
1. Introduction
Our understanding of the vertical coupling between the lower atmosphere and the upper atmosphere has signif-
icantly advanced in recent years, spurred by the large amount of new space-borne and ground-based observa-
tions and the extension of atmospheric models into the mesosphere and thermosphere. Observational and model 
studies have revealed that the mesosphere-lower thermosphere (MLT) region is the nexus where the forcings by 
gravity waves (GWs), atmospheric tides, and planetary waves (PWs) contribute to driving the mean meridional 
circulation (MMC). It is widely recognized that the breaking of GWs propagating from below drives a meso-
spheric pole-to-pole MMC with ascent at the summer pole and descent at the winter pole. Aloft, in the lower 
thermosphere (LT), the MMC reverses with ascent in the winter mid-to-high latitudes and descent in the summer 
high latitudes, accompanied by a winter-to-summer meridional flow. This narrow LT MMC was first pointed 
out in Liu (2007) using the TIME-GCM model and was soon after diagnosed in satellite observations of water 
vapor by the Sub-Millimeter Radiometer (SMR) instrument (Lossow et al., 2009) and, more recently, of carbon 
dioxide (CO2) by the Sounding of the Atmosphere using the Broadband Emission Radiometry (SABER) instru-
ment (Qian et al., 2017; Wang et al., 2022). It was later diagnosed in Whole-Atmosphere Community Climate 
Model (WACCM) free-running simulations by Lossow et al. (2009), Smith et al. (2011), and more recently by 
Qian and Yue (2017) using WACCM in specified dynamics configuration (SD-WACCM). These WACCM-based 
studies found that this narrow LT MMC extends approximately from 1 × 10 −3 to 0.8 × 10 −4 hPa (approximately 
95–110 km), in broad agreement with observations. The latter study also described schematically how the LT 
MMC could be driven in the northern hemisphere by the breaking above the mesopause of high-phase-speed 
eastward-propagating GWs whose vertical propagation is unimpeded by the stratospheric eastward flow (see 
their Figure 1).

Higher in the thermosphere, this LT circulation transitions toward the deep summer-to-winter thermospheric 
MMC driven by solar heating (e.g., Forbes, 2007). Within the high latitudes of the thermosphere, auroral heating 
can likewise lead to a confined circulation opposing the latter.
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Despite having mean velocities much smaller than local tidal winds which dominate wind variability at this alti-
tude range, the LT MMC is important for the transport of trace species, both latitudinally and vertically between 
the mesosphere and the thermosphere (Liu, 2007; Qian et al., 2017). Changes in the distribution of the atomic 
oxygen-to-molecular nitrogen (O/N2) ratio brought about by the LT MMC variability can diffuse throughout the 
entire thermosphere altering its composition (Oberheide et al., 2020; Qian & Yue, 2017; Yue & Wang, 2014).

In recent years, considerable interest has arisen in the northern hemispheric sudden stratospheric warming 
phenomenon whose onset is followed by the reformation of an elevated stratopause at mesospheric altitudes 
(hereafter, ES-SSW). Since the initial discovery in the Microwave Limb Sounder (MLS) observations by Manney 
et al. (2008, 2009), ES-SSW events and their impact on trace species have been confirmed in other satellite data-
sets such as SABER (Smith et al., 2009; Tweedy et al., 2013), SMR (Orsolini et al., 2010; Pérot & Orsolini, 2021), 
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) (Damiani et al., 2014; Funke et al., 2010; 
García-Comas et al., 2020), and Solar Occultation For Ice Experiment (SOFIE) (Siskind et al., 2021). ES-SSWs 
have also been extensively examined using WACCM (Chandran et al., 2013, 2014; Harvey et al., 2021; Holt 
et al., 2013; Limpasuvan et al., 2012, 2016; Orsolini et al., 2017; Pedatella et al., 2014; Siskind et al., 2015; 
Tweedy et al., 2013) or the thermosphere and ionosphere extension of WACCM (i.e., WACCM-X) (Oberheide 
et al., 2020; Sassi et al., 2013; Siskind et al., 2021; Zhang et al., 2021), in free-running, specified dynamics, or 
data assimilation configurations. Other model studies of ES-SSWs include those based on the TIME-GCM model 
in specified dynamics configurations (Jones et al., 2020), the Ground-to-topside model of Atmosphere and Iono-
sphere for Aeronomy (GAIA) model (Liu et al., 2014; Miyoshi et al., 2015) or GW-permitting high-resolution 
middle atmosphere general circulation models (Okui et al., 2021; Tomikawa et al., 2012). Finally, high-altitude 
re-analyses from the U.S. Navy NAVGEM system have also been used to study the dynamical evolution of 
ES-SSWs (Laskar et al., 2019). An extensive review of the impacts of sudden stratospheric warming events (in 
practice, of ES-SSWs) on the upper atmosphere is recently provided by Goncharenko et al. (2021).

The modeled ES-SSW events exhibit the unanticipated appearance of westward-traveling PWs (hereafter, 
WPWs) with zonal wavenumbers 1–2 due to the in situ instability of the reversed polar upper stratospheric wind 
(Limpasuvan et al., 2016; Tomikawa et al., 2012). With periods between 5 and 12 days, WPWs generated after the 
ES-SSW onset propagate upward into the MLT, where their existence has been confirmed by observations from 
the SuperDARN radar network near 95 km (Stray et al., 2015) and by SABER temperature observations (e.g., 
Chandran et al., 2013; Orsolini et al., 2017). Eastward-propagating PWs (hereafter, EPWs) are also prevalent 
in the upper mesosphere (Iwao & Hirooka, 2021). They have been observed to become enhanced in the weeks 
prior to the onset of ES-SSWs in case studies using MLS observations (Iida et al., 2014) or the WACCM model 
(Rhodes et al., 2021). The ES-SSW events further elicit a tidal response with both models and observations point-
ing to the enhancement of the semi-diurnal migrating tide (SW2) as well as other non-migrating semi-diurnal 
tides and quasi-tidal perturbations (with periods close but not exactly equal to 12 hr) in the weeks following onset 
(Conte et al., 2019; Goncharenko et al., 2012; Hibbins et al., 2019; Jin et al., 2012; Limpasuvan et al., 2016; 
Orsolini et al., 2017; Pedatella et al., 2014; Sassi et al., 2013, 2021; Zhang et al., 2021).

With the onset of ES-SSW, the anomalous westward stratospheric zonal-mean winds selectively allow eastward 
GWs into the mesosphere. The subsequent breaking of these GWs imposes an anomalous eastward GW drag 
(GWD) that would induce upwelling in the polar mesosphere and potentially augment to upwelling associated 
with the LT MMC. However, based on SD-WACCM, Limpasuvan et al. (2016) and Orsolini et al. (2017) demon-
strated that WPW driving can offset this anomalous eastward GWD in the LT for a short period (∼14 days) 
after the ES-SSW onset, leading instead to enhanced polar descent. Orsolini et al. (2017) also found that WPWs 
contribute much more to the wave driving in the northern hemisphere mid and high latitudes in the 90–130 km 
layer than migrating tides. Furthermore, based on free-running case study simulations using the GAIA and 
WACCM-X models, Miyoshi et al. (2015) and Oberheide et al. (2020), respectively, suggested that LT MMC 
briefly reversed. However, the robustness of such changes in the LT MMC and the dominant wave forcings 
involved remain unclear. Thus, despite the suggested role of fast eastward GWs above the mesopause in driving 
the climatological LT MMC (Qian & Yue, 2017) and the general importance of tidal dissipation in driving the 
overall thermospheric MMC (Jones et al., 2020), the anomalous WPW forcings induced during ES-SSWs may 
strongly impact the LT MMC. The relative influences of various wave forcings on the LT MMC and its subsea-
sonal variability are still poorly understood.
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To this end, the present paper examines the composite LT MMC and its variability during ES-SSWs to clarify 
the respective roles of PWs, tides and GWs. In using WACCM-X that extends above 500 km and nudged by 
observations below the stratopause, our examination avoids the vertical limitation that may influence the LT 
region, as was the case for the aforementioned WACCM results, while still tied to the observed ES-SSW events. 
We find that, during ES-SSW, the composite LT MMC abruptly reverses its climatological direction due to WPW 
forcing which exert a brief but significant westward forcing between 70 and 125 km, exceeding GWD and tidal 
forcings in that altitude range. The circulation reversal favors an uninterrupted polar descent from the altitude of 
150 km down to the upper mesosphere, resulting in a short-lived enhanced transport of nitric oxide (NO) into the 

Figure 1. Wintertime climatological meridional cross-sections of the residual mean meridional circulation (MMC). 
Altitude-meridional cross-sections of velocity streamfunction (a) and meridional component (b) of the residual MMC. 
Red (blue) contours show clockwise (counterclockwise) circulation. Filled regions indicate vertical component with green 
(orange) indicates positive (negative) values. Labels are indicated on contours. The climatology is based on December and 
January, in quiet winters without ES-SSW events. The units are 10 −4 m/s and m/s, respectively.
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mesosphere. To our knowledge, deciphering the robust wave forcing responsible for this remarkable LT MMC 
reversal during ES-SSWs has not been documented before.

2. Model Description and Methods
With a top boundary between 500 and 700 km (depending on the solar and geomagnetic activity), WACCM-X 
incorporates processes needed to resolve the thermosphere energetics and thermal structure, but also includes 
representations of the lower atmospheric physical processes found in WACCM (Marsh et al., 2013). WACCM-X 
V2.0 (Liu et al., 2018) has been recently used to study diverse upper-atmosphere and ionosphere phenomena 
ranging from climate change (Solomon et al., 2018) to solar eclipse effects (McInerney et al., 2018). The simu-
lated tides are stronger in WACCM-X than in WACCM due to a lesser damping of the divergent flow (Liu 
et al., 2018).

Simulations with the WACCM-X V2.0 in specified dynamics configuration (hereafter, referred to as 
SD-WACCM-X) covering the period 2000–2014 with hourly output were released as part of the National Center 
for Atmospheric Research (NCAR) Community Earth System Model version 2. With the hourly output, we 
can analyze the semi-diurnal tide in addition to the diurnal tide. The tides are extracted by a 2D Fourier trans-
form in longitude and time that can separate the migrating and non-migrating components (see details in Zhang 
et al., 2021). The semi-diurnal tide hereafter comprises periods between 11.8 and 12.2 hr and the diurnal tide 
periods between 23.8 and 24.2 hr. While dynamical output is archived hourly, the abundance of CO2 and NO is 
only archived as a daily average in version V2.0.

In this configuration, the model temperature, surface pressure, and wind fields are constrained below 50 km 
by NASA Modern-Era Retrospective Analysis for Research and Application (MERRA-2) (Gelaro et al., 2017). 
Above 60 km, the model is fully interactive and free running. The horizonal resolution is 1.9° latitude by 2.5° 
longitude. In these simulations, the zonal phase speeds prescribed in the parametrization of GWs due to fron-
togenesis range from +80 to −80 m s −1.

To elucidate wave activity, we compute the residual MMC based on the Transformed Eulerian Mean (TEM) formu-
lation in log-pressure vertical coordinates (Andrews et al., 1987) using hourly data, as well as the Eliassen-Palm 
(EP) flux and its divergence (EPFD). In the following, the daily mean EPFD due to PWs includes traveling waves 
with zonal wavenumbers 1–5 and periods between 2 and 20 days and is partitioned in contributions from WPWs 
and EPWs. The daily mean EPFDs due to the main tides (in particular the migrating DW1 and SW2) are also 
calculated, following Zhang et al. (2021). The EPFD will be compared to the GWD from parametrized GWs, 
which account for wave sources due to fronts, orography, and convection.

The velocity streamfunction 𝐴𝐴 Ψ(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) of the residual mean circulation can be estimated from a latitudinal inte-
gration of the vertical component of the residual mean flow (𝐴𝐴 𝒘𝒘

∗ ) with a boundary condition of 𝐴𝐴 Ψ = 0 at the North 
Pole or the South Pole.

Ψ(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) = −∫
𝜋𝜋

2

𝑡𝑡

cos 𝑡𝑡0𝑤𝑤
∗
d𝑡𝑡0 for NorthernHemisphere (1)

Ψ(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) = ∫
𝑡𝑡

−
𝜋𝜋

2

cos 𝑡𝑡0𝑤𝑤
∗
d𝑡𝑡0 for SouthernHemisphere (2)

where 𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 represent time, latitude and altitude. The unit of 𝐴𝐴 Ψ is m s −1.

The contributions of the different wave forcings to the velocity streamfunction are estimated from the method of 
Sato and Hirano (2019), based on the downward-control principle. Thus, 𝐴𝐴 Ψ(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) is expressed as a sum of four 
components:

Ψ(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) = ΨRW(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) + ΨGW(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) + Ψ𝑋𝑋(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) + Ψtend(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) (3)
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representing contributions by resolved waves (RW), parameterized gravity waves (GW), friction and viscosity 
term (X), and the zonal wind tendency (𝐴𝐴 tend) :

ΨRW(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) = −
1

𝜌𝜌0𝑎𝑎 ∫
∞

𝑡𝑡

[

∇ ⋅ 𝑭𝑭

𝑎𝑎𝑓𝑓

]

𝑚𝑚

d𝑡𝑡0 (4)

ΨGW(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) = −
cos𝑡𝑡

𝜌𝜌0𝑎𝑎 ∫
∞

𝑡𝑡

[

𝜌𝜌0

𝑓𝑓
𝐆𝐆𝐆𝐆𝐆𝐆

]

𝑚𝑚

d𝑡𝑡0 (5)

Ψtend(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡) =
cos𝑡𝑡

𝜌𝜌0𝑎𝑎 ∫
∞

𝑡𝑡

[

𝜌𝜌0

𝑓𝑓

𝜕𝜕𝑢𝑢

𝜕𝜕𝑡𝑡

]

𝑚𝑚

d𝑡𝑡0 (6)

Here 𝐴𝐴 𝑭𝑭  is the EP flux due to RWs, 𝐴𝐴 𝐆𝐆𝐆𝐆𝐆𝐆 is the gravity wave drag, 𝐴𝐴 𝐴𝐴0 is density, 𝐴𝐴 𝐴𝐴 is the earth radius, 

𝐴𝐴 𝑚𝑚 = 𝑎𝑎 cos𝜙𝜙
(

𝑢𝑢 + 𝑎𝑎Ωcos𝜙𝜙
)

 is the zonal mean angular momentum per unit mass, and 𝐴𝐴 𝑓𝑓 = 2Ω sin𝜙𝜙 −
1

𝑎𝑎 cos𝜙𝜙

𝜕𝜕(𝑢𝑢 cos𝜙𝜙)
𝜕𝜕𝜙𝜙

 . 
The integral represents a vertical integration along a constant 𝐴𝐴 𝑚𝑚 . 𝐴𝐴 ΨX is estimated as the residual between Equa-
tions 1 and 3.

𝐴𝐴 ΨRW can be further decomposed by using the different wave components of the EPFD, such as SW2, DW1, 
WPWs, and EPWs. The streamfunction is calculated from daily means or from the composited or climatological 
residual velocities using Equations 1 and 2, but we verified that integration from hourly data provides a very 
similar, albeit slightly noisier, result.

We identify and composite 9 ES-SSW events in SD-WACCM-X over the 2000–2014 period, occurring between 
December and January. The ES-SSW onset dates are taken from Limpasuvan et al. (2016) based on SD-WACCM 
and are: 10 December 2000, 22 December 2001, 29 January 2001, 19 December 2003, 8 January 2006, 21 
January 2009, 22 January 2010, 13 January 2012, and 5 January 2013. Criteria from Limpasuvan et al. (2016) 
identify an ES-SSW occurrence based on a zonal average between 70 and 90°N if (a) the temperature falls below 
190 K between 80 and 100 km, (b) the zonal-mean zonal wind reverses to westward at 1 hPa and persists longer 
than 5 days, and (c) the stratopause altitude based on the zonal-mean temperature maximum between 20 and 
100 km exhibits a vertical discontinuity of at least 10 km. Before compositing, each SSW event is aligned with 
respect to its onset date (defined to be day 0) during which the polar cap (70–90°N) zonal-mean zonal wind 
reversal occurred at 1 hPa. A quiet winter climatology, characterized by the circulation without ES-SSW events, 
is constructed using the remaining 6 winters from the 2000–2014 period.

We note that figures showing the pressure distribution of various diagnostics are accompanied, along the ordi-
nates, with the approximate altitude levels converted from the model's isobaric levels using log-pressure coor-
dinates formulation which depends on the standard scale height. Gravity and the gas constant for dry air used 
to compute the standard scale height are allowed to vary with pressure levels above 10 −2 hPa, based on the U.S. 
Standard Atmosphere 1975, as in Zhang et al. (2021). As such, the shown approximate altitudes will be slightly 
different than those in Qian et al. (2017).

3. Results
3.1. The Climatological Mean Meridional Circulations

We begin by showing the climatological structure of the three MMC cells across the stratosphere, the mesosphere 
and the LT in SD-WACCM-X, based on the quiet winters defined above. Figure 1 shows the altitude-latitude 
cross-sections from the surface to 200 km of the climatological (i.e., quiet winter) MMC as represented by the 
velocity streamfunction (Figure 1a) and the meridional component of the residual mean flow (𝐴𝐴 𝒗𝒗

∗ in Figure 1b). A 
narrow counterclockwise circulation, the LT MMC illustrated in the velocity streamfunction as blue contours in 
Figure 1a), spans the layer 100–125 km, above the familiar clockwise mesospheric MMC which is characterized 
by high-latitude ascent in the summer hemisphere, poleward motions and descent maximizing above the winter 
polar stratopause. Bounded above by the thermospheric summer-to-winter MMC, this narrow LT MMC is char-
acterized by weak ascent near 105–115 km at middle to subpolar latitudes (30–60°N) and by southward motions 
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that extend to the summer pole. In the southern hemisphere, the LT MMC is thicker, and the associated 𝐴𝐴 𝒗𝒗
∗ peaks 

at slightly higher altitude (by ∼8 km).

3.2. The Perturbed Mean Meridional Circulations During ES-SSWs

Focusing now on the winters characterized by ES-SSW events, we first display the time evolution of the compo-
nents of the MMC around the onset. Figure 2 shows the altitude-time cross-sections of the ES-SSW composited 

𝐴𝐴 𝒘𝒘
∗ and 𝐴𝐴 𝒗𝒗

∗ (averaged 62–79°N) from 40 days prior to 40 days after the onset. Prior to the onset (days [−40, −5]) 
and after the onset (days [20, 40]), one can identify the narrow LT circulation extending up to 130 km, with weak 

Figure 2. Composite residual mean meridional circulation (MMC). Altitude-time cross-sections of the vertical (a) and 
meridional (b) components of the residual MMC composite of 9 ES-SSW events from the 40 days prior to 40 days after 
the onset. A latitude averaging over 62–79°N was done. Red contours show the positive velocities, blue contours show the 
negative velocities, and the thick black contours indicate zero velocity. The units of vertical and meridional components are 
mm/s and m/s, respectively. The line dotted with stars indicates the stratopause.
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ascent maximizing near 115 km and equatorward flow maximizing near 125 km, similar to the climatology in 
Figure 1. For a brief period of around 10 days, starting a few days prior to the onset, there is ascent and equa-
torward motions in the mesosphere, approximately between 60 and 90 km. This mesospheric reversal has been 
described extensively in the studies mentioned in Section 1. Higher up, there is however a marked contempora-
neous reversal of the LT circulation, until about 10–14 days after the onset when both 𝐴𝐴 𝒗𝒗

∗ and 𝐴𝐴 𝒘𝒘
∗ revert to their 

respective climatological directions. During the intermediary period, roughly between days 5 and 15, the unin-
terrupted descent (negative 𝐴𝐴 𝒘𝒘

∗ ) from the thermosphere to the upper stratosphere characterizes a “polar chimney.”

In Figure 2, we also note the anomalously strong but short-lived ascent (accompanied by an enhanced equa-
torward flow) around day −30 and near 125 km in the composites. These features mostly originate from the 
ES-SSW 2003 event and are linked to auroral heating following the “Halloween” geomagnetic storms in October 
2003–November 2003. These anomalies are inconsequential for the rest of this study, which focuses on the period 
following onset.

We now consider the meridional extent of the overall MMC changes including those in the LT MMC, shortly 
after the ES-SSW onset. The left column of Figure 3 shows the altitude-latitude cross-sections of the anomalous 
zonal-mean temperature (Figure 3a), velocity streamfunction (Figure 3b), and 𝐴𝐴 𝒗𝒗

∗ (Figure 3c) composited over 
days [5, 15]. The right column shows the corresponding composite of the total fields (Figures 3d–3f). Between 
approximately 95 and 125 km, there is layer of anomalous poleward motions (Figure 3c) associated with anom-
alous descent (Figure 3b) and warming (Figure 3a) from the mid-latitudes (about 40°N) to the North Pole. Near 
the top of this layer around 125 km, the poleward motions in fact begin further south, in the summer subtropics 
where ascent also prevails. Below, between around 70 and 90 km, there is an anomalous equatorward return 
branch that extends from the North Pole to the summer subtropics. It is situated atop the mesospheric MMC cell, 
providing by continuity equatorward motions at the level where the polar mesospheric ascent stops. The anoma-
lous poleward 𝐴𝐴 𝒗𝒗

∗ at 125 km is sufficiently large to alter the direction of the total 𝐴𝐴 𝒗𝒗
∗ . Indeed, Figure 3f reveals that 

the total 𝐴𝐴 𝒗𝒗
∗ is northward at latitudes poleward of 45°N, in contrast to the climatological 𝐴𝐴 𝒗𝒗

∗ in Figure 1b. This brief 
reversal agrees well with the free-running case-study using WACCM-X in Oberheide et al. (2020). Our study is 
also broadly consistent with the GAIA model results in Miyoshi et al. (2015), but further highlights that both the 
LT MMC and the mesospheric circulation act together for a brief period of time to induce downward motions.

Between 150 and 200 km, the influence of ES-SSWs expands globally, with an anomalous southward flow inten-
sifying in the southern hemisphere, opposing the background thermospheric MMC (Figure 3c). At the same time, 
temperature anomalies are positive, albeit not significant (Figure 3a).

3.3. The Wave Drivers of the Perturbed Mean Meridional Circulations

To get insight into the dominant wave forcings of the zonal-mean flow around the onset, we initially decompose 
the total wave forcing into the contributions from the parametrized total GWD and the EPFD associated with 
WPWs and EPWs as altitude-time cross-sections (Figures 4a–4c, respectively). A latitude averaging has been 
performed over 40–80°N, as well as a daily mean. The large, transient WPW forcing appears between 75 and 
125 km and overlaps with the period of reversed (eastward) GWD. This overlapping commences a few days prior 
to onset and persists to about day 10. During that period, the GWD is uniformly eastward at all altitudes below 
125 km while, prior to the onset, it was predominantly eastward higher in the 100–130 km range. Eastward accel-
eration by EPWs generally appears in a narrow layer centered around 75 km (Figure 4c). Just before the ES-SSW 
onset, the enhanced EPW forcing is indicative of EPW emission by shear instability reported by Iida et al. (2014), 
Iwao and Hirooka (2021), and Rhodes et al. (2021). However, in the layer where the LT MMC prevails in the 
northern hemisphere, the GWD typically provides the main eastward forcing contribution.

We next further compare the relative magnitudes of these GWs, PWs, and tidal wave forcings across the three 
altitude ranges that are representative of the mesospheric, the LT and the thermospheric MMCs. Figure 5 details 
the zonal-mean flow forcing contributions over 70–95 km (Figure 5a), 115–135 km (Figure 5b), and 120–200 km 
(Figure 5c). Averaged over 40–80°N, the forcings can be either westward (designated by the letter W in the 
ordinate label) or eastward (designated by the letter E). Figure 5b clearly reveals that the LT MMC, prior to or 
after the ES-SSW, is driven by the eastward GWD (red line) which comprise most of the total forcing (black 
line). Appendix A further details the contributions of frontal GWs of different phase speeds in a different set of 

 21698996, 2022, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037050 by N
O

R
W

E
G

IA
N

 IN
ST

IT
U

T
E

 FO
R

 A
IR

 R
esearch - N

IL
U

, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ORSOLINI ET AL.

10.1029/2022JD037050

8 of 19

Figure 3. Meridional cross-sections of temperature and residual mean meridional circulation (MMC) after onset. Altitude-meridional cross-sections of zonal-mean 
temperature anomalies (a), anomalous velocity streamfunction (b), and anomalous meridional component of the residual MMC (c). The anomalies are composited 
from 9 ES-SSW events and averaged over days [5, 15] after onset. Red (blue) contours show positive (negative) anomalies. Labels are indicated on contours. Gray 
filled regions in panels (a and c) indicate where the t-test statistical significance level is above 95%. In panel (b), green (orange) filled region indicates anomalous 
positive (negative) vertical component of the residual MMC is significant. The total composited for the same variables are shown in right column (d–f). The units are K, 
10 −4 m/s and m/s, respectively.
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Figure 4. Composite wave forcings. Altitude-time cross-sections of the total parametrized gravity wave (GW) drag (including 
frontal, orographic, and convective GWs) (a), of westward-propagating planetary waves (PWs) forcing (wavenumbers 1–5) 
(b), and of eastward-propagating PWs forcing (wavenumbers 1–5) (c) composited from 9 ES-SSW events during the 40 days 
prior to 40 days after the onset. A latitude averaging over 40–80°N was done. Red contours show eastward values, blue 
contours show westward values, and the thick black contours indicate the zero value. Units are m/s per day.
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WACCM simulations to support the notion that fast eastward GWd drive the 
climatological LT MMC. Consistent with Limpasuvan et al. (2012, 2016), we 
see the pronounced westward forcing by WPWs (blue line) at both 70–95 km 
and 115–135 km layers between days 0–15 (Figures 5a and 5b). During this 
period, the WPW driving opposes and, at times, surpasses the eastward 
GWD, making the net forcing (black line) westward. On the other hand, the 
eastward forcing by EPWs is confined near a layer where they diverge and 
maximizes prior to the onset (Figure 5a). In summary, GWs normally drive 
the LT MMC, but WPWs play a key role immediately after the ES-SSW 
onset when they initiate the descent around 100 km as seen in Figure 2a.

The tidal contributions from DW1 and SW2 in this extratropical average 
remain small in the lower two altitude ranges. Note that their contributions 
are already multiplied by 50 in the lower altitude range. It is only in the upper 
altitude range (120–200 km) that the tidal forcings, then mainly from DW1, 
contribute to driving the MMC in the winter extratropics.

One can further reconstruct the contributions of the different daily mean 
wave forcings to the total streamfunction based on the downward-control 
principle, following Oberländer et  al.  (2013) and Sato and Hirano  (2019). 
Since the MMC is a non-local response to the wave forcings, this principle 
requires a vertical integration of the wave forcings above the level where 
the velocity streamfunction is evaluated. Using Equation  3, we explicitly 
calculated the contributions of the different wave forcings (i.e., RWs such 
as WPWs, EPWs, and tides, as well as parametrized GWs) to the velocity 
streamfunction averaged over the 40–80°N latitude band at 110  km. This 
altitude centrally locates the LT MMC reversal as revealed in Figure 3. The 
contributions from the zonal-mean zonal wind tendency term and the friction 
and viscosity term were also calculated, the latter estimated as the residual 
from the total velocity streamfunction resulting from the integration of 𝐴𝐴 𝒘𝒘

∗ 
(Equation 1). These various contributions to the streamfunction are shown in 
Figures 6a and 6b, and confirm the results from the forcing decomposition 
(Figure 5b), namely that WPWs overtake the GWs as the dominant forcing 
term for a short period after the onset. In particular, WPWs are the main 
contributor to the positive (clockwise) velocity streamfunction while, on the 
contrary, the streamfunction was negative (counter-clockwise) at long leads 
prior to the ES-SSW event, with the GWD is the leading contributor. At this 
altitude, it is interesting to note that the friction and viscosity term is not 
negligible, as normally found in the stratosphere.

3.4. Impact of the LT MMC Reversal on the Distribution of CO2 and NO

The abrupt and short-lived LT MMC reversal has important implications for 
the transport of key trace species like CO2 and NO. CO2 has a long chemical 
lifetime but ceases to be well-mixed in the mesosphere, where it displays a 
strong vertical gradient (Garcia et  al.,  2014; Smith et  al.,  2011). Figure  7 
shows the altitude-latitude cross-sections of the quiet winter climatology 
of the zonal-mean CO2 mixing ratio (Figure  7a) and its vertical gradient 
(Figure  7b, blue shading). The CO2 isopleths tighten in the high summer 
latitudes, with the vertical gradient maximizing near 105–110 km near the 
South Pole, and at slightly lower altitudes away from the pole. In the north-

ern hemisphere, there is a “fork” of relaxed and strong gradients (near 90 and 120 km, respectively) extending 
from the mid-latitudes to the pole. These regions of relaxed and strong vertical gradients mark the base and the 
top of the LT MMC, respectively, as pointed out by Qian et al. (2017) and Wang et al. (2022) based on analysis 
of SABER CO2 observations. The presence of larger gradients in the summer high latitudes in the model is in 

Figure 5. Components of zonal-mean wave forcing of the mesospheric, lower 
thermospheric and thermospheric mean meridional circulations (MMCs). 
Contributions from the westward-propagating planetary waves (PWs) (blue 
solid line), eastward-propagating PWs (blue dashed line), parametrized gravity 
wave drag (red line), semi-diurnal migrating tide (SW2, green dashed line), 
diurnal migrating tide (DW1, green solid line), and their total (black line). A 
latitude averaging over 40–80°N was done. (a) 70–95 km for the mesospheric. 
(b) 115–135 km for the lower thermospheric and (c) 120–200 km for the 
thermospheric MMCs. The contributions from tides have been multiplied by a 
coefficient 50 in panel (a). On y-axis, E or W indicate eastward and westward 
forcing respectively.

 21698996, 2022, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037050 by N
O

R
W

E
G

IA
N

 IN
ST

IT
U

T
E

 FO
R

 A
IR

 R
esearch - N

IL
U

, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ORSOLINI ET AL.

10.1029/2022JD037050

11 of 19

agreement with those observational studies. Following the ES-SSW onset, the composited CO2 anomaly for days 
[5, 15] (Figure 7c) shows a decrease in mixing ratios at northern high latitudes that is consistent with the descent 
between 125 and 80 km (Figure 3b). Vertical gradients in the composite during days [5, 15] overlaid on their 
climatological values (Figure 7b, blue dashed lines) reveal that, following the LT MMC reversal, the layer with 
strong (pinched) vertical gradient in the high-latitude LT is weakened, while at northern mid-latitudes (30–60°N) 
between 120 and 140 km, the gradients are increased (see also CO2 anomaly in Figure 7c).

Figure 6. Contributions to the total velocity streamfunction. (a) Contributions to the total velocity streamfunction (black line) 
at 110 km by the resolved waves (dashed blue line), parametrized gravity wave drag (red line), zonal wind tendency (dashed 
purple line), and the residual contribution from the friction and viscosity term (dashed orange line). (b) Contributions the 
resolved waves by westward-propagating planetary waves (PWs) (blue solid line), eastward-propagating PWs (blue dashed 
line), semi-diurnal migrating tide (SW2, green dashed line) and diurnal migrating tide (DW1, green solid line). A positive 
velocity streamfunction indicates a clockwise circulation. A latitude averaging over 40–80°N was done. The unit is 10 −4 m/s.
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NO is another key trace species in the middle and upper atmosphere. Produced by hard solar radiation (i.e., 
Extreme-UV and X-Rays) and by energetic particle precipitation (EPP) at high latitudes, its abundance increases 
with altitude, unlike CO2. Due to its long lifetime in darkness, NO plays a important role in the catalytic destruction 

Figure 7. Meridional cross-sections of CO2 and NO. Altitude-meridional cross-sections of the climatological zonal-mean CO2 mixing ratio (a) and its vertical gradient 
(b). The climatology is based on December and January, excluding ES-SSW events. Anomalies of CO2 mixing ratio composited from 9 ES-SSW events and averaged 
over days [5, 15] after onset are shown in panel (c), with red contours being positive anomalies and blue contours negative anomalies. Labels are indicated on contours. 
Gray filled region indicates where the t-test statistical significance level is above 95%. The vertical gradient in the composite is overlain in panel (b) as contour lines. 
The corresponding figures for NO are shown in (d–f). The units are ppm (a, c, d, and f) and ppm/km (b and e).
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of ozone following transport into the middle atmosphere. Figure  7 (right column) shows altitude-latitude 
cross-sections of the corresponding climatological zonal-mean NO mixing ratio (Figure 7d) and its vertical gradi-
ent (Figure 7e). In the winter high latitudes, the upward motion associated to the climatological LT MMC hinders 
downward transport of NO from its lower thermospheric reservoir into the mesosphere, leaving only eddy and 
molecular diffusion as the irreversible processes to help NO permeate across the mesopause. The high abundance 
within the entire polar cap in the southern hemisphere and the narrower maximum confined near 70°N in the 
northern hemisphere reflect NO production by EPP along the auroral zones in the LT. The interhemispheric 
difference in the latitudinal extent of the high-latitude NO enhancement is due to the auroral oval being more 
displaced from the pole in the southern hemisphere, hence spanning a larger geographical latitude range than in 
the northern hemisphere where it is more zonally aligned along the 70°N parallel. With the LT MMC reversal 
during ES-SSW, the composite in (Figure 7f) shows a high-latitude enhancement of NO, albeit not significant, 
extending from 110 to 90 km and meridionally confined to higher latitudes within the northern polar cap to 60°N 
but extending into the upper mesosphere at lower latitudes. Peak zonally averaged values in excess of 1 ppm are 
found near the pole at 110 km.

The spatial extent of the NO enhancement can be gleaned from horizontal maps of the NO abundance. Figure 8 
shows the climatological NO abundance at 140 km (Figure 8a), where the a-forementioned EPP production along 
auroral ovals dominates, and at 95 km (Figure 8c) where the NO abundance is much lower and more homoge-
neous. The composited anomaly maps after ES-SSW onset reveal different characteristics at these two altitudes 
(Figures 8b–8d). At 140 km, there is an NO reduction in a ring around 70°N consistent with the poleward motions 
at the edge of the production oval. However, at 95 km, there is a broad NO increase within the polar cap consistent 
with the enhanced descent, albeit not zonally symmetric. This local NO enhancement is up to near 0.3 ppm at 
80°N.

We reiterate the main finding that the WPW activity provides the main forcing and contribution to the velocity 
streamfunction during the short-lived LT MMC reversal leading to the uninterrupted descent of NO from its 
lower thermospheric reservoir.

4. Discussion and Summary
The relative enhancement in NO can be even larger during individual ES-SSW events. As shown in Figure 9 for 
the 2012–2013 event also described in Orsolini et al. (2017) the zonal-mean NO enhancement of 3 ppm peaking 
near 110 km and 85°N corresponds to an enhancement three times higher than the composited case, due a marked 
descent from the LT MMC reversal following onset.

In a case study of the same 2012–2013 event, Sassi et al. (2021) showed that constraining WACCM-X dynamics 
with the re-analyses based on the high-altitude version of the Navy Global Environmental Model (NAVGEM-HA), 
which extend much higher into the mesosphere than conventional re-analyses (e.g., MERRA-2), reduced the 
amplitude of some traveling PWs and tides in the MLT (namely, the 2-day wave and the DE3 tide) compared 
to a free-running version of WACCM-X. This result raises an interesting question as to whether the amplitude 
of the PWs driving the descent after onset would also be reduced if WACCM-X were driven by NAVGEM-HA 
compared to the current simulations driven by MERRA-2, where the mesosphere is unconstrained.

Orsolini et al. (2017) showed that the largest discrepancies between SMR and the standard SD_WACCM during 
that 2012–10213 event were in the lower mesosphere, associated with the descending tongue of enriched NO 
(their Figure 3), rather than in the NO reservoir region aloft in the MLT. Using the NAVGEM-HA driven simula-
tion, Siskind et al. (2021) illustrated that the downward transport of NO from the mesosphere into the stratosphere 
is in better agreement with SOFIE observations than suggested by earlier SD-WACCM simulations driven by 
MERRA (Orsolini et al., 2017). These authors further pointed out that subtle differences in the treatment of GWs 
in the re-analysis systems might be more important for constraining the NO transport and descent than the driv-
ing by the large-scale flow. However, they did not explore if the NO descent did originate above the mesopause. 
Orsolini et al. (2017, their Figure 7) showed that the descent during that same event, as diagnosed as very dry air 
in water vapor observations by SMR, initiated briely after onset above 10 −4 hPa. The magnitude of the descent in 
the current SD-WACCM-X is on the order of 10–20 mm s −1 at 95–100 km following onset and is thus similar to 
the values obtained in Orsolini et al. (2017) or Limpasuvan et al. (2016) based on SD-WACCM.
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The composited temperature anomaly in Figure 3a extends into the thermosphere. In that region, background 
temperatures are strongly influenced by the 11-year solar cycle, changing by several hundred degrees between 
solar maximum and solar minimum. The inter-annual variations of zonal-mean temperatures averaged between 
150 and 175 km and between 30 and 90°N are shown in Figure 10. A 2-month time average has been performed, 
December–January during quiet winters, else 1 month prior to 1 month following the onset for the winters with 
ES-SSWs. The solar radio flux (F10.7) is also shown, averaged over the same time period. We see that the major-
ity of the 9 ES-SSWs (red bars) in our study occurs during relatively high phases of solar cycles 23 and 24, while 
the quiet winters (blue bars) were predominantly during low phases. Hence, the composite temperature anomaly 
with respect to the quiet winter climatology denotes a warming in this altitude range (Figure 3a). Our point is not 
to relate a dependency of the occurrences of ES-SSW to a particular phase of the solar cycle. Rather, it is merely 
to show that the sampled events -as it so happens- is biased toward events that occurred during high solar phase. 
Therefore, the background thermospheric temperature anomaly is hot (positive), as expected. On the contrary, 
the well-studied 2009 ES-SSW event occurred during solar minimum condition (Figure 10) and featured a lower 
thermospheric cooling anomaly (Goncharenko et al., 2021; Liu et al., 2014).

Figure 8. Polar maps of NO. Maps of the climatological NO at 140 and 95 km (a and c). The climatology is based on December and January, excluding ES-SSW 
events. Composite anomalies from 9 ES-SSW events and averaged over days [5, 15] after onset at the same altitudes are shown in panels (b and d). The units are ppm. 
Note the different color scales at different altitudes.
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Biases in the wintertime zonal wind between SD-WACCM-X and SuperDARN radar observations near 95 km 
were documented in Zhang et al. (2021) and Harvey et al. (2021). Outside of the periods of ES-SSW events, the 
current version of SD-WACCM-X features westward winds while the radar observed weak westerlies, indicating 
that the GW-induced westward drag in the model might be too strong or applied at an altitude range that is too 
low. However, these biases are much smaller during ES-SSWs than they are in a climatological sense (Zhang 
et al., 2021), hence they are unlikely to affect the results presented here.

Figure 9. The 2012/2013 ES-SSW. Altitude-time cross-section of the vertical component of the residual mean meridional 
circulation. (a) A latitude averaging over 62–79°N was done. Red contours show the positive velocities, blue contours 
show the negative velocities, and the thick black contours indicate zero velocity. The unit is mm/s. (b) Altitude-meridional 
cross-section of the zonal-mean anomalies of NO mixing ratio and averaged over days [5, 15] after onset with red contours 
being positive anomalies and blue contours negative anomalies. Labels are indicated on contours. The unit is ppm.
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In conclusion, we used existing simulations with WACCM-X in specified dynamics configuration to determine 
the respective roles of PWs, GWs, and tides in driving LT MMC, both climatologically and following ES-SSW 
onset. The main results are:

1.  The northern hemisphere climatological LT MMC is driven by eastward-propagating GWs and extents verti-
cally from approximately 100–125 km, as can be seen from the tightening of the CO2 isopleths.

2.  The LT MMC reverses briefly following ES-SSW onset, resulting in a “chimney-like” feature of un-interrupted 
polar descent from the altitude of 150 km down to the upper mesosphere.

3.  The LT MMC reversal is driven by the WPW forcing, which exerts a brief but significant westward forcing, 
surpassing the parametrized GWD and providing the main contribution to the velocity streamfunction reversal 
at 110 km. The tidal forcings become important above 120 km.

4.  The attendant descent leads to a short-lived enhancement of NO into the polar LT and upper mesosphere, in 
excess of 1 ppm at 110 km.

Since the climatological LT MMC is driven by GWs, whose parametrization is model-dependent, further detailed 
observation-based studies should be pursued to further constrain its characteristics and its subseasonal variability, 
and validate the aforementioned conclusions based on these WACCM-X simulations.

Appendix A: Decomposition of the GWD
The gravity wave (GW) drag (GWD) as archived in the SD-Whole-Atmosphere Community Climate Model 
(WACCM)-X simulations does not specify the contributions of GWs of different zonal phase speeds. Nevertheless, the 
importance of fast eastward GWs in driving the climatological lower thermosphere mean meridional circulation (LT 
MMC) in the northern hemisphere can be gauged by an analogy with from the SD-WACCM output. In simulations 
with SD-WACCM described in Limpasuvan et al. (2016), the specific contributions from the five categories of GW 
phase speeds were stored (with boundaries at ±15 and ±40 ms −1). Figure A1 shows the total GWD comprising the 
contributions from the topographic, convective and frontal GWs (Figure A1a), as well as the contributions from fron-
tal GWs of different phase speed ranges (Figures A1b–A1f), as latitudinal height cross-sections. A time average has 
been performed over December–January during quiet winters. Above 100 km, it is eastward over a broad range of lati-
tudes. The fastest eastward-propagating GWs with phase speeds higher than +40 ms −1 provide the largest and, in fact, 
the only eastward contribution (Figures A1b–A1f). There are differences between SD-WACCM-X and SD-WACCM 
in their respective GW parametrization including in the allowed range of phase speeds, but the suggestion of Qian 
et al. (2017) that the forcing by fast eastward GWs drives the LT MMC in the northern hemisphere is supported by 
the SD-WACCM results in Figure A1. These parent models are driven by the same large-scale reanalyzes up to the 
stratopause layer, making it plausible that the fastest eastward-propagating GWs play a similar role in both models.

Figure 10. Thermospheric temperatures. Zonal-mean temperature averaged between 150 and 175 km for each individual year. The bar coloring indicates whether an 
ES-SSW event (or on one occasion two events) took place in the period or not. An average over a 2-month period was done, either December–January for quiet winters, 
else centered over the event. The F10.7 cm solar flux is also shown (black dot or star). A latitude averaging over 30–90°N was done.
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Data Availability Statement
The CESM2.0 SD-WACCM-X hourly data was accessed through Earth System Grid (https://www.earthsys-
temgrid.org), called CESM run f. e20. FXSD.f19_19.001 data. The extended SD-WACCM runs used in the 
Appendix A (Rhodes et al., 2021) are available at http://mirror.coastal.edu/sce/waccmsd1979_2015_var/.

Figure A1. Wintertime climatological components of zonal-mean wave forcing from frontal gravity waves (GWs) for SD-Whole-Atmosphere Community Climate 
Model. Contributions from different classes frontal GW zonal phase speeds (b–f) and total frontal GW forcing (a). The climatology is based on December and January, 
in quiet winters without ES-SSW events. Red or blue contours indicate eastward or westward forcing respectively.
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