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Abstract In the extratropical atmosphere, Rossby waves (RWs) and internal gravity waves (GWs)
propagating from the troposphere mediate a coupling with the middle atmosphere by influencing the
dynamics therein. In state-of-the-art chemistry-climate models (CCMs), RW effects are well resolved
while the majority of GW effects have to be parameterized. Here, we analyze orographic GW (OGW)
interaction with resolved dynamics in a comprehensive CCM on daily time scales. For this, we apply
a recently developed method of strong OGW drag event composites for three pronounced northern
hemisphere OGW hotspots. We show that strong OGW drag events are associated with anomalous
resolved wave propagation in the stratosphere. Causal links are inferred from previously published work
and are supported by the anomalies in zonal circulation and wave activity tendencies. The nature of these
anomalies varies depending on the hotspot region, which underlines the parameterized OGW-resolved
dynamics interaction being a two-way process.
Plain Language Summary

The majority of atmospheric waves are generated near the
surface and propagate subsequently upward in the atmosphere. This includes Rossby waves that are
resolved in climate models and small-scale gravity waves (GWs) that commonly have to be parameterized.
In the middle atmosphere, the waves eventually break, thereby dissipating their momentum and energy,
which influences atmospheric dynamics. The interaction of GWs with the large-scale circulation is to date
poorly understood. In this study, we associate regionally enhanced GW drag with anomalies in resolved
wave propagation in the stratosphere in a comprehensive chemistry-climate model on the time scale of
days. For this, we identify strong orographic GW (OGW) events for the three most pronounced northern
hemisphere OGW hotspots and construct composites of anomalies of selected variables with respect to
the climatological mean. We find that the response of the resolved wavefield strongly depends on the
hotspot region, leading to diverse consequences on the large-scale stratospheric circulation. Strong OGW
events in the hotspots are in turn determined by the resolved fields from the surface to the level of OGW
dissipation, which highlights the two-way coupling between OGWs and resolved flow.

1. Introduction

© 2021. The Authors.
This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided
the original work is properly cited,
the use is non-commercial and no
modifications or adaptations are made.

SACHA ET AL.

The Earth's atmosphere is governed by a complex interplay of chemical, physical, and dynamical processes
(e.g., Dameris & Loyola, 2011). As part of that interplay, atmospheric waves strongly influence the dynamical state of the atmosphere by transporting momentum and energy, thereby constituting one of the most
important coupling mechanisms between atmospheric layers (Yiğit & Medvedev, 2016). In the extratropics, between the upper troposphere—lower stratosphere region and the mesosphere, Rossby waves (RWs)
and internal gravity waves (GWs) dominate these processes. In current generation general circulation and
chemistry-climate models (CCMs), the majority of the GW spectrum is usually smaller than the model
grid resolution and must, therefore, be parameterized (Alexander, 2010; McLandress, 1998). Commonly,
two parameterization schemes are employed to distinguish between orographic GWs (OGWs) and non-orographic GWs. GW parameterizations of both types involve various degrees of simplifications for GW sourcing, propagation, and dissipation processes and rely on certain tuneable parameters, which are only poorly
constrained by observations (Geller et al., 2013; Plougonven et al., 2020).
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Historically, one of the main aims of the OGW parameterizations was to separate the stratospheric polar
night jet from the tropospheric subtropical jet by reducing its overall magnitude and increasing easterly wind
shear in the upper troposphere (Alexander, 2010; Eichinger et al., 2020; Kim et al., 2003; Miller et al., 1989;
Palmer et al., 1986). Since the advent of the so-called wave driving paradigm (Holton et al., 1995) the dynamical effect of OGWs in models has been increasingly evaluated as a contribution to the driving of the
advective Brewer-Dobson circulation (BDC; Butchart, 2014; Sato & Hirano, 2019). Another OGW impact
that received considerable attention is connected to sudden stratospheric warming (SSW) events (Baldwin
et al., 2020), either via the SSW preconditioning and triggering (Albers & Birner, 2014; Richter et al., 2010;
Šácha et al., 2016; Samtleben et al., 2019, 2020) or the vortex recovery (Limpasuvan et al., 2012).
Cohen et al. (2013) showed that perturbations to OGW forcing become balanced by changes in resolved
wave drag in a mechanistic model, and Cohen et al. (2014) showed further that the response fully develops
on a time-scale of days. This compensation mechanism (in fact rather a set of mechanisms; see Cohen
et al., 2014) refers to the compensation of the BDC wave driving quantified with the downward control
principle (Haynes et al., 1991). It includes RW sourcing by instabilities induced by OGW drag (OGWD)
(McLandress & McFarlane, 1993; Sato et al., 2018; Smith, 2003), OGWD impact on RW breaking in the
surf zone and the alteration of resolved wave propagation through modification of the background winds
(Sigmond & Scinocca, 2010). Further, it has been demonstrated that the OGWD impact on resolved wave
fields depends on the spatio-temporal OGWD distribution (Boos & Shaw, 2013; Šácha et al., 2016; Shaw
& Boos, 2012) and specifically on the location of OGWD relative to the stationary planetary scale RWs
(Samtleben et al., 2019, 2020).
Shepherd (2014) highlighted the interaction between parameterized GWs and the large-scale circulation
as one of the most uncertain aspects of climate modeling. However, the compensation mechanism between resolved and unresolved wave drag as a prominent form of the physics-dynamics interaction is to
some extent present also in comprehensive CCMs (Eichinger et al., 2020; Kruse, 2020; Sigmond & Shepherd, 2014) and numerical weather prediction models (van Niekerk et al., 2018). On this basis, Sigmond
and Shepherd (2014) argued that the existence of the compensation mechanism increases the robustness
and confidence in future climate projections, in particular for BDC trends. Recently, in contrast, Eichinger
et al. (2020) showed that while the compensation holds to some extent for the advective component of the
BDC, the mixing component and thereby the net effect on transport cannot be compensated.
Van Niekerk et al. (2018) documented that the different nature of dynamical impact by parameterized
OGWs and resolved OGWs prevents an agreement between high resolution (without OGW parameterization) and low-resolution model versions. This raised the question of how realistic the interaction between
OGWD and resolved dynamics is in current CCMs and emphasized the need for further research. A conceptual framework for the research of OGWD impact in CCMs has been outlined in Kruse (2020) by defining
relevant time scales for the interaction. On the climatological time scale, this study highlighted that the
dominant impact of OGWD are the global scale potential vorticity banners (i.e., elongated filaments of
anomalous potential vorticity) leading to anticyclonic anomalies over the polar cap and positive potential
vorticity anomalies in the extratropics in the stratosphere. On a time scale of 10 or more days after the
OGWD impact, resolved variability dominates, and only on shorter time scales, regional OGWD impacts
can be identified.
The aim of the present study is to illustrate how the regionally dependent interaction between intermittent OGWD and resolved dynamics on a short time scale leads to large-scale impacts in the stratosphere.
Studying this mechanism is important to pave the way for a full understanding and improvement of troposphere-stratosphere coupling in state-of-the-art CCMs and thereby for advances in the predictability of the
coupled atmospheric system. To account for the intermittency of OGWD and its distribution into hotspots,
we build on the methodology of strong OGWD composites presented by Kuchar et al. (2020). The underlying method and model data used are briefly described in Section 2. In Section 3, we first study the composite
anomalies of the resolved wavefield connected with the strong OGWD hotspot events using the traditional
Transformed Eulerian Mean (TEM; Andrews & McIntyre, 1987; Hardiman et al., 2010) framework, discuss
the issue of causality and break down the results into composites for the leading zonal wave modes. Subsequently, we describe how the dynamical anomalies are linked with anomalous zonal mean circulation as
illustrated by composite anomalies of the zonal mean zonal wind and its tendency. Finally, we highlight the
SACHA ET AL.
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transient nature of the wavefield response that elucidates why the net OGWD effect on transport cannot
be compensated. In the conclusion section, we summarize the key findings of our study and discuss the
complexity of the OGWD-resolved wavefield interaction and its relevance for other studies as well as future
challenges concerning the OGW impact on the middle atmosphere.

2. Methodology
Following Kuchar et al. (2020), the study is based on data from a simulation for the 1979–2010 period with
the Canadian Middle Atmosphere Model (CMAM; McLandress et al., 2013). CMAM is a CCM with 71 levels
in the vertical, which extends up to 7 × 10−4 hPa (about 100 km) with variable vertical resolution. It uses a
triangular spectral truncation of T47, corresponding to a horizontal resolution of 2.5° × 2.5°, with the physical parameterizations being performed on a 3.75° horizontal grid. On spatial scales of wavenumbers lower
than 21, Newtonian relaxation (“nudging”) with a 24 h relaxation time-scale is applied toward the 6-hourly
horizontal wind and temperature field from ERA-Interim (Dee et al., 2011) up to 1 hPa (see McLandress
et al., 2014, for technical details).
OGWD is parameterized using a three-component scheme comprising sourcing and drag associated with
freely propagating hydrostatic GWs in the absence of rotation. Moreover, low-level breaking and downslope
windstorm flow-associated drag and low-level drag associated with upstream blocking and lee-vortex dynamics are included (Scinocca & McFarlane, 2000). In the present study, we focus on the drag associated
with freely propagating OGWs. The scheme employs two vertically propagating zero-phase-speed waves
whose direction and magnitude depend on low-level flow and anisotropy of the unresolved topography.
For information on tunable parameters of the scheme, the interested reader is referred to McLandress
et al. (2013).
Our study is based on strong OGWD event composites of selected variables for the three most prominent
northern hemispheric winter OGWD hotspots at 70 hPa, that is, in the valve layer (Kruse et al., 2016), where
OGWD is the dominant dynamical forcing in CMAM (see Figure 1 in Kuchar et al., 2020). The selected
hotspots are the Rocky Mountains (RM, 235–257.5°E and 27.5–52°N; note that this hotspot was referred
to as Western America in Kuchar et al., 2020), the Himalayas (HI, 70–102.5°E and 20–40°N) and Eastern
Asia (EA, 110–145°E and 30–48°N). These are computed using the peak-detection algorithm described in
Kuchar et al. (2020). This algorithm identifies peaks (local maxima of negative drag) of OGWD that exceed
immediate neighbors separated by more than 20 days with amplitudes beyond a normalized threshold. The
identification of strong OGWD events allows to calculate composite anomalies of different variables by
subtracting daily values from the monthly climatology of SSW-free winters. Composites of variables that are
analyzed in this study and all processed data are available via the Mendeley Data repository (Kuchar, 2020).
The response of resolved waves to OGWD is studied using the Eliassen-Palm flux (EPF) diagnostics (Andrews & McIntyre, 1987) and information on wave transience is supplemented by composites of finite-amplitude wave activity tendency (FAWAt; Nakamura & Solomon, 2010). FAWAt anomalies indicate an unsteady wavefield response due to OGWD influence on the flux of resolved wave activity into the stratosphere
(EPF anomalies). FAWAt and divergence of EPFs are related by the generalized Eliassen-Palm theorem and
their sum is conserved for purely linear and conservative waves in the absence of frictional and diabatic effects (Andrews & McIntyre, 1987). The connection of the strong OGWD events with anomalous transience
of the wavefield is important for the interpretation of the results presented by Eichinger et al. (2020), which
document that a net effect of OGWD on transport cannot be compensated for (see the supporting information to the article for a theoretical explanation).
Due to the methodology applied, our strong OGWD composites also sample specific atmospheric background conditions (wind field, resolved wavefield) that favor strong OGWD events for each hotspot. These
conditions can be in general similar for each composited event of the particular hotspot and emerge in our
results as significant anomalies, which we refer to as “hotspot preconditioning” further in the text. To distinguish in our results between significant anomalies caused by a causal response to the OGWD and imprints
of the “hotspot preconditioning”, we rely on the fundamentals of OGW parameterization schemes, knowledge of OGWD dynamical impacts available from the rich body of literature on sensitivity simulations
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(Cohen et al., 2013; Eichinger et al., 2020; Šácha et al., 2016; Samtleben et al., 2019, 2020; Sigmond & Scinocca, 2010) and the correspondence between anomalies of different quantities.

3. Results
In this study, we focus on the short-term dynamical response to strong OGWD hotspot events. For this,
Figures 1a–1c show the composites of the zonal mean EPFs, their divergence (EPFD), and OGWD anomalies for the three hotspot regions at lag = 0. This corresponds to the peak magnitude of the drag during the
respective strong OGWD event. As shown in Figure 8 of Kuchar et al. (2020), the peak is already preceeded
by a few days of significant OGWD anomalies in the region of the hotspot. Therefore, at lag = 0 we can see a
response that has already been evolving over a few days prior to lag = 0 under an increasing OGWD forcing
overlapping with an imprint of the “hotspot preconditioning.” To assess if nudging has a dynamical impact
on the composites, we derived the nudging strength as a residual term from the TEM momentum budget
(see Equation S1). Except locally in the polar mesosphere, the nudging strength composites (Figure S1 in
the Supplement) are largely not significant and generally smaller than the EPFD or OGWD anomalies allowing us to neglect the nudging effects on the presented results.
Figures 1a–1c show negative zonal mean OGWD anomalies (stronger drag) corresponding to the location
of the hotspots at around 70 hPa (green lines). Moreover, strong OGWD events in the hotspots are connected with zonal mean OGWD anomalies in the upper stratosphere and mesosphere (see Kuchar et al., 2020
for more details), which are mainly positive. The composite for the RM hotspot reveals a positive OGWD
anomaly in the lower stratosphere poleward from 60°N. This anomaly is connected with the lack of negative
OGWD northward from the RM hotspot together with the orography around the Northern Pacific, which
acts as a source of positive OGWD in the lower stratosphere during periods favorable for strong OGWD
events in the RM hotspot (the interested reader is referred to Figure S2 in the Supplement showing anomalies in the surface wind stress).
Studies with comprehensive climate models have shown that the dominant response to OGW perturbations
in the winter stratosphere is the modulation of refractive properties and subsequent changes in the propagation of resolved waves (Eichinger et al., 2020; Sigmond & Scinocca, 2010; Sigmond & Shepherd, 2014).
Climatologically, the resolved waves propagate from the extratropical troposphere upward and equatorward
in the stratosphere. As a response to increased OGWD, the equatorward component of the propagation is
suppressed and an enhanced fraction of resolved waves is deflected to the stratospheric high latitudes. Our
results (Figures 1a–1c) illustrate that a common feature for all hotspots is the alteration of resolved wave
propagation in the stratosphere, however the effect differs between the hotspots.
For the HI hotspot, which is the southernmost of the three hotspots, resolved wave propagation is enhanced
in the lower stratosphere (denoted by the equatorward and upward-pointing EPF anomalies in the extratropics). However, above approximately 20 km, the waves are reflected poleward, resulting in a negative
EPFD anomaly in the stratosphere between 60 and 80°N. For the EA hotspot, resolved wave propagation
is suppressed, resulting in patchy positive EPFD anomalies above the hotspot. For the RM hotspot, a suppressed upward propagation of resolved waves throughout the stratosphere leads to significant positive
EPFD anomalies, but only near the stratopause (and continuing to the mesosphere, see Figures S3a–S3c).
The diversity of the resolved wave anomalies in the stratosphere dependent on the hotspot is in agreement
with mechanistic model studies with artificial OGWD enhancements (see Šácha et al., 2016 for the EA hotspot and Samtleben et al., 2019, 2020 also for different regions). This indicates that the anomalous resolved
wave propagation starting from the lower stratosphere is directly caused by the strong OGWD events and
not by the “hotspot preconditioning”.
Locally significant anomalies in the resolved wavefield can be found in the vicinity of the tropopause and
in the lower stratosphere below the hotspots as well. These anomalies provide a basis for the direct modulation by OGWD higher in the stratosphere, however, their causality remains elusive and requires further
research. According to Sigmond and Shepherd (2014) a direct effect of OGWD cannot be excluded, as the
OGWD modification of lower stratospheric winds has been shown to modify also the critical lines for resolved waves below this region. On the other side, we can find pronounced significant EPFD anomalies
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Figure 1
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Figure 2. Composite anomalies of zonal mean zonal wind (shading; units: m/s) and its tendency (gray contour levels:
0, ±0.5, ±1, ±3 m/s/day) at lag = 0 representing the Himalaya (left panel), East Asia (middle panel) and the Rocky
Mountains (right panel) hotspot composites. The tropopause and hotspot locations are plotted as in Figure 1. Circles
oooo and  show where the p-values of the zonal-wind anomalies are <0.05 and <0.01, respectively. Hatching \\\\
and //// shows where the p-values of the zonal-wind tendency anomalies are <0.05 and <0.01, respectively.

starting already in the lower troposphere for all hotspots (Figures S3g–S3i) that can clearly be attributed to
the preconditioning of the strong OGWD events for each hotspot.
Samtleben et al. (2020) have shown that the OGWD influence on the zonal mean dynamics is mainly driven
by changes in the propagation of planetary-scale RWs with zonal wavenumber 1 (PW1). Decomposition of
the EPF and EPFD anomalies according to the wavenumber (Figures 1d–1l) shows that the propagation
of PW1 is suppressed for all three hotspots. In contrast, Samtleben et al. (2020) only report a suppression
for the EA and HI hotspots. This discrepancy can be explained by the fact that the results of Samtleben
et al. (2020) are valid only for one selected climatological background state (including the relative position
of the hotspots to the surf zone extent) and a stationary PW phase setup. For instance, the geographical location of the EA hotspot is exactly such that the stratospheric response is out of phase with the climatological
stationary PW1 in Samtleben et al. (2020). In the present study, however, the “hotspot preconditioning” has
to be considered as well, indicating that the background PW field differs for each hotspot and also from the
background situation in Samtleben et al. (2020).
Decomposing the net EPF anomalies into different PW modes reveals that the net (mostly insignificant)
EPFD anomaly for the RM hotspot masks strong PW1 suppression and strongly enhanced propagation
and anomalous dissipation of PW2 in the polar vortex region. For the HI hotspot, the net anomalous EPF
convergence in the vortex region is caused by enhanced PW2 and PW3 propagation toward the vortex. This
results in stronger dissipation in a broad vertical region of the stratosphere. EPF composites for higher wavenumber PWs are mostly insignificant (not shown).
The strong OGWD events for the HI and RM hotspots are connected with significant anomalies of the zonal
mean circulation, see the zonal mean zonal wind composites in Figure 2. The most pronounced anomalies
are the weakened zonal winds in the stratospheric polar vortex region, where the signal is significant across
the entire stratosphere. For HI this is followed above 1 hPa with stronger zonal winds in the region of the
polar night jet. To determine if the anomalies are connected with the “hotspot preconditioning”, or whether some aspects of the anomalies are a direct effect of the strong OGWD events, we show in Figure 2 the
zonal mean zonal wind tendency anomalies (contours). For the HI hotspot, the anomalous negative wind
tendency supports the zonal mean zonal wind anomaly in the polar vortex, which is well collocated with


Figure 1. Composite anomalies of Eliassen-Palm flux F (arrows; units: [1; 10−2] kg/s/s) and its divergence   F (shading; units: m/s/day) and zonal mean
orographic gravity wave drag anomalies (gray solid (positive) and dashed (negative) contours: ±0.1, ±0.5, ±1, ±3 m/s/day, linewidths increase with increasing
values) at lag = 0 for the Himalayas (left panels), East Asia (middle panels) and the Rocky Mountains (right panels). In panels (d–l) the anomalies are
decomposed into leading zonal planetary wave modes. The values in brackets at the top of the panels indicate the total number of composited events for each
hotspot. The green horizontal and vertical lines represent regions of the particular gravity wave hotspot and the 70 hPa level. The black dashed line denotes
tropopause pressure of the respective composite. The Eliassen-Palm flux divergence anomalies are colored only where the p-values of the anomalies are <0.05.
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Figure 3. Zonal mean finite-amplitude wave activity tendency (FAWAt; shading; units: m/s/day) and absolute average
(gray contour levels: 0, ±0.5, ±1, ±3 m/s/day) composite averages at lag = 0 representing the Himalayas (left panel),
East Asia (middle panel) and the Rocky Mountains (right panel). The tropopause, hotspot locations and statistical
significance are plotted as in Figure 1. Hatching \\\\ and //// shows where the p-values of the anomalies are <0.05 and
<0.01, respectively.

the region of enhanced dissipation of resolved waves. This together indicates that for HI the strong OGWD
events support the polar vortex deceleration. For the RM hotspot, the anomalous zonal mean zonal wind
tendency supports the polar vortex deceleration only in the lower stratosphere to some degree, higher above
the sign is reversed. Moreover, the opposing sign of EPFD anomalies of leading PW modes for RM, does not
allow us to cleanly determine the causality of the zonal mean circulation anomalies for this hotspot.
A rich body of literature details a link between anomalous resolved wave activity and SSWs (see e.g., Hoffmann et al., 2007; Labitzke, 1977; Schoeberl, 1978), which suggests a possible role of the strong OGWD
events for SSWs, particularly for HI. In our analysis, the polar vortex anomaly is found to be especially
strong when the HI composites are additionally filtered according to the quasi-biennial oscillation phase
(see Figure S4). This suggests that the HI hotspot may play a role in the Holton-Tan mechanism (Garfinkel
et al., 2012), however, longer time series are required to constitute conclusive and statistically robust results
in this respect.
For the EA hotspot, Figure 2 shows a negative zonal wind anomaly above the hotspot up to about 40 km
that reverses into a positive anomaly above around 50 km. The negative anomaly above the hotspot is in line
with findings of Pisoft et al. (2018), who showed that the EA hotspot is connected with the local occurence
of a critical layer for the GW propagation. Another preconditioning feature of the EA hotspot is the statistically significant zonal wind anomalies in the equatorial region. This indicates that the strong OGWD events
in the EA hotspot are sensitive to the quasi-biennial oscillation phase, a result in agreement with the findings of Šácha et al. (2018) (see their Figure 3). Note that for the EA hotspot no significant zonal wind anomalies (from the SSW-free climatology) emerge in the polar vortex region. In line with the OGWD induced
suppression of the resolved wave propagation, the zonal mean zonal wind tendency anomalies are positive,
in contrast to the negative wind anomaly above the hotspot, and accelerating the polar vortex around 60°N.
This is an important finding in the context of the results of White et al. (2018). Following the results of
model experiments with flattened Mongolian topography, these authors found a substantial decrease in
the occurrence frequency of SSWs, and argued for the uttermost importance of the Mongolian topography
for the stratospheric winter circulation. However, their Figure S4 shows that the orography modifications
also result in enhanced zonal mean OGWD in midlatitudes, likely including strong OGWD enhancement
in the EA hotspot (which is located directly downwind), which consequently prevents deceleration of the
stratospheric polar vortex by resolved waves as described above.
The composite analysis of strong OGWD events allows us to study the short-term, unsteady response to
OGWD. It is therefore natural to expect that also the resolved wavefield response studied in Figure 1 will
have an unsteady component. For this, we show FAWAt anomalies in Figure 3 that illustrate the tendency of
the resolved wave activity measured by changes of their amplitudes (i.e., wave transience). The EA hotspot
SACHA ET AL.
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shows negative FAWAt anomalies corresponding to the positive EPFD anomalies in Figure 1b. This collocation documents the overall suppression of wave activity above and equatorward from the hotspot due to
suppressed propagation of resolved waves by strong OGWD events in this hotspot. The HI hotspot induces increasing wave activity in the stratosphere from middle to polar latitudes and also locally around the
polar tropopause in accordance with the negative EPFD anomalies resulting from the enhanced resolved
wave propagation due to the strong OGWD events. For RM, we find multiple regions with significant FAWAt anomalies, both positive and negative (a large region in the upper stratosphere and mesosphere). The
anomalies are not well collocated with the EPFD anomalies, which points to the role of frictional (OGWD)
or possibly diabatic processes influencing the wave activity during the RM strong OGWD events. Of particular note is the positive FAWAt anomaly inside the latitudinal band of the hotspot, which suggests that
the OGWD may function as an in-situ source of resolved wave activity in the RM hotspot. Altogether, the
causality of FAWAt anomalies (and also of the zonal mean zonal wind and EPFD anomalies) for the RM
hotspot cannot be inferred in the zonal mean framework. This issue demands a dedicated follow-up study
of the dynamical mechanisms at a regional scale.
In general, the occurrence of FAWAt anomalies can explain why the OGWD impact on stratospheric transport cannot generally be compensated in CCMs (Eichinger et al., 2020). The transient nature of the resolved
wavefield response to intermittent OGWD in the stratosphere deteriorates the approximation of the advective transport by the residual mean circulation, which is then attributed as a change in mixing strength.

4. Conclusions
In this study, we analyze the impact of parameterized OGWD from the three dominant NH hotspots on
stratospheric dynamics, fully respecting the intermittency of OGWD in a CCM. This is achieved by building
on the methodology of strong OGWD event composites developed by Kuchar et al. (2020). Within days,
strong OGWD events significantly affect large-scale stratospheric dynamics mainly by altering the propagation of the first three dominant zonal PW modes. Our results demonstrate that the influence of the strong
OGWD events on resolved dynamics depends on the region of forcing and on the background conditions
favorable for the strong OGWD event in the hotspot. In particular, suppression of resolved wave propagation in the stratosphere dominates for the EA hotspot, while deflection and stronger wave propagation
toward the stratospheric polar vortex is dominant for the HI hotspot. For the RM hotspot, a combination
of both effects emerges, in magnitude and effect depending on the PW mode. The alteration of large-scale
dynamics is connected with significant zonal mean circulation anomalies as demonstrated for zonal mean
zonal wind and its tendency. For the HI hotspot, the polar vortex is significantly decelerated and the OGWD
effect supports further deceleration. The RM hotspot is connected with a negative polar vortex anomaly as
well, but with the attribution of the underlying cause left for further research. In contrast to the latter two
hotspots, strong OGWD events in the EA hotspot are not connected with significant polar vortex anomalies
and the OGWD impact supports a strengthening of the polar vortex around 60°N. Strong OGWD events
also affect the transience of the resolved wavefield in the stratosphere, by controlling the influx of resolved
wave activity from below. This leads to a negative wave activity tendency anomaly for EA and RM and to
a positive anomaly in the case of HI. This is an important aspect for research of OGWD impact on stratospheric transport.
Our findings demonstrate the complexity of interaction between resolved wave drag and parameterized
OGWD in CCMs. The OGWD impact on resolved dynamics strongly depends on the hotspot in play, and
strong OGWD events in a hotspot, in turn, depend on tropospheric and stratospheric conditions favorable for the occurrence of the strong OGWD event in the hotspot. We term these background conditions a
“hotspot preconditioning” throughout the manuscript. It also includes the impact of resolved wave fields
on OGW propagation and breaking within the parameterization (e.g., the EA hotspot dependence on the
critical level occurrence), which adds a considerable portion of nonlinearity to the interaction. This suggests
that the compensation between resolved and unresolved wave forcing in CCMs is an even more general
(and two-way) mechanism than described in Cohen et al. (2014). This complexity implies the futility of
modified regional orography model experiments, where the resolved wave versus OGW causal effects cannot be separated.
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Furthermore, as OGWD affects not only resolved wave drag in a stationary limit, but also resolved wave activity and transience with direct links to stratospheric variability and transport, it reinforces the importance
of OGWD for SSW and stratospheric transport studies. We illustrated how the parameterized OGWD with
its non-homogeneous distribution and intermittency acts as a quick communicator in troposphere-stratosphere coupling in this CCM simulation, however, future research will have to evaluate how realistic this
process is. In that respect, it will be crucial to study whether the efficient interaction between OGWD and
leading PWs appears also for more realistic OGW parameterizations (e.g., including oblique propagation
or unsteady schemes) or in simulations of high-resolution models where the majority of the GW spectrum
can be resolved.

Data Availability Statement
All processed data files for this study are provided via Mendeley Data Kuchar (2020), and all codes to reproduce our figures are provided via GitHub (Kuchar, 2021).
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