DECEMBER 2022 ZHANG AND LUTSKO 3297

Seasonal Superrotation in Earth’s Troposphere
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ABSTRACT: Although Earth’s troposphere does not superrotate in the annual mean, for most of the year—from
October to May—the winds of the tropical upper troposphere are westerly. We investigate this seasonal superrotation
using reanalysis data and a single-layer model for the winds of the tropical upper troposphere. We characterize the tempo-
ral and spatial structures of the tropospheric superrotation, and quantify the relationships between the superrotation and
the leading modes of tropical interannual variability. We also find that the strength of the superrotation has remained
roughly constant over the past few decades, despite the winds of the tropical upper troposphere decelerating (becoming
more easterly) in other months. We analyze the monthly zonal-mean zonal momentum budget and use numerical simula-
tions with an axisymmetric, single-layer model of the tropical upper troposphere to study the underlying dynamics of the
seasonal superrotation. Momentum flux convergence by stationary eddies accelerates the superrotation, while cross-
equatorial easterly momentum transport associated with the Hadley circulation decelerates the superrotation. The seasonal
modulations of these two competing factors shape the superrotation. The single-layer model is able to qualitatively repro-
duce the seasonal progression of the winds in the tropical upper troposphere, and highlights the northward displacement of
the intertropical convergence zone in the annual mean as a key factor responsible for the annual cycle of the tropical

winds.

KEYWORDS: Stationary waves; Atmospheric circulation; Hadley circulation; Seasonal cycle; Upper troposphere

1. Introduction

Superrotation refers to a state in which an atmosphere has
greater angular momentum than its planet’s surface at the
equator. That is, superrotation requires that the zonal-mean
zonal wind U satisfies U > U,,,, where

U, =Qa sin?()/cos ¢, 1)

with ) as the planet’s rotation rate, a as the planet’s radius,
and ¢ as latitude. Superrotation usually manifests as westerly
zonal-mean winds over the equator, as off-equatorial angular
momentum maxima are inertially unstable (e.g., see Eliassen
and Kleinschmidt 1957).

Atmospheric superrotation is seen in a wide variety of plan-
etary contexts. The atmospheres of Venus (Belton et al. 1991;
Peralta et al. 2007; Horinouchi et al. 2020) and Titan (Bird
et al. 2005; Kostiuk et al. 2006) are observed to superrotate,
while two of the gas giants in the solar system, Jupiter and
Saturn, have superrotating atmospheres relative to the rota-
tion of their magnetic fields (Seiff 2000; Genio et al. 2009;
note that the concept of superrotation on gas giants is ambigu-
ous because gas giants do not have a well-defined surface).
Outside the solar system, the atmospheres of many tidally
locked gas giants and terrestrial exoplanets are expected to
superrotate (Showman and Polvani 2011; Tsai et al. 2014;
Pierrehumbert and Hammond 2019), and on Earth superrota-
tion has been linked to the possible “permanent El Nifio-like”
state of the tropical Pacific during the Pliocene (Tziperman and
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Farrell 2009) and also appears in simulations of extreme global
warming scenarios (Caballero and Huber 2010; Laraia and
Schneider 2015).

Hide’s theorem says that superrotation must be maintained
by upgradient angular momentum fluxes (Hide 1969, 1970;
Gierasch 1975; Held and Hou 1980; Schneider 2006), which
suggests that eddies must be involved for an atmosphere to
achieve superrotation. One possible mechanism of eddy gen-
eration is stationary or propagating vorticity sources in the
deep tropics. A number of studies have investigated superro-
tation associated with localized tropical heating, motivated
in some cases by the dynamics of tidally locked exoplanets
(Suarez and Duffy 1992; Saravanan 1993; Hoskins et al. 1999;
Kraucunas and Hartmann 2005; Norton 2006; Adames and
Wallace 2017; Caballero and Huber 2010; Showman and
Polvani 2010; Arnold et al. 2012; Lutsko 2018; Herbert et al.
2020). The wave response to tropical heating is generally
found to be similar to the classic Matsuno-Gill model (Matsuno
1966; Gill 1980), though Showman and Polvani (2010) demon-
strated that vertical momentum exchange must be added to the
Matsuno-Gill model in order for there to be net momentum
convergence onto the equator. Showman and Polvani (2011)
and Pinto and Mitchell (2016) further argued that equatorial
waves are mostly trapped in the tropics, and so focused on the
role of phase tilts due to differential zonal propagation of equa-
torial waves, rather than meridional propagation, for generating
equatorward momentum fluxes.

Alternatively, eddies can be generated spontaneously in
the deep tropics due to instabilities, without explicit tropical
forcing. This has been seen in simulations of small and/or
slowly rotating planets with axisymmetric thermal forcing, for
which transient eddies converge momentum onto the equator
and drive superrotation [see Wang and Mitchell (2014) and
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Lewis et al. (2021) for the dependence of superrotation on
planetary rotation rate]. Our understanding of the nature of
the instabilities driving these transient eddies has evolved.
Spontaneous superrotation was first attributed to classic baro-
tropic instability (e.g., Williams 2003; Mitchell and Vallis
2010), whereas more recent literature (e.g., Potter et al. 2014;
Wang and Mitchell 2014; Zurita-Gotor and Held 2018;
Zurita-Gotor et al. 2022) has suggested the equatorial acceler-
ation is due to an ageostrophic Rossby—Kelvin instability [see
Sakai (1989) for a detailed description of the Rossby-Kelvin
instability]. Equatorial superrotation can be further enhanced
by a reduction in the breaking of baroclinic eddies originating
in midlatitudes, which decelerates the flow in the tropics under
Earthlike conditions (Laraia and Schneider 2015; Polichtchouk
and Cho 2016).

On Earth, the stratosphere superrotates during the westerly
phase of the quasi-biennial oscillation (QBO; see Baldwin
et al. 2001), but the climatological winds of the troposphere
do not superrotate. The reason for the lack of annual-mean
superrotation was first identified by Lee (1999), who showed
that the seasonal cycle of the Hadley circulation is crucial for
decelerating the flow, as the cross-equatorial flow brings air
with low angular momentum across the equator, especially
during the solstitial seasons (see also Dima et al. 2005; Yang
et al. 2013). Alternatively, we note that the annual-mean in-
tertropical convergence zone (ITCZ) is located north of the
equator and so, assuming that the strongest zonal-mean
ascent occurs in the ITCZ, the dynamics of an angular
momentum—conserving Hadley circulation require that the
annual-mean zonal flow in the equatorial upper troposphere
be easterly (see, e.g., Held and Hou 1980; Lindzen and Hou
1988; Hill et al. 2019). Although the observed Hadley circula-
tion is not strictly angular momentum conserving, the hemi-
spheric differences which cause the ITCZ to be located off
the equator in the annual mean can also be said to prevent
Earth’s troposphere from superrotating.

Nevertheless, while Earth’s tropical troposphere does not
superrotate in the annual mean, it does superrotate on sea-
sonal time scales. For example, Fig. 1 of Zurita-Gotor (2019)
shows that the vertically integrated equatorial winds between
300 and 150 hPa superrotate from November to March.! By
Hide’s theorem, this means that eddies must be converging
momentum onto the equator, and that this momentum con-
vergence overcomes the deceleration by the mean flow, even
during the winter solstice. Zurita-Gotor (2019) studied the
mechanisms of meridional eddy momentum transport in the
tropics in detail, but did not characterize the spatial and tem-
poral structure of the seasonal tropospheric superrotation or
investigate how the eddy momentum flux interacts with the
other terms in the momentum budget.

The present study investigates the seasonal superrotation
of Earth’s tropical upper troposphere using a combination of

! Interestingly, Dima et al. (2005) saw weak superrotation in
October-November and April-May, but not in boreal winter.
However, they used the older NCEP reanalysis, and below we
confirm the superrotation in boreal winter using more recent rean-
alysis products.
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reanalysis data and simple numerical simulations. We charac-
terize the superrotation’s structure in time and space, and ex-
amine its potential relationships with leading modes of
tropical variability: superrotation is favored in La Nina years
and during the easterly phase of the QBO. We identify sta-
tionary eddy momentum flux convergence as playing a crucial
role in driving the superrotation, and are able to explain
the seasonality of the superrotation using a simple numerical
model. The eddy momentum flux convergence makes the
superrotation possible during most of the year, while the strong
cross-equatorial Hadley circulation prevents superrotation in
boreal summer, producing the annual cycle of the upper-
tropospheric winds seen today. It is the dynamic balance
between these two factors that shapes the characteristics
and the seasonality of the superrotation.

The remainder of this paper is structured as follows. Section 2
introduces the datasets and numerical model we use. Section 3
describes the main characteristics of the seasonal superrotation
in Earth’s tropical troposphere, including its structure, relation-
ship with the major modes of interannual tropical variabil-
ity, and recent trends. Section 4 analyzes the monthly mean
zonal momentum budgets to identify the drivers of the
superrotation and to explain why it is only present for part
of the year. In section 5 we use a numerical model of the
tropical upper troposphere to explore how various factors
contribute to the seasonal superrotation and to confirm our
interpretation of the momentum budget analysis. We end in
section 6 with a summary and conclusions.

2. Methods
a. Data

Daily wind speed data are obtained by averaging 3-hourly
assimilated meteorological fields product (GMAO 2015) from
the Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2; Gelaro et al. 2017). The
data used in this study span the period 1980-2020 and pres-
sure levels between 1000 and 10 hPa. MERRA-2 uses a hori-
zontal resolution of 0.625° X 0.5°, while the vertical grid
spacing is 50 hPa in the mid- and upper troposphere, which is
the primary focus of this study.

To verify the robustness of the superrotation, we have re-
peated the analysis with three other reanalysis products: the
European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis vS (ERAS; 0.25° X 0.25° resolution;
Hersbach et al. 2020), the Japanese 55-year Reanalysis (JRA-55;
1.25° X 1.25° resolution; Kobayashi et al. 2015), and the National
Centers for Environmental Prediction Reanalysis 1 (NCEP-1;
2.5° X 2.5° resolution; Kalnay et al. 1996). For all three reanal-
ysis products, data are taken for the period 1980-2020, and
the results are shown in appendix A.

To explore the relationship between the equatorial winds
and El Nifio-Southern Oscillation (ENSO), we use the oce-
anic Nifo index (ONI; see NOAA 2021) published by the
National Oceanic and Atmospheric Administration’s (NOAA )

2 https://www.noaa.gov/.
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TABLE 1. Model parameter values used in this study.

Parameter Value Definition
T 37 days Thermal relaxation time
H 16 km Tropopause height
8 4 km Depth of layer
To 300 K Reference surface temperature
A, 60 K Vertical potential temperature stratification
A, 50 K RE equator-to-pole temperature gradient
600 330 K Background tropospheric-mean potential temperature
€, 1078 57! Background Rayleigh drag
k, 7.79 X 10* m? s~ ! Diffusivity
B 2x10 M m st Meridional gradient of Coriolis parameter
Yam 666 km Latitude of the annual-mean ITCZ
yo(t) Varying Subsolar latitudes
to 79 Spring equinox day in the year
Ym 2608 km Subsolar latitude at equinoxes

Climate Prediction Center (CPC).> The ONI is based on the
3-month running mean of sea surface temperature (SST) anom-
alies in the Nifio-3.4 region (5°N-5°S, 120°-170°W; see NOAA
2020). NOAA considers El Niflo conditions to be present when
the ONI is + 0.5 or higher, indicating the east-central tropical
Pacific is significantly warmer than usual, and La Nifia condi-
tions to be present when the ONI is —0.5 or lower, indicating
the region is cooler than usual (Dahlman 2016; NOAA 2021).

b. Single-layer model

We use an axisymmetric single-layer model adapted from
Sobel and Schneider (2009) (see also Sobel and Schneider
2013) to reconstruct and understand the superrotation. This
model was originally used to study interactions of the Hadley
circulation with eddies, and is able to reproduce key qualita-
tive features of the Hadley circulation in idealized GCM sim-
ulations. The model equations are

a[u - U(By - 3yu) = '%(ayv)(ayv)u -7 -9, (2)
_ gH
2(3[11 + Byu = *TO ayT, ®)
SA 6. — 0
z _ E
0,0 + —F v =—tE—, 4)

where u and vrepresent the zonal-mean zonal and meridional
flow, respectively, in a thin layer below the tropopause of
constant thickness § at constant height H. Potential tempera-
ture 6 and temperature 7 are related by 6= T(ps/pt)R/”l’
with fixed tropopause and surface pressures p, and p, such
that the constant factor (px/pt)R/CP =1.6. Also set fixed are
the potential temperature difference A, between the surface
and tropopause; the surface temperature 7y; and the thermal
relaxation time 7. The radiative equilibrium (RE) tempera-
ture 0 = 0x(y, ) is a prescribed function of latitude and time;
.7 represents eddy momentum flux divergence (EMFD); and
7 = €,u represents frictional drag. The first term on the rhs

? https://www.cpc.ncep.noaa.gov/.

of Eq. (2) corresponds to vertical momentum advection,
where .97 is the Heaviside function. Note that under the
B-plane approximation, the y in this model is the distance
from the equator in units of meters.

To generate a realistic seasonal cycle, we prescribe a ther-
mal forcing which varies in time as

b — A, if [yl <y,

®)

2
y - yO(Z) — yam:|
1

eoo_Ay if |Y|2y17
where y; = 9439 km (~85° of latitude) and y(z) is the subsolar
latitude over the course of the annual cycle, which takes the form

7o) = vy sin[zf = 1) ©

a

where t, = 365 is the length of a year in days, #, = 79 is the
spring equinox, and y,, is the subsolar latitude at the summer
solstice, which we set to 2608 km (~23.5°N) and y,,, = 666 km
(~6°N) denotes the latitude of the annual-mean ITCZ in to-
day’s climate. A complete list of parameter values is given in
Table 1.

As in Sobel and Schneider (2009), the model is integrated on
a staggered grid using a leapfrog time-stepping scheme. The
domain contains 801 grid points for v and 800 grid points for u
and 0, for a resolution of 39.3 km. A second-order diffusion
term, though not explicitly shown in the equations, is also in-
cluded to keep the model numerically stable. In all simulations,
the model was integrated for 15 model years and we show aver-
ages over the last five years of the simulations.

3. Characterizing boreal winter superrotation
a. Observed structure of the superrotation

We begin by examining the spatial and temporal structure
of the zonal winds near the equator. Plotting the climatological
seasonal zonal-mean winds in the deep tropics clearly shows
the presence of tropospheric superrotating winds in boreal
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FIG. 1. Seasonality of the tropical zonal-mean zonal wind speeds at different latitudes and
levels in MERRA-2. The shading denotes wind velocities, with a contour interval of 1 m s~ .
The black dashed lines denote the average height of the tropopause, defined as the lowest
level at which the lapse rate decreases to 2 K km ™! or less. Regions where the wind speed is

greater than or equal to the superrotating winds defined by Eq. (1) are enclosed by the purple

dashed lines.

winter [December—February (DJF)], and also weak superrota-
tion in March-May (MAM) and September-November (SON;
see Figs. 1a,b,d). In DJF the winds over the equator are west-
erly between roughly 250 and 100 hPa, with a maximum speed
of 4 m s~ ! at 150 hPa. These westerly winds appear as an ex-
tension of the subtropical jet in the Northern Hemisphere, and
the zonal winds strengthen moving northward from the equa-
tor. The weaker superrotation in MAM has a maximum wind
speed of less than 2 m s~ ! and is centered in a narrower band of
the upper troposphere (~200-100 hPa). The zonal winds are
more symmetric about the equator in MAM, and there are sub-
tropical jets in both hemispheres. The superrotation in MAM
also appears to be connected to the superrotating winds in the
stratosphere, and we return to the connection between tropo-
spheric superrotation and the QBO below. Note that the west-
erlies above the tropopause are not sensitive to the number of
years included in the analysis, provided the time series includes
enough QBO cycles; e.g., we find qualitatively similar results us-
ing 39, 40, or 41 years of data.

By contrast, the zonal winds do not exhibit tropospheric
superrotation in boreal summer, and there are strong easterly
winds in June-August (JJA). In both JJA and SON there is a
subtropical jet in the Southern Hemisphere, though this jet is
not as strong as the Northern Hemispheric subtropical jet in
DJF and MAM.

Figure 2 shows the meridional and zonal variations of the
equatorial zonal wind at 150 hPa, where the superrotation is
strongest, as a function of month and latitude in Fig. 2a and
month and longitude in Fig. 2b. The zonal mean superrotation

is established in late October and reaches its peak strength in
December (Fig. 2a), with a maximum speed of 4 m s, The
winds decelerate slightly in January and February, before ac-
celerating again in March, to reach a second peak in April of
around 3 m s !. Seasonal subtropical westerly jets are ob-
served in the Northern and Southern Hemispheres, and the
superrotation acts to connect the two jets when both subtropi-
cal westerly jets are present. During the rest of the year, there
are strong easterly winds over the equator, associated with an
easterly jet in the Northern Hemisphere. The maximum east-
erly equatorial wind speeds are roughly 7 m s, stronger than
the superrotating winds in other seasons, and result in the an-
nual-mean equatorial winds being easterly [this was also
noted by Zurita-Gotor (2019)]. In boreal winter there is a
weak easterly jet in the Southern Hemisphere, which does not
extend across the equator into the Northern Hemisphere.
Figure 2b gives a sense of the horizontal structure of the
superrotation. A dipole pattern is observed in all seasons,
with westerly winds over the tropical Atlantic (0°-40°W) and
eastern tropical Pacific (80°W-180°), and easterly winds over
the Indian Ocean and the western Pacific Ocean (40°-140°E).
The westerly winds are strongest in boreal winter and spring,
while the easterly winds are strongest in boreal summer, with
a secondary maximum in January and February. Both the
easterly and the westerly winds are weak in the spring and au-
tumn. Hence, the seasonal superrotation seems to be related
to variations in the zonal overturning circulations (Walker
cells) over the tropical Atlantic and eastern Pacific, as well as to
the summer monsoon circulations. However, our focus in this
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In the first three months of superrotation (October-December,
which are also the developing and mature phases of ENSO evo-
lution), the regression coefficients are significantly negative at
150 and 200 hPa, as the superrotation tends to be stronger in La
Nifia years and weaker in El Nifio years. There is an interesting
contrast with Tziperman and Farrell (2009), who linked surface
superrotation to the possible “permanent El Nifio-like” Pacific
in the early Pliocene, though we note that here the superrota-
tion is confined to the upper troposphere rather than reaching
down to the surface. We believe the mechanisms are likely to
be quite different in the two cases.

Sz:: Figure 3a further clarifies the relationship between the equa-
_ Febd torial upper-tropospheric zonal winds and ENSO by showing
€ Jan the correlation coefficients between the deseasonalized monthly
= Dec+ zonal-mean zonal wind anomalies and the ONI. Statistically sig-
’\c‘:’c‘; nificant negative correlations are seen throughout the mid- and
Sep - upper troposphere (~500-125 hPa) in a narrow band of latitudes
Aug Dy eeen between 5°S and 5°N. Positive correlations are seen outside these

Jul

Longitude

FIG. 2. Seasonality of the equatorial zonal wind speed and hori-
zontal wind velocity direction at 150 hPa in MERRA-2: (a) the
zonal mean and (b) the meridional mean between 5°S and 5°N.
The shading denotes zonal wind speeds; the arrows give a sense of
the strength and direction of the winds; and the contour intervals
are 1 and 4 m s~ ! in (a) and (b), respectively. Regions where the
wind speed is greater than or equal to the superrotating winds de-
fined by Eq. (1) are enclosed by the purple dashed lines in (a).

study is on the structure of the zonal-mean superrotation, and we
leave the connection to regional circulations for future work.

b. Relationships with modes of climate variability

We now investigate the superrotation’s relationships with
the two primary modes of interannual variability in the tropics:
ENSO and the QBO in the stratosphere.

1) ENSO

The ENSO cycle has a strong influence on tropical station-
ary waves, through its modulation of tropical convection
(Adames and Wallace 2017). Since stationary waves are an
important part of the equatorial momentum budget, we ex-
pect in turn that ENSO should have an impact on the sea-
sonal superrotation.

Regressing the equatorial zonal-mean zonal winds at differ-
ent levels and months onto the ONI shows a robust relationship
between the tropospheric superrotation and ENSO (Table 2).

latitudes, as the subtropical jets tend to shift equatorward in both
hemispheres during El Nifio years (Manney et al. 2021). The
stratospheric winds in the deep tropics show a weak positive cor-
relation with the ONL

Figures 3b and 3c show the average deseasonalized zonal-
mean zonal winds in strong El Nifio (ONI = 0.6) and strong
La Nifia (ONI = —0.6) months, respectively. Strong El Nifio
months are associated with decelerations of up to —0.5m s !
in the equatorial upper troposphere, while strong La Nina
months show smaller accelerations of up to 0.3 m s~'. We
show in the next section that the two ENSO phases produce
similar magnitude anomalies in the momentum budget (see
Fig. 8) despite the different strengths of the wind speed re-
sponses, suggesting either sampling error or a nonlinearity in
the superrotation’s response to ENSO. Interestingly, the max-
imum acceleration during strong La Nifia events occurs at
slightly lower levels than the maximum deceleration during El
Nifio months (~200 versus 150 hPa), which may be related to
the lower tropopause height during La Nifia years (Liou and
Ravindra Babu 2020).

2) QBO

The westerly phase of the QBO corresponds to a state of
stratospheric superrotation, which could be related to the tro-
pospheric superrotation investigated here. Furthermore, Fig. 1
shows that the tropospheric superrotation is not well separated
from the stratosphere, particularly in boreal spring. So it is
possible that the two phenomena are related.

To check whether this is the case, Fig. 4a shows a
Hovmoller plot of the zonal-mean zonal winds in the lower

TABLE 2. Regression coefficients of the zonal-mean zonal wind onto the ENSO index (ONI). The units are m s~ ' K. The first
column shows the vertical level in pressure (hPa). The boldface numbers are coefficients that are statistically significant at the 95%
confidence level passing a Student’s ¢ test.

Level (hPa) January February March April  May June July August September October November December
100 0.756 0.102 0981 0977 1.140 1.080 0.364 0.062 0.143 —0.187 —0.069 —0.390
150 0.527 -0.359 —0.328 —0.944 -0301 0.666 0.905 0.852 0.334 -1.128 -1.205 —0.945
200 0.146 -0.269 —0269 -0.822 -0.287 0.525 0.733 1.096 0.440 —0.962 -1.183 -0.719
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FIG. 3. (a) Correlation coefficients between the deseasonalized zonal-mean monthly zonal wind and the ONI. Stippling marks the
regions where the correlation coefficients are statistically significant at the 95% confidence level, using a Student’s ¢ test. (b) Average of
deseasonalized zonal-mean monthly zonal winds in strong El Nifilo months (ONI = 0.6). (c) As in (b), but for strong La Nifia months

(ONI = —0.6).

stratosphere and upper troposphere of the deep tropics. The
quasi-biannual cycle of the QBO is clearly visible, as is the
annual cycle of the tropospheric superrotation. Tropospheric
superrotation can occur during the easterly (e.g., 2019), the
westerly (e.g., 2018), or even the transition phase (e.g., 2015)
of the QBO, suggesting that the QBO is not its primary
driver. We have confirmed this by calculating the power spec-
tra of the winds in the upper troposphere and the lower

\W

(a)

30

50

stratosphere (not shown), and find that most of the variability
in the lower stratospheric is confined to a 28-month period cy-
cle, whereas the upper-tropospheric wind’s variability peaks at
annual and semiannual frequencies.

Nevertheless, when we calculate the average deseasonal-
ized equatorial zonal winds in strong positive and negative
QBO phases (defined as the magnitude of the equatorial
zonal wind speed at 50 hPa being greater than 10 m s 1),

m/s

©
o
=)
g 100 1 \u
>
3 | ?

200

300

1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 2020
Year
(b) (c) m/s
50

=
o
o

]

Pressure [hPa]
=
(S
o

Latitude

10 -10

-5 0 5
Latitude

10

FI1G. 4. (a) Zonal-mean zonal winds averaged between 5°S and 5°N in MERRA-2. The green line denotes the aver-

age height of the tropopause, calculated as in Fig. 2a. (b) Average of deseasonalized zonal-mean monthly zonal wind
as in Fig. 3b, but for strong positive QBO phase [zonal wind in (a) at 50 hPa is greater than 10 m s 1]. (c) As in (b),
but for strong negative QBO phase [zonal wind at 50 hPa in (a) is less than —10 m s~ '].
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..., December-only

zonal winds (rightmost 12 columns) during the period 1980-2020. The units are m s~ ' decade™'. The first column shows the vertical level in
pressure (hPa). The boldface numbers are coefficients that are statistically significant at the 95% confidence level passing a Student’s ¢ test.

Level

(hPa) All January February March April May  June July August September October November December
100 -0.109 —0.182 —0.225 0.417 0322 0331 —0.862 —0.940 —0.742 0.024 0.367 0.371 —0.259
150 —0.721 —-0.270 -0.396 —0.441 —0389 -—0.644 —1.883 —1.467 —1.881 —1.028 0.211 —0.011 —0.623
200 -0.724 —-0302 -0.392 -0.865 —0.712 —0.818 —1.834 —-1.287 -—-1599 —0.806 0.211 0.091 —0.543

there are substantial differences (Figs. 4b,c). During the posi-
tive phase of the QBO, the averaged deseasonalized winds
tend to be easterly in the upper troposphere, despite the strong
westerly wind in the stratosphere; conversely, during the nega-
tive phase of QBO the deseasonalized upper-tropospheric
winds tend to be westerly. The contribution of the QBO to
the upper-tropospheric winds is comparable to that of ENSO
in terms of magnitude and extends over a broader range of
latitudes, including beyond the superrotation latitudes. To
understand the sharp contrast between the stratospheric and
upper-tropospheric winds in Figs. 4b and 4c, we have exam-
ined the Fourier components of these winds corresponding to
a frequency of 28 months (not shown). Although most of the
QBO signal dissipates before reaching the tropopause, a small
part of the energy does penetrate below the tropopause
and propagates downward slowly. The propagating time from
50 to 150 hPa is roughly half of the QBO period, such that
the QBO’s impact on the upper-tropospheric winds is out of
phase with its impact on the lower-stratospheric winds. We
also note that the QBO is driven by upwelling gravity waves,
such that the seasonal superrotation may actually be modu-
lating the QBO.

Despite the influence of the downwelling QBO on the tro-
pospheric superrotation, the seasonal signal is much larger
than the contribution by the QBO (or by ENSO) and produ-
ces the consistent annual cycle of the winds in the tropical up-
per troposphere. The variability coming from the stratosphere
is overwhelmed by the intrinsic variability of tropospheric
superrotation, and hence, we treat the seasonal superrotation
in the upper troposphere as a distinct phenomenon from the
QBO in the following discussion of its dynamics.

¢. Observed trends

We finish characterizing the observed tropospheric superro-
tation by examining recent trends. Table 3 shows the linear
trends of the equatorial zonal-mean zonal wind at different
pressure levels. Since 1980, the annual-mean equatorial zonal
winds exhibit easterly trends at 150 and 200 hPa of roughly
—0.7 m s~! decade™?, suggesting that the superrotation has
been weakening. However, when the trends are broken down
by month we find that the zonal winds exhibit significant east-
erly trends only in boreal summer (and late spring and early
autumn) months, when the winds are not superrotating.

Hence, although the equatorial zonal winds are decelerat-
ing in the annual mean, the superrotation itself has been
roughly constant, except in its starting and ending months.
Examining the spatial structure of the trends of monthly

equatorial zonal winds further reveals that the upper tropo-
sphere is decelerating throughout the tropics, with the maxi-
mum deceleration over the equator between 150 and 200 hPa
(Fig. 5). The deceleration extends over a broader range of lat-
itudes and heights than the superrotation (see Fig. 1), suggest-
ing that it is driven by different mechanisms.

4. The tropical zonal momentum budget

The zonal-mean zonal momentum budget of the tropical up-
per troposphere can be written as (Kraucunas and Hartmann
2005; Lutsko 2018)

o _ . @ 4 )|
T I = g g (keos &) — (@17
1 8 k% 2 a k%
~ roosg 3¢ [E VN0 @) = L]
- @kt s - L@ + ) ()
acos?¢ dd ap L
where [---] denotes a zonal mean, = denotes a temporal

mean, ---~ denotes a departure from the zonal mean, and -~/
is a departure from the temporal mean. a is Earth’s radius, F,
is the zonal frictional drag, and f is the Coriolis parameter.
Other notation is standard.
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FIG. 5. Linear trends of the deseasonalized zonal-mean zonal
winds over the period 1980-2020 as a function of pressure and lati-
tude. The contour interval is 0.1 m s~ ! decade ! and stippling
marks the regions where trend coefficients are statistically signifi-
cant at the 95% confidence level, using a Student’s ¢ test.
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FIG. 6. Seasonal evolution of the monthly stationary horizontal term in Eq. (7) as a function of latitude and pressure. The contour interval
is 0.4 m s~ ! day ! in all panels.

As in Lutsko (2018), we refer to the second and third terms
on the rhs as the mean horizontal and mean vertical terms, re-
spectively; the fourth and fifth terms as the stationary horizon-
tal and stationary vertical terms, respectively; and the sixth
and seventh terms as the transient horizontal and transient
vertical terms, respectively. The frictional term is small in the
free troposphere, so we have not calculated it explicitly. We
have used daily mean data to calculate the momentum bud-
get, so momentum transport by higher frequency waves is in-
cluded in the residual.

a. Monthly zonal-mean zonal momentum budgets

To understand the dynamics of the superrotation, we have
calculated the monthly-mean zonal-mean zonal momentum
budget using Eq. (7). Time means represent monthly averages
and transient eddies are calculated as departures from the
monthly average. Each term in Eq. (7) is calculated for indi-
vidual months, and the climatological monthly average is
obtained to show the seasonal evolution of the terms in the
budget.

The stationary horizontal term, which represents the mo-
mentum flux convergence by horizontal stationary eddies, is
the only term accelerating the zonal equatorial flow (Fig. 6).
This acceleration is centered at around 150 hPa, extends be-
tween roughly 300 and 100 hPa, and matches the vertical
structure of the superrotation. Dima et al. (2005) also showed
that the upper-tropospheric stationary waves are strongest
near the 150 hPa level, consistent with the vertical position of
superrotation. Further away from the equator, there are two
regions of deceleration by stationary waves in each

hemisphere. This is analogous to the momentum transport at
midlatitudes, where Rossby waves transport momentum from
wave sinks to sources (Thompson 1971; Hide and Mason
1975; Held 1975), and suggests the presence of wave sources
close to the equator. One likely driver of tropical stationary
waves is deep convection, for example in the Indo-Pacific
warm pool. This convection is part of the Walker circulation,
and both the superrotation and the Walker circulation are
stronger in La Nina than in El Nifo years. We will come back
to ENSO’s influence on the momentum budget later in this
section.

The location of the maximum acceleration by the stationary
horizontal term varies over the course of the year, from just
north of the equator in boreal summer to just south of the
equator in boreal winter. This shift corresponds to the north-
south migration of the ITCZ, and suggests the stationary
wave source shifts with the ITCZ. The strength of the acceler-
ation shows a semiannual cycle: the acceleration is largest in
boreal winter, then decays until its contribution in the deep
tropics is negligible in May; in the boreal summer another
peak is observed, and then the stationary horizontal accelera-
tion decays again in the autumn. The winter peak of the eddy
momentum flux convergence coincides with the period of
superrotation but, unlike the superrotation, the stationary
horizontal term also peaks in boreal summer. The boreal sum-
mer peak is weaker than the boreal winter peak.

Off the equator, the two regions of deceleration by station-
ary waves also exhibit an annual cycle, with the deceleration
stronger in the winter hemisphere than in the summer hemi-
sphere, consistent with Kraucunas and Hartmann (2005).
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FIG. 7. Seasonal cycle of the monthly mean horizontal term in Eq. (7) as a function of latitude and pressure. The contour interval is
0.4 ms~! day ' in all panels.

Moreover, the winter deceleration in the subtropics is stron-
ger in DJF (boreal winter) than in JJA (austral winter), which
matches the finding of Schneider and Bordoni (2008) that the
winter overturning cell in boreal summer is angular momen-
tum conserving, whereas in DJF the winter cell is primarily
eddy dominated.

The major deceleration of equatorial flow is induced by
the mean horizontal term. In the monthly budget, this term
represents the transport of air with low angular momentum
across the equator by the mean meridional flow associated
with the seasonal Hadley cells. The importance of decelera-
tion by the mean flow is consistent with Lee (1999) and
Dima et al. (2005), who concluded that the most significant
factor stopping the tropics from superrotating in the annual
mean is the “transient” meridional circulation associated
with the seasonal cycles of the Hadley cells, though the tran-
sience of the Hadley cells in their studies is categorized as a
mean flow effect in our monthly budget. Mitchell et al.
(2014) also showed that even a relatively weak seasonal cy-
cle effectively prevents model atmospheres from developing
superrotation.

Figure 7 shows the annual cycle of the mean horizontal
term. The deceleration is strongest in boreal winter and sum-
mer when the cross-equatorial meridional flow is strong, and
weakest in spring and autumn when the Hadley cells are
roughly symmetric and the cross-equatorial flow is weak. The
strong deceleration in boreal summer—even stronger than in
boreal winter—explains why the winds do not superrotate in
that season despite the substantial acceleration by stationary
eddies. This is consistent with the differing strength of the

winter Hadley cells: stronger in austral winter than in boreal
winter, reflecting the northward displacement of ITCZ from
the equator in the annual mean. We will further discuss the
effect of the displaced annual-mean ITCZ in section 5.

Together, the mean horizontal term and the mean station-
ary term largely explain the superrotation,* and more gener-
ally, the seasonal evolution of the upper-tropospheric winds
in the tropics (see also Zurita-Gotor 2019). Other terms in the
momentum budget, such as the vertical terms and transient
horizontal term, play minor roles in the monthly momentum
budget of the deep tropics (see Fig. Bl in appendix B), though
they may be important in other contexts [e.g., the vertical mo-
mentum flux can be crucial when superrotation becomes
much stronger, as in Kraucunas and Hartmann (2005), for
example].

Putting these results together shows that superrotation of the
upper troposphere can only develop outside the boreal summer
months, when the deceleration by the mean flow is relatively
weak and cannot overcome the acceleration by the stationary
waves. Even in autumn and spring, when the stationary momen-
tum convergence is weak, the mean flow deceleration is unable
to inhibit the superrotation. But in boreal summer, the strong
cross-equatorial flow decelerates the zonal-mean winds so
strongly that in the annual mean the zonal-mean winds are
easterly.

4 Note that these two terms may not be fully decoupled or inde-
pendent. E.g., Shaw (2014) investigated stationary waves’ impact
on the seasonal transition of general circulation.
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FIG. 8. (top) Anomalous monthly stationary horizontal term, (a) in strong El Nifio months (ONI = 0.6), and (b) in
strong La Nifia months (ONI = —0.6). (bottom) As in the top row, but for (c) positive QBO months (equatorial
zonal-mean zonal wind is greater than 10 m s~ ') and (d) negative QBO months (equatorial zonal-mean zonal wind is

less than —10 m s~ ).

b. Influences of ENSO and QBO

In section 3, the ENSO and the QBO were shown to have
notable influences on the strength of superrotation, which
suggests that they impact the stationary eddy momentum
convergence that drives the superrotation. To explore this
possibility, we have averaged the anomalous monthly sta-
tionary horizontal term (deviations from the climatological
monthly mean) over strong El Nifio months (ONI = 0.6,
111 months) and strong La Nifia months (ONI = —0.6,
107 months), as well as over strong positive and negative
QBO months (Fig. 8, 161 and 119 months, respectively).
Note that other terms, such as the mean horizontal and
vertical terms, are weakly correlated to ENSO and to the
QBO (not shown), suggesting that both modes of variability
primarily influence the momentum budget through changes in
stationary waves.

For ENSO, the anomalous stationary horizontal term is
negative over the equator between 300 and 100 hPa during
strong El Nifio months and positive during strong La Nifa
months (Figs. 8a,b), as the momentum convergence by sta-
tionary eddies becomes weaker in El Nifio years and stronger
in La Nifia years.’ This explains why the superrotation is

5> See Adames and Wallace (2017) for a discussion of how sta-
tionary waves change over the course of the ENSO cycle; Dima
and Wallace (2007) and Grise and Thompson (2012) also sug-
gested enhanced amplitudes of the equatorial planetary waves as-
sociated with “La Nifia-like” SST anomalies, which are perhaps
induced by modulation of tropical convection.

stronger in La Nifa years and weaker in El Nifio years,
though, interestingly, the magnitude of the anomalous station-
ary horizontal term is similar during El Nifo and La Nifa
months, whereas the wind response is stronger during El
Nifio than La Nifa (Fig. 3). This could be the result of sam-
pling bias or of a nonlinear mechanism by which ENSO modi-
fies the superrotation.

The QOBO modifies the equatorial momentum conver-
gence in the region of superrotation in a similar manner to
ENSO (Figs. 8c,d). Note that the anomalies are stronger in
positive QBO than in negative QBO phases, consistent with
the differing strengths of the wind responses to QBO phases
(Fig. 4). We have not investigated the stationary wave re-
sponse to the QBO further, but note that Yang et al. (2012)
found that the upper-tropospheric planetary waves over the
eastern Pacific region appear to be stronger during the east-
erly phase, and Collimore et al. (2003) and Yamazaki et al.
(2020) also suggested that the easterly phase enhances deep
convection in the tropical western Pacific. Investigating the
couplings between the QBO, the winds of the tropical upper
troposphere and tropical stationary waves, all of which modify
and are modified by each other, could be a fruitful topic of fu-
ture research.

5. Understanding the superrotation with
an idealized model

The previous section showed how stationary momentum
flux convergence and deceleration by the mean flow combine
to produce the observed seasonal cycle of winds in the
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tropical upper troposphere. The northward-displaced ITCZ
also appears to play a role in setting the seasonal cycle of the
superrotation. We now use an axisymmetric single-layer
model to further understand the dynamics and seasonal devel-
opment of the superrotation. We also verify our arguments
from the momentum budget analysis, and separately show the
effects of the stationary eddy momentum flux convergence
and the displacement of the ITCZ.

We consider four model configurations: 1) no eddy momen-
tum flux divergence [EMFD;.¥” in Eq. (2)] and hemispherically
symmetric insolation, 2) no EMFD but hemispherically asym-
metric insolation, 3) prescribed EMFD and hemispherically
symmetric insolation, and 4) prescribed EMFD and hemi-
spherically asymmetric insolation. The purpose of hemispheri-
cally asymmetric insolation is to match the observed northward
displacement of the ITCZ in the annual mean. The prescribed
EMEFD is based on the stationary horizontal terms described in
the previous section, and takes the following form:

—2.4N(0,3) + 2.4N(15,3) + 0.IN(—15,3)
—22N(0,3) + 1.3N(15,3) + 1.3N(—15,3)

7 =
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FIG. 9. Prescribed eddy momentum flux divergence in the model
simulations, based on the stationary horizontal term.

if d <60 or d > 285,
if d > 155 and d < 260, 8)

~1.3N(0,3) + 0.5N(15,3) + 0.5N(—15,3) otherwise,

where the units are 107° m s ™!, d is the day of the year, rang-
ing from 0 to 364, and N(0, 3) is a Gaussian function centered
at 0° with a maximum of 1 and a standard deviation of 3°/v2.
.7 is shown in Fig. 9.

This function captures the key features of the horizontal
stationary term in the upper troposphere: 1) peaks in boreal
summer and winter; 2) weak, hemispherically symmetric
EMFD in the shoulder seasons; and 3) strong subtropical
deceleration in the Northern Hemisphere during boreal
winter. Our formulation of .’ roughly matches the observed
EMFD, but allows more freedom to adjust the parameters
and match the observations. Given the idealizations of the
model and the difficulty of constraining certain model
parameters such as friction, we find it easier to prescribe an
EMFD that can be tuned so that the model matches the
observations. Moreover, the simulation results, in terms of
the key feature of superrotation, are qualitatively robust to
the choice of .¥” (not shown).

With this numerical model, we are able to clarify how the
northward displacement of the ITCZ and the stationary eddy
momentum convergence contribute to the seasonal superrota-
tion. We begin with the simplest case of an ITCZ that is sym-
metric about the equator and with no eddy momentum
convergence input. Figure 10c and the blue curve in Fig. 10a
show that in this case the winds in the equatorial upper tropo-
sphere are easterly in all seasons. The easterly flow is driven
by the easterly momentum transport by the cross-equatorial
mean flow of the upper branch of the Hadley cell, which gives
a semiannual cycle in the upper-tropospheric winds. The east-
erly winds are weakest in spring and autumn when the ITCZ
is close to the equator and the cross-equatorial flow is weak;

hence, these seasons are most favorable for the development
of superrotation.

In the second simulation the annual mean ITCZ is dis-
placed to the Northern Hemisphere (Fig. 10d and the orange
curve in Fig. 10a). In this case the equatorial wind has an an-
nual rather than a semiannual cycle, as the easterlies substan-
tially strengthen in boreal summer and weaken in boreal
winter, breaking the symmetry between summer and winter.
This is because the cross-equatorial flow is stronger in boreal
summer, when the ITCZ is further from the equator, than in
winter, when the ITCZ is closer. A stronger easterly flow is
expected for an angular-momentum conserving Hadley circu-
lation that is displaced off the equator in the annual mean
(Lindzen and Hou 1988).

Next, we add eddy momentum flux convergence to the
model. This accelerates the flow, and drives seasonal superro-
tation when the cross-equatorial flow is weak in the shoulder
seasons (Figs. 10e,f, and the green and red curves in Fig. 10a).
The resulting superrotation has either an annual cycle or a
semiannual cycle, depending on the mean ITCZ position. In
the hemispherically symmetric case (Fig. 10e and green curve
in Fig. 10a), the superrotation peaks in boreal spring and au-
tumn with almost equal strength, and completely disappears
in boreal summer and winter. In the displaced ITCZ case
(Fig. 10f and red curve in Fig. 10a), the annual-mean zonal
flow is decelerated because of the stronger easterlies in boreal
summer. This is partially compensated by slower easterlies in
boreal summer and stronger superrotation in the shoulder
seasons. The time between the two westerly peaks is short-
ened by several months, and the upper-tropospheric winds ex-
hibit a roughly annual cycle.
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F1G. 10. (a) The equatorial wind from the numerical model under different model configurations; winds are averaged between 3°S and
3°N and the colored dots on the y axis show the annual mean winds in each configuration. (b) The seasonality of the equatorial winds in
MERRA-2, averaged between 100 and 200 hPa. (c)-(f) Seasonality and latitudinal distribution of the equatorial wind in the numerical
model simulations: (c) symmetric ITCZ, (d) northward-displaced ITCZ, (e) symmetric ITCZ with prescribed EMFD, and (f) northward-

displaced ITCZ with prescribed EMFD. The contour interval is 1 m s ' in (b)—(f).

The model simulation with prescribed EMFD and a dis-
placed annual-mean ITCZ shows good agreement with the
MERRA-2 data (Figs. 10b,f). Just like the reanalysis data, the
superrotation starts in October and reaches a first peak of
~4 m s~ ! in late November. In boreal winter the superrota-
tion decays to zero, then reaches a second peak in late March,
which has almost the same strength as the first one. Finally
the superrotation vanishes in late May, and after that the
equatorial upper troposphere is dominated by strong easterly
winds, with a maximum of more than 6 m s~ As for the spa-
tial structure, the superrotation extends the subtropical east-
erly jet toward the equator, as we see in Figs. 10b and 1. The
subtropical easterlies are caused by the Coriolis force acting
on the mean meridional flow in the winter hemisphere, al-
though the driver of superrotation itself is not the Coriolis
force. All these features are consistent with what is observed
in MERRA-2 (Fig. 10b or Fig. 2a).

There are still some differences between the model out-
put and MERRA-2. For example, the easterly wind is
stronger in boreal winter and the overall amplitude of the
wind is slightly higher in the model. This likely reflects the
simplifications of the model, and we have also not rigor-
ously tuned the model, so it may be possible to produce an
even better fit to the data. Nevertheless, the model success-
fully captures the main features of the superrotation and
provides several insights into its dynamics. First, the model
simulations confirm that momentum transport by the me-
ridional flow associated with the seasonal Hadley cells
decelerates the upper-tropospheric winds and prevents
superrotation in the annual mean (see also Lee 1999; Dima
et al. 2005). The model also illustrates how this effect can
be interpreted in terms of the annual-mean ITCZ being dis-
placed off the equator. Second, the momentum conver-
gence induced by eddies accelerates the atmosphere to
reach a superrotating state when the deceleration by the

meridional flow is weak in boreal winter, autumn and spring.
Finally, the asymmetric ITCZ not only slows down the annual
mean equatorial wind, but also breaks the temporal symmetry
of the seasonal superrotation, giving it an annual, rather than
semiannual, cycle.

6. Conclusions

In this study, we have characterized the seasonal superrota-
tion of Earth’s tropical upper troposphere using MERRA-2
data. We have described the structure and seasonal evolution
of the superrotation, and also identified the drivers of the
superrotation using the monthly zonal-mean zonal momen-
tum budget of the tropics. A single-layer axisymmetric model
is then used to study how stationary eddy momentum fluxes
and the northward displacement of the annual-mean ITCZ
combine to determine the superrotation’s strength and annual
cycle.

The tropospheric superrotation is centered at 150 hPa and
has a clear annual cycle: it is established in October, reaches
peaks in December and in March, and vanishes in late April.
The maximum westerlies can reach up to 4 m s~ ! during the
first peak in December. The equatorial upper troposphere ex-
hibits strong easterly winds in boreal summer, such that the
tropical upper troposphere does not superrotate in the annual
mean. Regressions onto the ENSO index show that the super-
rotation tends to be stronger in boreal winter during La Nina
years, and weaker during El Nifio years, while the relationship
with the QBO is complex. The tropospheric superrotation is
clearly a distinct phenomenon from the stratospheric superro-
tation during the westerly phase of the QBO, but the superro-
tation is actually strengthened during the easterly phase of
the QBO, when the westerly acceleration of the previous
(westerly) QBO phase appears to descend into the upper tro-
posphere. On the other hand, since the QBO is driven by
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FIG. Al. Seasonality of the tropical zonal-mean zonal wind speeds at different latitudes and levels in different reanalysis products:
(from left to right) MERRA-2, ERAS, JRA-55, and NCEP-1, respectively. Five rows correspond to (from top to bottom) DJF, MAM,
JJA, SON, and annual mean, respectively. The shading denotes wind velocities, with a contour interval 1 m s~ 1. The black dashed lines de-
note the average height of the tropopause, defined as the lowest level at which the lapse rate decreases to 2 K km ™! or less.

upwelling gravity waves, the direction of causality is ambigu-
ous. On longer time scales, there was a negative trend in the
annual-mean winds of the upper troposphere over the period
1980-2020, but the trends were negligible from October to
March, so that the strength of the superrotation has been
roughly constant over the past few decades.

The zonal momentum budget analysis and numerical model
simulations have provided insights into the dynamics of the
tropospheric superrotation. Consistent with Dima et al. (2005)
and Zurita-Gotor (2019), the dominant balance in the momen-
tum equation on monthly time scales is between momentum
flux convergence by stationary eddies and easterly momentum

- SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 05/20/24 07:07 PM UTC



ught to you by UNIVERSITY OF CALIFORNIA San Diego

3310 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 79
50 ALL MERRA-2 ALL ERA-5 ALL JRA-55
-~ a o 0o o
100 o o - - - w w ® @
e o6 ¢ 6 0 o 0 0 0 0 0 o o ms—l/dec
200 o o o ® © ¢ 6 0 06 0 0 06 0 0 0 o
e o o ® o 0 0 0 0 0 0 0 0 0
© o 0o 0 0 0 0 0 0 0 0 o 0 ® e ¢ 0o 0 0 0 0 0 0 0 o .
400
~ o
100 A
0.6
200 A
) ’
400 a _a -- 0.4
MAM
50 T
_ [ T | o2
&
£, 100 A
g
=}
2 200 1 ° 0.0
a . o
o 0 o 0 0 0 o o
r—0.2
100 - . —0.4
200
® o o o o 0 0 0 0 0 0 o -0.6
400 e o o 0 0 0 0 0 0 o © © ¢ o 0 0 0 0 0 0 0 0 o
SON -0.8
50
100
200
400 1 T T T T T T
-10 -5 0 5 10 -10 -5 0 5 10 —-10 -5 0 5 10
Latitude

FIG. A2. Linear trends of (first row) the deseasonalized monthly zonal winds and (second to fifth rows) DJF-only, MAM-only,
JJA-only, and SON-only zonal winds during the period 1980-2020 as a function of pressure and latitude in different reanalysis products:
(left) MERRA-2, (center) ERA3, and (right) TJRA-55. The contour interval is 0.1 m s™' decade ™" and stippling marks the regions where
trend coefficients are statistically significant at the 95% confidence level, using a Student’s ¢ test.

transport by the cross-equatorial mean flow of the Hadley cir-
culation, with the former accelerating and the latter decelerat-
ing the upper troposphere. The stationary eddy momentum
flux convergence is strongest in boreal winter and summer,
whereas the deceleration by the mean flow is strongest in bo-
real summer, which is what prevents the tropical troposphere

from superrotating in boreal summer and causes the winds to
be easterly in the annual mean. Lee (1999) included the sea-
sonal cycle of the Hadley circulation in the transient term of
the annual-mean momentum budget, and similarly identi-
fied this term as the main factor stopping annual-mean
superrotation.
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The numerical model further reinforced the importance of
the stationary eddy momentum convergence for driving the
superrotation; without this acceleration, the winds of the trop-
ical upper troposphere would be easterly throughout the year.
The model also revealed the importance of the northward dis-
placement of the ITCZ in the annual mean for determining
the seasonal cycle of the superrotation. If the annual-mean
ITCZ was symmetric about the equator the winds of the trop-
ical upper troposphere would exhibit a semiannual cycle, with
periods of strong superrotation in boreal spring and autumn,
and easterly winds in boreal summer and winter. Instead, the
winds exhibit an annual cycle, because the deceleration by the
mean flow is relatively weak in boreal winter. Even in simula-
tions without eddy forcing, a transition between semiannual
and annual cycles is seen depending on the ITCZ’s annual-
mean position. Finally, we may infer that, if Earth were to
have lower obliquity, or if the annual-mean ITCZ were closer
to the equator, the winds of the tropical upper troposphere
would likely superrotate in the annual mean.

Our focus in this study has been on the zonal-mean structure
and dynamics of the superrotation. We have not attempted to
characterize the structure of the stationary waves which drive
the superrotation (see Zurita-Gotor 2019), nor how these waves
change during the ENSO and QBO cycles. Figure 2b further
suggests that the superrotation is related to changes in the zonal
overturning cells in the deep tropics (the Walker cell, etc.), and
clarifying this relationship is another topic for future research.
More work is also needed to investigate how the seasonal
superrotation relates to intraseasonal modes of tropical variabil-
ity, such as the Madden—Julian oscillation (e.g., see Caballero
and Huber 2010), as well as to examine climate model projec-
tions of how the superrotation will change in the future.
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APPENDIX A

Seasonal Superrotation in Other Reanalysis Products

To verify the robustness of the seasonal superrotation,
Fig. Al shows the zonal-mean zonal winds in the deep

ZHANG AND LUTSKO

3311

Zonal-mean Zonal Momentum Budget at 150hPa
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FIG. B1. Seasonal evolution of terms in Eq. (7) at 150 hPa and
averaged between 3°S and 3°N. The friction and tendency terms
are not shown.

tropics of four reanalysis products: MERRA-2, ERAS,
JRA-55, and NCEP-1. The first three reanalysis products
show close agreement in terms of the spatial and temporal
structure of the winds, despite minor differences in wind
speed magnitude, but NCEP-1 does not exhibit superrota-
tion in boreal winter (rightmost column in Fig. A1), consis-
tent with Dima et al. (2005). We have not investigated what
causes the differences in NCEP-1, but note that in addition
to being an older dataset, the horizontal resolution of
NCEP-1 is only 2.5° X 2.5°, much lower than the resolu-
tions of the three other modern reanalysis products. This
lower resolution could lead to a worse representation of
tropical waves, which might impact the representation of
the seasonal cycle of the tropical winds.

We have also used the different reanalysis products to
verify our claim that the superrotation did not exhibit
meaningful trends over the period of study (1980-2020).
Figure A2 shows the linear trends of the winds in the tropi-
cal upper troposphere in the three high-resolution reanaly-
sis products: MERRA-2, ERAS, and JRA-55. None of the
datasets show a statistically significant trend in DJF, when
the superrotation is most pronounced, though the trends
are very different in the three datasets. The trends are
more consistent in the annual mean, with a negative trend
in the middle troposphere, but the magnitude and position
are slightly different. This trend appears to be driven by a
different mechanism than the superrotation, as the maxi-
mum deceleration is below the superrotation level and the
trend is generally strongest in boreal summer, when super-
rotation is absent.

APPENDIX B

Other Terms in the Momentum Budget

To justify our statement that the stationary and mean hori-
zontal terms are the key factors shaping the dynamics of the
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seasonal superrotation, in Fig. B1 we show the seasonal
cycles of the terms in the zonal-mean zonal momentum bud-
get [Eq. (7)] at 150 hPa. All terms are averaged between 3°S
and 3°N, and we ignore the friction and tendency terms. The
stationary and mean horizontal terms dominate the momen-
tum budget for most of the year, and their features are as
discussed in section 4. The other terms are either negligible
or lack significant seasonal variations, and hence are of sec-
ondary importance for the seasonal superrotation. Neverthe-
less, the effects of these secondary terms on the equatorial
momentum budget and on the superrotation could be an in-
teresting topic of future research.
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