, winter stratosphere (Holton
& Wehrbein, 1980). The weaker easterly SAO phase in
the second half of the year can then be explained, since
there is less planetary wave forcing at midlatitudes in the
Southern Hemisphere (SH) winter, and thus a weaker
residual mean meridional circulation. Secondly, the lateral
momentum transfer by more localised quasi-stationary
waves in the winter hemisphere subtropics has been
suggested as an additional westward momentum source
(Hopkins, 1975). Affirming this, Ern et al. (2015) have
highlighted a strong westward forcing by planetary-scale
waves at the onset of SAO easterly jets using ERA-Interim
reanalysis data.

We note that while the eastward forcing is associated
with vertically propagating wave absorption, the westward
forcing is associated with meridional advection and extrat-
ropical eddy forcing which peak during the winter of each
hemisphere, so it is this westward forcing that gives rise to
the semi-annual nature of the oscillation. This contrasts
with the QBO, in which both phases are primarily due to
wave forcing.

Inertial instability is another important phenomenon
that is present in the middle atmosphere, caused by the
imbalance of the horizontal pressure gradient and the
Coriolis force; several studies have explored the rele-
vance of this mechanism to the SAO (e.g., Hitchman &
Leovy, 1986). Due to the advection of summer easter-
lies into the winter hemisphere, it has been noted that
there is an increased possibility for inertial instabili-
ties to develop in regions close to the equator, primarily
within 0–10◦ latitude in the winter hemisphere, although
they can also be found at higher latitudes due to flow
distortions by Rossby waves (Rapp et al., 2018; Strube
et al., 2020). Inertial instabilities at the equator result
in an eastward forcing and thus the weakening of the
SAO easterly phase (Dunkerton, 1981; Ray et al., 1998).
Supporting this view, a recent case study by Lieberman
et al. (2021) showed that during NH summer inertial
instability sharply weakens the equatorial easterlies at the
stratopause.

The SAO can impact atmospheric circulations in var-
ious ways. It can influence the distribution of chemical
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tracers in the equatorial stratosphere, thus explaining a
‘double peak’ structure seen in upper stratospheric mea-
surements of ozone and many other trace gases (Gray
& Pyle, 1986; Shu et al., 2013). It has also been sug-
gested to influence surface weather, in a similar manner
to the well-studied QBO influence. The QBO is known
to modulate both the extratropical circulation (Anstey &
Shepherd, 2014; Holton & Tan, 1980) and also the subtrop-
ical circulation through the locally induced meridional
circulation required to maintain thermal wind balance
(Garfinkel & Hartmann, 2011; Gray et al., 2018), both of
which may influence surface weather (Ebdon, 1975; Gray
et al., 2018; Kidston et al., 2015; Marshall & Scaife, 2009).
While the peak amplitude of the zonal-mean zonal wind
SAO is observed to extend to ±10◦ latitude, its influence
also extends poleward into the subtropical upper strato-
sphere via an induced meridional circulation. Model stud-
ies have suggested that the strength of subtropical upper
stratospheric winds in early winter have an impact on the
later evolution of the polar vortex; for example, whether
it remains cold and undisturbed throughout the winter or
whether it is disrupted by wave disturbances, with the pos-
sibility of a sudden stratospheric warming (SSW). In par-
ticular, Gray et al. (2004, 2022) found that wind anomalies
in the subtropical upper stratosphere influence the tim-
ing of SSWs, with an easterly anomaly promoting an early
to mid-winter SSW and a westerly bias promoting either
a late-winter SSW or no SSW at all. This suggests that a
good representation of the SAO may improve model sim-
ulations of the polar vortex evolution and SSW frequency.
It is widely acknowledged that SSWs can affect surface
weather and thus a good representation of their behaviour
and frequency will be useful for improved weather pre-
diction (Butler et al., 2016; Lu et al., 2021; Mukougawa
et al., 2009; Scaife et al., 2005).

Climate model representation of the SAO has been
examined by, for example, Smith et al. (2019) and has
also been used to study aspects of the forcings respon-
sible for the westerly and easterly phase of SAO (e.g.,
Ray et al., 1998). An easterly bias of the SAO in climate
models is a long-standing problem; all climate models
unambiguously show an easterly bias, although there are
variations in the extent to which the SAO amplitude and
altitude range differ (Smith et al., 2017; Smith et al., 2019).
A case study by Müller et al. (1997) using the Berlin
troposphere-stratosphere-mesosphere general circulation
model and the model study of Smith et al. (2019) both
suggest that insufficient Kelvin wave dissipation in the
upper stratosphere could be a reason for the easterly bias,
while Smith et al. (2019) also mention the possibility of
differences in GW drag (GWD). However, none of these
earlier studies have examined all of the individual driving
mechanisms in order to draw a solid conclusion on the
reason for the easterly bias.

The main aim of this paper is to understand the source
of the easterly bias in the representation of the SAO in
climate models. We do this by carefully examining indi-
vidual contributions to the momentum budget of the SAO
region in a specific climate model and comparing it with
reanalyses, to determine which momentum-forcing terms
are most influential and which terms contribute to the
easterly bias. The paper is laid out as follows: Section 2
describes the data and analyses used in this study. Results
are presented in Section 3 and Section 4 summarises our
findings.

2 DATA AND METHODS

This study utilises the transformed Eulerian mean
momentum (TEM) equation to quantify the contribution
of different momentum-forcing terms in both reanalysis
and model. Comparisons between model and reanal-
ysis terms are conducted to identify possible model
biases. Three reanalysis datasets are initially evaluated:
MERRA2, ERA-Interim and ERA5, which are described
in Section 2.1. Based on this evaluation, the MERRA2
dataset is employed as the primary reanalysis dataset.
CESM2-WACCM, described in Section 2.2, has been
selected as the sample climate model for a more com-
prehensive investigation. It is a coupled chemistry model
that extends much higher in altitude than most other
models, which helps to avoid potential complications
arising from having the model top close to SAO alti-
tudes. It also demonstrates a reliable representation of
the QBO, reducing the likelihood of QBO biases impact-
ing the SAO. The methodology employed in the study,
including the momentum budget analysis and estima-
tion of statistical significance of our results, is described
in Section 2.3.

2.1 Reanalysis datasets

Three reanalysis datasets are examined: the Modern-Era
Retrospective Analysis for Research and Applications,
Version 2 (MERRA2), and the ERA-Interim and ERA5
reanalyses from the European Centre for Medium-Range
Weather Forecasts (ECMWF).

MERRA2 (Gelaro et al., 2017) is a global reanaly-
sis dataset provided by the National Aeronautics and
Space Administration (NASA) Goddard Institute for Space
Studies (GISS). The dataset used in this study extends
over a 42-year period 1980–2021. It has a horizon-
tal resolution of 0.5◦ latitude× 0.625◦ longitude and a
vertical resolution of 72 hybrid-𝜂 model levels extend-
ing from the surface to 0.01 hPa. The Goddard Earth
Observing System-5 (GEOS-5) model used to generate
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the MERRA2 dataset includes parameterisations of both
orographic (McFarlane, 1987) and non-orographic GW
schemes (Garcia & Boville, 1994; Molod et al., 2015). The
non-orographic GW scheme is optimised to enhance the
representation of QBO and SAO in the tropics (Molod
et al., 2015). Artificial damping (Rayleigh friction) is
applied to horizontal winds at altitudes above 0.24 hPa. In
addition to assimilating a large suite of ground-based and
satellite observations (see SPARC, 2022 for a summary),
MERRA2 has the added benefit of assimilating Microwave
Limb Sounder (MLS) temperature observations at alti-
tudes above 5 hPa after August 2004. The dataset is thus
constrained by additional observations in the region of
interest to this study.

ERA-interim (Dee et al., 2011) has a spectral horizontal
resolution of T255 (∼79 km spacing on a reduced Gaussian
grid) and vertical resolution of 60 model levels extending
up to 0.1 hPa. The reanalysis is produced using ECMWF’s
Integrated Forecast System (IFS) cycle 31r2. The model
includes an orographic GW parameterisation (Lott &
Miller, 1997) but does not include a non-orographic GW
parameterisation. Artificial damping (Rayleigh friction)
of horizontal winds is employed at altitudes above 10 hPa.

ERA5 (Hersbach et al., 2020) employs IFS cycle 41r2,
with horizontal and vertical resolution of T639 and 137
model levels, respectively. The highest altitude is at
0.01 hPa, similar to MERRA2. It additionally includes
a non-orographic GW parameterisation scheme (Orr
et al., 2010). A fourth-order hyper-diffusion (∇4) is applied
on vorticity, divergence and temperature above 10 hPa to
damp vertically propagating waves depending on model
level and zonal wavenumber and an additional first-order
damping (∇) is applied on divergence above 1 hPa
(Polichtchouk et al., 2017). In contrast to MERRA2, data
from the MLS are not assimilated in ERA5 (SPARC, 2022).

2.2 Model

CESM2-WACCM is the Community Earth System Model
Version 2 (CESM2) Whole Atmosphere Community Cli-
mate Model (WACCM), which is the ‘high-top’ version of
the coupled climate Earth system model developed by the
National Center for Atmospheric Research (NCAR). The
model includes a representation of both ocean and atmo-
sphere with comprehensive component schemes for land,
sea-ice, land-ice and river processes, interactive coupled
atmospheric chemistry and ocean wave models that are
linked via a coupler (Danabasoglu et al., 2020). The model
has a horizontal resolution of approximately 1◦ (0.9◦
latitude× 1.25◦ longitude) and has 70 levels in the vertical
from the surface to 6× 10−6 hPa (approx.140 km). It thus
has a superior stratospheric representation compared

to the standard ‘low top’ version of CESM2-CAM
(Danabasoglu et al., 2020). CESM2-WACCM (here-
after referred to as WACCM) includes orographic and
non-orographic GWD parameterisation schemes (Richter
et al., 2010), with orographic, frontal and convective GW
sources separately specified, hence linking GW generation
to tropospheric quantities to produce model-consistent
GW source fluxes (Gettelman et al., 2019). The GW scheme
provides wave forcing that contributes to the internally
generated QBO and SAO. Further description of the model
and other parameterisations can be found in Gettelman
et al. (2019).

The model dataset used is the CMIP6 pre-industrial
control (pi-Control) simulation (Eyring et al., 2016) from
WACCM. This coupled atmosphere–ocean simulation was
run with prescribed pre-industrial (1850) levels of green-
house gas and aerosols. It therefore has no time-varying
external forcing apart from daily and seasonal radiative
variations, so any variability on other time scales is inter-
nally generated. We choose to use the WACCM pi-Control
simulation, even though its imposed external forcings
are not directly comparable with the MERRA2 reanaly-
sis datasets, because the climatology of its forcing can be
assessed with many more available years and its SAO cli-
matology was found to be very similar to the corresponding
WACCM present-day CMIP6 simulation. The CMIP6 data
are published by the Earth System Grid Federation; more
details on the WACCM pi-Control simulation can be found
at Danabasoglu et al. (2019). All analyses were performed
using data from the first 500 years of the simulation. For
the power spectral analysis described in Section 3, only
the first 42 years of data are used so that the data length
matches that of MERRA2. Tests were performed to check
that similar results were found with different 42-year
intervals.

2.3 Methodology

The zonal-mean momentum budget of the SAO is analysed
using the TEM momentum equation (Andrews et al., 1987)
in spherical geometry and log-pressure coordinates. This
equation is obtained following a transformation of the
zonally averaged Eulerian-mean fields in the primitive
equations to better separate the relative contributions
of advection and momentum fluxes to the evolution of
zonal-mean zonal flow. The resulting equation is.

𝜕u
𝜕t

= −v∗
[

1
a cos𝜙

𝜕u cos𝜙
𝜕𝜙

− f
]

− w∗ 𝜕u
𝜕z

+ 1
𝜌0a cos𝜙

∇ ⋅ F + X , (1)
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where
v∗ = v − 1

𝜌0

(
𝜌0v′𝜃′

𝜃z

)
z
,

w∗ = w + 1
a cos𝜙

(
cos𝜙v′𝜃′

𝜃z

)
𝜙

,

∇ ⋅ F = 1
a cos𝜙

𝜕

𝜕𝜙

(
F(𝜙) cos𝜙

)
+ 𝜕F(z)

𝜕z
,

and,

F(𝜙) = 𝜌0a cos𝜙
(

uz
v′𝜃′

𝜃z
− u′v′

)
,

F(z) = 𝜌0a cos𝜙
([

f − 1
a cos𝜙

𝜕u cos𝜙
𝜕𝜙

]
v′𝜃′

𝜃z
− w′u′

)
.

Using the three-hourly averaged horizontal and ver-
tical winds and temperature fields (u, v, w, T) from the
reanalysis datasets, TEM diagnostics contributing to the
SAO forcing are calculated in the pressure coordinates
and transformed into standard log-pressure vertical coor-
dinates to obtain the formulation of Andrews et al. (1987)
shown above (see Gerber & Manzini, 2016 and their corri-
gendum). For WACCM, the CMIP6 data archive repository
includes the pre-calculated TEM variables. Daily mean
values of the TEM variables are presented in this study.

The first two terms on the right-hand side of
Equation (1) represent advection of zonal momentum
due to the residual meridional and vertical velocities.
This is associated in part with the residual meridional
overturning circulation in the stratosphere, generally
known as the Brewer–Dobson circulation (BDC), which
involves upwelling in the summer hemisphere tropics,
cross-equatorial flow with meridional movement through
the winter midlatitudes and downwelling at high lati-
tudes. Since the BDC in the mid-upper stratosphere is
strongest at solstice and always flows from the summer
to the winter hemisphere, the horizontal advection at
those levels will be strongest at solstice (i.e., DJF and JJA)
and will advect easterly momentum across the equator.
The vertical advection contribution will depend on the
strength of the Brewer–Dobson equatorial upwelling,
the strength of any induced (secondary) circulation due
to local wave activity, and the vertical gradient of the
zonal wind.

The last two terms in Equation (1) represent the
zonal-mean acceleration due to wave driving. The first
of these is proportional to the divergence of the
Eliassen–Palm (EP) Flux and arises from the dissipation of
resolved waves, that is, those with large enough horizon-
tal extent and temporal duration to be explicitly resolved
in the model. A negative EP flux divergence generally
implies the presence of westward-propagating waves such
as planetary-scale Rossby waves, which transfer easterly
momentum to the zonal flow, while a positive EP flux
divergence is associated with the presence of eastward
waves, such as Kelvin waves, which transfer westerly
momentum. The term X includes the parameterised GW

driving together with other residual forcing such as that
due to numerical diffusion.

To assess statistical significance in model–reanalysis
comparisons, a two-sided Student’s t-test is used. The
null-hypothesis states that the reanalysis and model data
are drawn from the same underlying distribution and have
identical statistical characteristics. A p-value less than 1%
is considered indicative of a significant difference between
the model and reanalysis means.

3 RESULTS

3.1 The SAO in reanalyses

Figure 2a–c shows the time–height section of equatorial
daily-mean zonal-mean zonal winds (5◦ N–5◦ S) from the
MERRA2, ERA-I and ERA5 reanalysis datasets for a sam-
ple of 10 years. Alternating westerlies and easterlies, con-
sistent with the stratospheric SAO, are evident over an
altitude range of 10–0.1 hPa.

While the three reanalysis datasets agree well in terms
of the broad structure of the alternating winds that form
the SAO, there are major differences, particularly in the
strength and duration of the westerly phase. MERRA2
and ERA5 have stronger and longer-lasting westerly wind
regimes, while ERA-I shows westerly and easterly phases
that are similar in both strength and duration. The rel-
atively weak SAOW in ERA-I is likely associated with
the lack of a non-orographic GW parameterisation. How-
ever, the ERA5 reanalysis has unrealistically strong SAO
westerlies (>70 mm⋅s−1) near the stratopause, as noted by
previous studies (Ern et al., 2021; Shepherd et al., 2018).
The MERRA2 dataset is considered to be the more real-
istic when compared with Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) and
MLS observational data (Kawatani et al., 2020). MERRA2
assimilates MLS temperature data above 5 hPa starting in
August 2004, so a close resemblance to the observations
is perhaps not surprising (Ern et al., 2021; SPARC, 2022
Chapter 11). Nevertheless, the sharp weakening of the
MERRA2 SAO amplitude above 0.03 hPa is unrealistic
compared to observations (Kawatani et al., 2020). Since
among the three reanalyses MERRA2 most closely resem-
bles the winds derived from satellite observations, we
use MERRA2 for comparison with the WACCM in the
remainder of the study. We compare diagnostics for alti-
tudes below 0.03 hPa because the WACCM CMIP6 TEM
dataset was only archived up to this level, focusing primar-
ily on the region below 0.24 hPa (the level where artificial
damping is introduced in the MERRA2 dataset) to learn
more about the forcing contributing to the peak in SAO
amplitude centred around 1 hPa.
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(a)

(b)

(c)

(d)

F I G U R E 2 Zonal-mean zonal wind (m⋅s−1) averaged over 5◦ N to 5◦ S for the years 1999–2008 for (a) Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA 2), (b) ERA-interim, (c) ERA-5 and (d) a sample 10 years from the Whole
Atmosphere Community Climate Model (WACCM) model simulation.

3.2 The modelled SAO

The time–height section of daily-mean zonal-mean equa-
torial zonal winds (5◦ N–5◦ S) from WACCM for a sample
of 10 years is shown in Figure 2d. The alternating west-
erlies and easterlies of the SAO over the altitude range
of 10–0.1 hPa are similar to the reanalyses, including the
gradual descent of the westerly phase so that it merges with
the onset of the QBO westerly phase. However, the ampli-
tudes of the easterly and westerly SAO phases are roughly
equal in magnitude, similar to ERA-I, such that there is
a noticeable easterly bias at ∼1 hPa when compared with
MERRA2.

The easterly bias is confirmed in Figure 3 which shows
latitude–height sections of climatological zonal-mean

zonal winds, averaged over each three-month seasonal
window from MERRA2 (Figure 3a,d) and WACCM
(Figure 3e–h), together with the WACCM minus MERRA2
difference (Figure 3i–l). A negative difference therefore
denotes an easterly bias in WACCM, while a positive differ-
ence denotes a westerly bias. The most obvious differences
between WACCM and MERRA2 in the SAO region are the
weaker westerly regimes near 0.5 hPa at the equinoxes in
WACCM. The model shows a maximum deviation from
the reanalysis in the spring and autumn seasons, that is,
during the SAOW. For example, during MAM and SON,
MERRA2 has westerly winds extending from one hemi-
sphere to the other with a secondary peak at equator. While
the model captures this broad pattern, the equatorial west-
erlies are much weaker, by greater than 30 m⋅s−1 at the
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

F I G U R E 3 Latitude–height sections of three-month averaged zonal-mean zonal wind (m⋅s−1) between ±30 degrees latitude from
(a–d) the Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA2) 42-year (1980–2021) climatology, (e–h) the
500-year Whole Atmosphere Community Climate Model (WACCM) climatology, and (i–l) the WACCM minus MERRA2 differences.
Stippling denotes 99% confidence interval.

equinoxes (Figure 3j,l). The easterly phases in DJF and JJA
are more comparable, although the ‘nose’ of easterlies that
extends from the SH subtropics into equatorial latitudes at
∼2 hPa in DJF is slightly overestimated in WACCM. The
annual cycle is readily apparent at the equator in both
MERRA2 and WACCM; for example, the DJF 1 hPa equa-
torial winds in MERRA2 and WACCM are ∼ −30 m⋅s−1

while in JJA, WACCM has easterlies of −10 m⋅s−1 and
MERRA2 still has westerlies.

To confirm the presence of the annual cycle, Figure 4
shows the frequency amplitude spectra of zonal-mean
equatorial (5◦ S–5◦ N) zonal winds over a range of altitudes
in the stratosphere, derived from the initial 42 years of
WACCM data. It confirms that variability in both MERRA2
and WACCM is dominated by QBO periodicities of around

two years at altitudes below 5 hPa, while between 5 and
0.1 hPa it is dominated by six-month SAO periodicities and
a less pronounced annual variability, as noted above. How-
ever, the WACCM power is consistently lower across all
frequencies, suggesting that the amplitudes of the QBO,
SAO and annual variability are all underestimated in this
70-level version of WACCM. Note also that the WACCM
QBO has a shorter period which shows up as a dipole in
the differences plot.

3.3 Momentum budget

In this section the primary focus is to examine the cli-
matology of the different forcing terms that contribute to
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(a) (b) (c)

F I G U R E 4 Frequency amplitude spectrum of climatological zonal-mean zonal wind from 5◦ S to 5◦ N as a function of altitude from (a)
Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA2), (b) Whole Atmosphere Community Climate Model
(WACCM) and (c) the WACCM minus MERRA2 differences. The colour contours are Fourier amplitudes (square root of power). Units are
m⋅s−1.

the wind distributions in the SAO region. Returning to
a closer examination of the zonal wind evolution shown
in Figure 1, the peak winds of the westerly phase of the
WACCM SAO (Figure 1c,d) are less than 20 m⋅s−1 for the
majority of the period, while MERRA2 (Figure 1a,b) shows
winds of up to 40 m⋅s−1. The onset of the WACCM east-
erly phase is too early; for example, at 1 hPa the WACCM
westerlies reverse to easterlies in mid-April and October,
almost two months before MERRA2. The onset of the
WACCM westerly phase also occurs slightly early, com-
pared to MERRA2, but the amplitude of the westerly phase
fails to develop sufficiently strongly and does not last long
enough compared to MERRA2. In summary, Figure 1 con-
firms the results of earlier studies (Smith et al., 2019) that
WACCM, along with most other models, has a substantial
easterly bias near the stratopause (see the difference plot
[Figure 1e,f]). It also highlights a mismatch in the timing
of the phase onsets.

To further investigate those factors influencing the
SAO evolution, we examine the individual components of
the TEM momentum equation, Equation (1), as described
in Section 2. Figure 5 shows the time evolution of the cli-
matological total rate of change of equatorial zonal-mean
zonal winds from MERRA2 and WACCM averaged over
±5◦ latitude. The data are plotted only in the stratosphere
above 10 hPa, such that the region dominated by the SAO
is highlighted. Also plotted (in contours) are the respective
climatological equatorial zonal winds from Figure 1.

In MERRA2 (Figure 5a,b) the strongest eastward
acceleration is evident at the onset of both SAOWs,
as expected, and follows the zero-wind contour as it
descends with time. Similarly, the maximum westward
acceleration is evident around the onset of each easterly
phase. However, at the onset of the first easterly phase
in November–January the maximum acceleration occurs

simultaneously over a range of altitudes between 5 and
0.3 hPa, while it descends more gradually with time at the
onset of the second easterly phase, starting at 0.3 hPa in
May and descending to around 5 hPa by July.

For WACCM (Figure 5c,d), the corresponding time
series shows similar behaviour, but with differences in
timing that reflect the differences in timing of the SAO
phases noted above. Moreover, the westward accelera-
tion phase centred around December gradually descends
with time, in contrast to MERRA2 where it appears
simultaneously over an extended height region. In the
difference plots (Figure 5e,f), at altitudes below 0.1 hPa
the values are mostly negative during the SAOW peri-
ods, which suggests a weaker westerly forcing during
this phase. The exception is the period of strong positive
difference immediately before the westerly phase onset.
Normally, this would suggest a greater eastward forcing
in the model, but in this case, the discrepancy in tim-
ing is primarily responsible. For example, the WACCM
eastward acceleration at 1 hPa starts almost a month
before that in MERRA2 and this partly contributes to
the strong positive value in the difference plot, since
the reanalysis still has easterly acceleration at this time.
Furthermore, during the rest of the westerly phase, the
model fails to show sufficiently strong eastward accelera-
tion, especially at altitudes between 1 and 5 hPa, resulting
in the low magnitude of the westerly winds that was
previously noted.

As described in Section 2, the forcing of the SAO can
be analysed as a combination of four terms in the TEM
equation: meridional advection, vertical advection, EP flux
divergence and a residual term that includes GW forcing.
We now examine each of these in detail to identify how
they evolve over time and how the model differs from the
reanalyses.
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(a) (b)

(c) (d)

(e) (f)

F I G U R E 5 Climatology of zonal-mean zonal wind tendency (m⋅s−1⋅day−1) averaged over 5◦ N to 5◦ S for (a,b) Modern-Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA 2), (c,d) Whole Atmosphere Community Climate Model (WACCM),
(e,f) WACCM minus MERRA2 differences. The respective climatological zonal-mean zonal wind contours of −20, 0, 20 m⋅s−1 are overlaid in
(a–d) and the WACCM climatological zonal-mean zonal wind contours are overlaid in (e,f). Stippling denotes 99% confidence interval.

3.3.1 Advection

Figure 6a,b shows the contribution of meridional advec-
tion in MERRA2 to the forcing of the SAO winds (first
term on the RHS of Equation 1). The part of this term asso-
ciated with the BDC advects easterlies from the summer

hemisphere. The forcing increases with height above the
stratopause and is strongest above ∼0.1 hPa, reflecting
the GW-driven mean meridional circulation at those alti-
tudes, with a secondary peak at ∼1 hPa centred around
the solstice period. It is important to note that although
there is GW-driven mean meridional circulation above
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F I G U R E 6 Climatology of zonal-mean zonal wind tendency due to meridional advection (m⋅s−1⋅day−1) averaged over 5◦ N to 5◦ S for
(a,b) Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA 2), (c,d) Whole Atmosphere Community Climate
Model (WACCM), (e,f) WACCM minus MERRA2 differences. Climatology of zonal-mean zonal wind tendency due to vertical advection
(m⋅s−1⋅day−1) for (g,h) MERRA2, (i,j) WACCM, (k,l) WACCM minus MERRA2 differences. Corresponding zonal mean zonal wind contours
of −20, 0, 20 m⋅s−1 are overlaid (a–d,g–j). Differences in zonal mean zonal wind contours of −20, 0, 20 m⋅s−1 are overlaid in e, f, k, l. Stippling
denotes 99% confidence interval.

0.1 hPa, due to upper boundary conditions in MERRA2,
the meridional advection above this altitude might not be
realistic. The overlaid zonal-mean zonal wind contours in
Figure 6 confirm that the westward forcing due to merid-
ional advection matches very well the arrival of easterly
winds of the SAO, as suggested by previous studies (Holton
& Wehrbein, 1980). Even though there is a predominant
easterly forcing pattern for the majority of the months
appearing at all levels almost simultaneously (Figure 6a,b
May and November), there is also evidence of descent

in the peak forcing, for example between November and
February in the height range 0.2–5 hPa.

The meridional advection pattern in WACCM
(Figure 6c,d) is similar to that in MERRA2, but the magni-
tude is noticeably smaller. Despite the reduced magnitude
of westward forcing due to meridional advection, WACCM
nevertheless achieves realistic easterly SAO amplitudes
since the intervening westerlies are also weaker. When
compared to MERRA2 (Figure 6e,f) the westward forcing
due to meridional advection in WACCM is stronger early
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on at lower altitudes (Figure 6c,d at 1 hPa), which con-
tributes to the early termination of the westerly phase in
WACCM.

Weaker meridional advection in JJA compared with
DJF is apparent in both MERRA2 and WACCM below
0.1 hPa. However, even though the earlier analysis shown
in Figure 3 suggests that WACCM succeeds in capturing a
reasonable annual cycle, the overall magnitude of advec-
tion is much weaker in WACCM, especially in DJF (as
the difference plots in Figure 6e,f clearly show). Further
analysis of the contributions to the horizontal advection
term in Equation (1) was performed (see Figure S1) by
separately examining the meridional residual circulation
(v*) and meridional gradient of zonal mean zonal wind
(du/dy). Differences in du/dy are a major contributor to
the generally weaker magnitudes of meridional advection
in WACCM compared to MERRA2. The figure also shows
that while WACCM v* during NH winter resembles that
of MERRA2, it appears overly strong during SH winter.
Consequently, WACCM does not capture the strong differ-
ence in magnitude of v* between the NH and SH winter,
which is evident in MERRA2. This shows that the anoma-
lously weak annual cycle amplitude in WACCM horizon-
tal advection is primarily due to the v* term, suggesting
that the well-known difference in midlatitude planetary
wave breaking (or the role of GW driving) between the
two hemispheres that produces a stronger BDC around
January than July is not well simulated by WACCM.

Figure 6g,h shows the corresponding MERRA2 plots
for the contribution of vertical advection (second term on
the RHS of Equation (1)). In contrast to the meridional
advection term, vertical advection is dominated by west-
erly forcing. The strength of the vertical advection consists
of two contributions – the vertical advection associated
with the large-scale BDC, and a more locally induced ver-
tical circulation associated with in-situ equatorial wave
forcing. The balance of the two contributions will vary
both with height and with time of the year. The BDC
is known to consist of upwelling at equatorial latitudes
throughout the year, while locally induced circulations
will produce upwelling during periods of westward wave
forcing (negative vertical wind shear) and downwelling
during periods of eastward wave forcing (positive vertical
wind shear), thus maintaining approximate thermal wind
balance. Thus, depending on the strength of the localised
wave forcing (and the resulting induced circulation), there
is likely to be weakened upwelling (or possibly even down-
welling) at the onset of the SAOW and upwelling for the
rest of the year.

The analysis of MERRA2 indicates that the primary
effect of vertical advection is to produce a westerly acceler-
ation, with peak forcing around 0.3 hPa just above the max-
imum westerlies at 1 hPa in April/May and in November

(Figure 6g,h). This aligns with the start of the transition
from the maximum westerly phase towards the easterly
phase. Conversely, at the transition towards the westerly
phase there is an opposing westward forcing, but it is
much shorter-lived and weaker. These patterns are consis-
tent with vertical advection driven by upwelling through-
out the year. The presence of upwelling throughout the
year was verified by examining the residual-mean verti-
cal velocities w* (Figure S2) which are positive, that is,
consistent with upwelling throughout the year, but with
decreased magnitude at both equinoxes. Upwelling at this
height advects westerly winds from the peak westerlies at
1 hPa during the equinox periods (April/May and Novem-
ber) into the region around 0.3 hPa, where the greatest
westerly forcing is seen in Figure 6g,h. This acts against the
increasing easterly forcing, thus weakening and slowing
the onset of the easterly phase. Similarly, upwelling dur-
ing the solstice periods (Jan/Feb and July/August) advects
easterlies from below, but the easterly SAO phase at 1 hPa
in MERRA2 is relatively weak, so the forcing that would
counteract the incoming westerly phase is correspond-
ingly weak. These diagnostics demonstrate that vertical
advection counteracts the SAO winds above 1 hPa and is
particularly effective at slowing the onset of the easterly
phase through advection of westerly winds from below. It
is thus an important contribution to lengthening the west-
erly phase in the MERRA2 dataset, especially above 1 hPa.

The effect of vertical advection in WACCM (Figure 6i,j)
is quite different from that in MERRA2. Despite the over-
all vertical advection forcing being eastward in WACCM,
the timing and amplitude of the forcing are very differ-
ent. Especially during the SAOW (at equinox), vertical
advection forcing is virtually absent, thus failing to pro-
vide a forcing to help maintain the westerly phase of the
modelled SAO at the upper levels (and this is confirmed
by the difference plot – Figure 6k,l). This absence can
be partly explained by the fact that the westerlies below
the level of the peak SAO westerlies are much weaker
in the model (Figure 6) and thus the vertical advection
contribution is correspondingly weaker. This deficiency
in vertical advection suggests one possible source for the
easterly bias, especially above 1 hPa. However, the key to
understanding this lack of vertical advection forcing lies
in understanding the reason for the weaker westerlies at
the lower levels. The presence of eastward forcing caused
by vertical advection during the transition from easterly
to westerly winds in DJF around 1 hPa and above is also
rather unexpected when compared to the reanalysis. This
observation suggests the occurrence of net downwelling
during this period, advecting the westerly winds from
0.3 hPa or higher and this is confirmed by examination
of the WACCM w* fields (Figure S2). WACCM exhibits
downwelling during May–June and November–February
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above 1 hPa in contrast to MERRA2 which has upwelling
all year round. The WACCM global-scale BDC upwelling
thus appears to be weaker during equinox than the locally
induced circulation due to the onset of the westerly SAO
winds. This suggests that either the tropical upwelling
component of the BDC above 1 hPa associated with midlat-
itude wave forcing is weaker in WACCM than in MERRA2,
or the induced downwelling at the onset of the SAOW
is larger in WACCM than in MERRA2. In the follow-
ing section we explore this further and show that the net
downwelling in WACCM at equinox is associated with
GWD and its induced circulation.

In summary, horizontal advection is important in pro-
ducing the easterly SAO phase at solstice and is also
an important contribution to the observed annual cycle
because of the hemispheric asymmetry in planetary wave
driving and BDC strength. Compared with MERRA2, the
modelled WACCM horizontal advection forcing is weak at
SAO altitudes. Vertical advection mostly acts as counter-
acting force at levels above the peak of the SAO winds,
since upwelling from below throughout the year advects
winds whose sign opposes that of the incoming SAO
phase. In MERRA2, vertical advection in this way plays
an important role in perpetuating the equinoctial wester-
lies in the region above 1 hPa, since the winds below this
level are predominantly westerly. In WACCM this verti-
cal advection forcing is missing, which suggests that the
model lacks an important contribution to the westerlies
above 1 hPa.

3.3.2 Resolved wave forcing

The resolved wave forcing is examined using the EP flux
divergence term in Equation (1), shown in Figure 7a–f.
The major feature of the resolved wave forcing in WACCM
(Figure 7c,d) is the dominance of westward wave forcing,
which is presumably due to Rossby waves propagating into
the region from midlatitudes and/or tropical inertia-GWs.
MERRA2, on the other hand, shows eastward forcing
as well as westward forcing. The eastward forcing is
present particularly in NH winter along the westerly shear
zones as the winds transition from easterlies to wester-
lies, which is consistent with (but does not demonstrate)
wave breaking at critical layers (Pahlavan et al., 2021).
It indicates that resolved waves contribute to the SAOW
in MERRA2 but the WACCM fails to capture this
contribution.

To explore this further, a wavenumber frequency spec-
tral analysis of the daily zonal winds from 5◦ N to 5◦ S
was conducted using the method outlined in Wheeler
and Kiladis (1999). Since we are interested in wave forc-
ing of the SAOW, we focus on the symmetric power

spectra quantifying the Kelvin waves. The symmetric
power spectrum is calculated using zonal wind anoma-
lies symmetric with respect to equator, separated into
96-day windows with two-month overlap (for a detailed
description of wavenumber frequency power spectra
calculations, see Wheeler and Kiladis, 1999). Figure 8
shows the symmetric wavenumber frequency power spec-
tra of the zonal wind summed over 5◦ N–5◦ S at 10 hPa,
5 hPa and 1 hPa level normalised by the background
power. In the difference plots, Figure 8c,f,i, the differ-
ence between WACCM and MERRA2 raw power spectra,
without normalising with respect to the background, is
shown. This obviates problems that might arise from
differences in the background power between WACCM
and MERRA2. Negative wavenumbers correspond to
westward-propagating waves and positive wavenumbers
correspond to eastward-propagating waves. Hirota (1978)
noted that Kelvin waves of 10-day period play a cru-
cial role in reversing the SAO winds from easterly to
westerly. Superimposed in Figure 8 are the theoretical
dispersion curves for Kelvin waves (positive wavenum-
bers) and Rossby waves (negative wavenumbers). The
plot immediately confirms that the Kelvin waves reaching
the stratopause in the MERRA2 analysis are of relatively
high-phase speed (∼45 m⋅s−1, i.e., between dispersion
curves of equivalent depth 100 and 400), as expected.
The increasing slope of the Kelvin wave power spectra in
MERRA2 as we move up from 10 to 1 hPa confirms the
filtering of slower waves at lower altitudes. The WACCM
power spectra show similar changes with pressure but the
Kelvin wave power in WACCM at fast-phase speeds is con-
siderably weaker than in MERRA2 at 1 hPa. In fact, at all
altitudes shown, Kelvin wave power in WACCM is signifi-
cantly weaker compared to MERRA2 (Figure 8c,f,i), which
is consistent with the reduced westerly forcing at these
altitudes.

The spectra also indicate power in the westward-
propagating wave region. MERRA2 and WACCM have
spectral peaks at lower wavenumbers (less than 3) of
periodicities 10–20 days and 5–6 days at all presented alti-
tudes (Figure 8a–i). These are wave modes often observed
at midlatitudes, indicating westward forcing by extrat-
ropical travelling Rossby waves (Salby, 1984). At 1 hPa
(as shown in Figure 8a,b), a notable contribution is evi-
dent at wavenumbers 3 and 4, exhibiting a frequency
range of 0.4–0.5 cycles per day (cpd). Earlier studies sug-
gest that these wavenumber and frequency range align
with the two-day waves frequently observed in the meso-
sphere during solstices originating from jet instabilities
(Ern et al., 2013; Plumb, 1983). However, wavenumber
3, two-day waves are documented to be a Rossby-gravity
(RG) wave mode, which is not expected to show up in the
symmetric zonal wind spectrum near the equator. Further
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F I G U R E 7 Climatology of zonal-mean zonal wind tendency due to Eliassen Palm (EP) flux divergence (m⋅s−1 day−1) averaged over
5◦ N to 5◦ S for (a,b) Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA 2), (c,d) Whole Atmosphere
Community Climate Model (WACCM), (e,f) WACCM minus MERRA2 differences. Climatology of zonal-mean zonal wind tendency due to
the residual term in Equation (1) (m⋅s−1⋅day−1) for (g,h) MERRA2, (i,j) WACCM, (k,l) WACCM minus MERRA2 differences. Corresponding
zonal mean zonal wind contours of −20, 0, 20 m⋅s−1 are overlaid (a–d,g–j). Differences in zonal mean zonal wind contours of −20, 0, 20 m⋅s−1

are overlaid in e, f, k, l. Stippling denotes 99% confidence interval.

analysis showed that barotropic instability is present at
1 hPa during solstices (Figure S3) which suggests that the
instability likely excites a broad spectrum of waves such
that the zonal wind velocity pattern of RG waves near the
equator is altered. The strength and position of regions
of barotropic instability slightly differs between WACCM
and MERRA2, which can be attributed to the difference
in jet characteristics. The stronger EP flux convergence
and divergence near regions of weaker negative barotropic

vorticity gradient that are seen in the figure are consistent
with waves acting to reduce the instability (e.g., Figure S3
JJA). Figure S3 confirms that EP flux divergence close
to equator has components of Rossby waves propagating
from midlatitudes, and in-situ waves generated at insta-
bility. Further exploration of these waves is outside the
scope of this current study, especially since Figure 7 indi-
cates that the resolved wave contribution to SAO is much
weaker than the residual term in both datasets.
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F I G U R E 8 Wavenumber–frequency power spectra of the symmetric component of zonal-mean zonal wind normalised by the
background power at 1 hPa, 5 hPa and 10 hPa for (a,d,g) Modern-Era Retrospective Analysis for Research and Applications, Version 2
(MERRA2) and (b,e,h) Whole Atmosphere Community Climate Model (WACCM). The overlaid dispersion curves correspond to
shallow-water Kelvin waves and Rossby waves of equivalent depth 25, 50, 100 and 400 m, as identified in panel (i). WACCM minus MERRA2
differences between raw symmetric power spectra (m2⋅s−2) are shown in panels c, f and i.

3.3.3 Gravity wave forcing

To obtain a complete picture of the wave driving we also
need to examine the parameterised GWD. The MERRA2
GWD data are only available up to 0.1 hPa. For this reason,

we employ the methodology similar to Ern et al. (2021)
and calculate the residual term by subtracting all three
previous forcing terms from the total rate of change of
zonal-mean zonal wind (Figure 7g–j). For MERRA2, this
residual term will include parameterised GW forcing and
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F I G U R E 9 Climatology of zonal-mean zonal wind tendency due to gravity wave drag (m⋅s−1⋅day−1) averaged over 5◦ N to 5◦ S for (a,b)
Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA2) and (c,d) Whole Atmosphere Community Climate
Model (WACCM). Difference between residual term (m⋅s−1⋅day−1) and zonal-mean zonal wind tendency due to GWD for (e,f) MERRA 2 and
(g,h) WACCM. Corresponding zonal- mean zonal wind contours of −20, 0, 20 m⋅s−1 are overlaid. Stippling denotes 99% confidence interval.

analysis increments, while for WACCM this term will
include GW forcing and other effects such as numer-
ical diffusion, associated with the dynamical core. In
Figure 9e–h, we show the difference between residual
terms (Figure 7g–j) and parameterised GWD (Figure 9a–d)
at equatorial latitudes in both MERRA2 and WACCM.
The differences in both datasets demonstrate that the
residual term primarily consists of GWD. The differ-
ences are almost negligible apart from certain regions,
for example, in January between 1 and 2 hPa in WACCM
(Figure 9g). Thus, we will consider the residual term as
GWD in this study, diverging from the approach in Ern
et al., 2021, where EP flux divergence with wavenum-
bers exceeding 20 is incorporated to residual term to
define GWD.

The residual (GWD) term derived in this way, shown
in Figure 7g–l, indicates that in MERRA2, GWD plays a
major role in the initiation of both the westerly and east-
erly SAO phases. The westward GW forcing is, however,
slightly weaker than the eastward forcing and is confined
to heights above 0.6 hPa. Recent studies using satellite data
have highlighted that, at the source level and in the lower

stratosphere near the equator, the eastward convective GW
momentum flux is larger than its westward component
(Lee et al., 2022; Liu et al., 2022). This observation implies
a diminished availability of momentum for westward forc-
ing. In addition, the easterly phase of the QBO has larger
amplitude and hence there will be more filtering of west-
ward GWs at lower altitudes. These two factors contribute
to the weaker westward GW forcing seen in Figure 7g–l.
The GW forcing (of either sign) generally appears where
the vertical wind shears are strongest and strengthens the
respective phase further by providing momentum forcing
in the same direction. Figure 7g,h confirms that the tran-
sition between SAO phases coincides with the peak of GW
forcing, making it an important component in forcing the
SAO in MERRA2.

In the case of WACCM Figures 7 and 9 suggest that
GW plays a major role in the initiation of the west-
erly phase only, although as indicated by the difference
plot (Figure 7k,l), the model does not reproduce cor-
rectly the strength and timing of this forcing. As noted
previously, the modelled easterly phase starts to weaken
slightly too soon, consistent with the early weakening of
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F I G U R E 10 Schematic summarising the different forcing terms acting on the semi-annual oscillation westerly and easterly phases of
(a) Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA2) and (b) Whole Atmosphere Community Climate
Model (WACCM). The arrows in the middle column plots represent different forcing terms with colours that correspond to those in the line
plots. Forward arrows indicate eastward forcing and backward arrows indicate westward forcing. The length and width of the arrows roughly
indicate the relative duration and strength of the forcing. The line plots represent the amplitude of each of the forcing terms in (left) January
and (right) April.

the meridional advection forcing, so the eastward GW forc-
ing starts sooner. Since the GWD parameterisation also
depends on the vertical gradient of the wind, some of this
inconsistency in timing and strength could also be asso-
ciated with the slightly lower vertical resolution of this
version of WACCM compared with MERRA2 so that it can-
not represent sharp vertical gradients so well. However,
while Garcia and Richter (2019) have shown that a version
of WACCM with improved vertical resolution (110 levels)
can produce a much better QBO than the version analysed
here, the impact of improved resolution was primarily on
the resolved waves rather than on the parameterised GWD.

An interesting side note here is that the timing of occur-
rence of GW forcing in WACCM exactly matches the down-
welling described earlier in the vertical advection analysis.

This suggests that the stronger downwelling at equinox in
WACCM compared to the reanalysis is indeed caused by
the eastward forcing due to GW. If this is the case, this
could also explain the reduced vertical advection of west-
erlies during the SAOWs in WACCM. Since there is a lack
of strong westward GWD at this time, there is no induced
upwelling, thus failing to provide the strong westerly wind
advection from lower levels (Figure 6i,j). In contrast, we
note that in MERRA2, the westward forcing due to GWD
and the eastward forcing associated with vertical advec-
tion occur around the same time. Because of this, they
almost cancel each other in MERRA2 so there is roughly
no net westerly forcing due to vertical advection after the
westerly wind maxima of each SAOW, similar to WACCM
(Figure 6i,j). This implies that the weakened resolved
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Kelvin waves and weakened eastward parameterised GWs
likely play a more important role in the weakening of the
SAOW in WACCM than the vertical advection deficiencies.

In summary, both GWD and resolved wave forcing con-
tribute to the SAOW transitioning in MERRA2 and mostly
act to reinforce each other, although the GWD is clearly
the dominant contribution. In WACCM, however, the east-
ward wave forcing is driven almost entirely by the GWs
since the resolved eastward wave forcing is substantially
underestimated. The MERRA2 analysis also suggests a
contribution to the easterly SAO phase from the GWs, but
this contribution is much weaker in WACCM.

4 SUMMARY

A comparison of how the SAO is forced in MERRA2 and
WACCM has been performed by examining the different
forcing terms in the TEM, to identify possible reasons for
the common easterly bias in climate models. The results
are summarised by a schematic (Figure 10) that high-
lights the dominant forcing terms and their relative roles
in forcing the SAO.

In MERRA2, the westerly phase of the SAO is initi-
ated by the combined forcing from both resolved waves
(EP flux divergence term) and GWs (residual term). The
resolved waves primarily contribute to weakening of the
existing easterly phase, while the GWs act to accelerate the
new westerly phase in its first 1–2 months. Once the SAOW
begins, the resolved waves then act to weakly oppose the
flow. Since the net residual circulation in MERRA2 near
the equator is upward throughout the year, once the SAO
is well established the vertical advection term addition-
ally advects westerlies from below which helps to maintain
and strengthen the SAOW at the upper levels (although
we note that the maximum amplitude of this term in
MERRA2 is at 0.2 hPa where the reanalysis is considered
less reliable). Nevertheless, the eastward GW forcing even-
tually weakens at the upper levels due to wave absorption
below, and the upper-level flow slowly starts to decelerate,
beginning to create an easterly shear zone at the higher
altitudes. Thus, in the second half of the SAOW, strong
westward forcing from GWs occurs, which acts to further
weaken the westerly winds at the higher altitudes. Eventu-
ally the westward GW and meridional advection weaken
the flow sufficiently, thus facilitating the shift to the east-
erly SAO phase. In summary, while GWD provides the
largest SAO westerly forcing in MERRA2, the resolved
waves and vertical advection also contribute to its strength
and evolution.

In contrast, while GWD initiates the SAOW in
WACCM, it is weaker and dies out sooner than in
MERRA2. Contributions from the resolved waves are weak

and do not play any appreciable role in the initiation stage.
Once the SAOW starts, the resolved waves counteract
the eastward GWD forcing and thus reduce the westerly
wind’s magnitude. The vertical advection contribution to
maintaining the westerly phase at the upper levels is also
absent, because there is net downwelling at the equator
during equinox.

In the case of the easterly SAO phase, the merid-
ional advection and GW forcing both play major roles
in MERRA2. The resolved wave forcing helps to weaken
the westerly phase but does not contribute much once
the easterly phase starts. Vertical advection, however,
weakly opposes this phase. The greater GW westward
forcing and meridional advection in DJF compared to
JJA contributes to the annual cycle in the SAO easterly
phase. In WACCM, even though most of the relevant forc-
ings are slightly weaker than in MERRA2, the model
is more successful in reproducing the easterly phase of
SAO and its forcings compared to the westerly phase. The
weaker vertical advection noted earlier (see Figure S2)
also points to a weaker BDC upwelling above 1 hPa than
in MERRA2.

In conclusion, our study suggests that increased west-
erly forcing from both resolved waves and GWs at SAO
altitudes would help to improve the SAO representa-
tion in WACCM and correct the easterly bias. There are
several possible routes by which this could be achieved.
The generation of Kelvin waves within the troposphere
could possibly be deficient due to inaccuracies in the
temporal or spatial variability of tropical convective activ-
ity. Increased horizontal and vertical resolution would
make it possible to better resolve and improve the vertical
propagation of resolved waves and improved resolution
of vertical gradients could also help to increase the GW
forcing. It might also help to refine the GW parameteri-
sation scheme to increase the magnitude of higher phase
speed waves that can reach up to the upper stratosphere.
Nevertheless, we note that these results are based on a
comparison with MERRA2 reanalysis and there are still
many uncertainties in observations and reanalyses in
the upper stratosphere, especially at equatorial latitudes
(Ch 11, SPARC, 2022).
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