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Abstract The impact of mountains on stratospheric circulation is explored using the Whole
Atmosphere Community Climate Model. The “Mongolian mountains” decrease the boreal winter
stratospheric jet strength by ~1/3 and increase the frequency of major sudden stratospheric warmings
from 0.08 year~! to the observed 0.60 year~'. These changes are twice the magnitude of the impacts

of the Tibetan plateau and Himalayas. Consistent with the decrease in the zonal jet, there is enhanced
Eliassen-Palm flux convergence; this is predominantly from changes in wave propagation pathways through
changes to the upper troposphere circulation, not from an increased amplitude of planetary waves reaching
the stratosphere. The Mongolian mountains have the greater impact on upper tropospheric circulation
due to their meridional location. The Rocky Mountains have no significant impact on the stratospheric jet.
Changes in wave propagation in response to the Mongolian mountains are similar to those associated

with major sudden stratospheric warming events in observations.

Plain Language Summary The stratosphere is a layer of the atmosphere far from the Earth’s
surface (10-50 km above the surface), but changes in stratospheric circulation, particularly events known
as sudden stratospheric warmings, affect the weather and climate at the surface. By flattening individual
mountain regions in a climate model that extends from the Earth’s surface far past the stratosphere, we
study the effects of mountains on stratospheric circulation and the frequency of sudden stratospheric
warming events. We find that the presence of the Mongolian mountains weakens the stratospheric jet by a
third of its strength and creates 6 times more warming events as there would be without these mountains.
The impact of the Mongolian mountains is about twice as large as the impact of the larger and more
expansive Tibetan plateau and Himalaya. Mountains are a source of planetary-scale atmospheric waves
that propagate upward into the stratosphere; we find that the mountain effect on the stratosphere is largely
because the mountains alter the pathway that all waves take as they propagate toward the stratosphere,
through the influence the mountains have on circulation lower down in the atmosphere. We find similar
anomalous wave propagation during sudden warming events in the model and observations.

1. Introduction

Radiative cooling during the long polar night leads to a strong equator-pole temperature gradient in the
winter stratosphere. In thermal wind balance with this temperature gradient exists a strong westerly jet, the
stratospheric polar vortex. The structure and dynamics of the polar vortex are vital in setting the distributions
of trace gases such as ozone. Observational (e.g., Baldwin & Dunkerton, 1999, 2001) and modeling studies
(Gerber et al., 2009; Kushner & Polvani, 2004; Polvani & Kushner, 2002; Sheshadri et al., 2015) have established
that variability in the polar vortex can influence the troposphere, all the way to the Earth’s surface, on time
scales relevant to both weather and climate.

Major sudden stratospheric warming events (SSWs), in which the westerlies in the vortex reverse and the
stratospheric polar temperature warms rapidly, occur about every other winter in the Northern Hemisphere
(e.g., Charlton & Polvani, 2007; Matsuno, 1971). Only one such event has occurred in the observational record
in the Southern Hemisphere (e.g., Newman & Nash, 2005), where the vortex is colder and stronger than
its Arctic counterpart (e.g., Waugh & Polvani, 2010). These hemispheric differences are thought to be due
to interhemispheric differences in the amplitude of planetary waves generated in the troposphere. Sources
of such planetary-scale waves include topography (Charney & Eliassen, 1949), land-sea heating contrasts
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Figure 1. Map of Northern Hemisphere orography, with flattened regions outlined with white boxes. “Tibet” in short
dashed line; “Mongolia” in solid line, and “Rockies” in long dashed line.

(Smagorinsky, 1953), and the nonlinear interactions of synoptic-scale eddies (Scinocca & Haynes, 1998). Only
the longest (planetary-scale) waves can propagate into the winter stratosphere (Charney & Drazin, 1961),
where they break, perturbing the flow away from radiative equilibrium.

Previous studies have explored the impact of the location, wave number, and amplitude of idealized orogra-
phy on the variability of stratospheric circulation (Gerber & Polvani, 2009; Sheshadri et al., 2015). We use an
alternative approach in the present study: starting with a full general circulation model, we examine for the
first time the impact of specific orographic features (e.g., the Tibetan Plateau) on the stratosphere, by flattening
orography in localized regions within the model. These experiments suggest that the influence of orography
is primarily via its influence on wave pathways rather than wave amplitudes. In this paper we first describe the
model, the three experiments, and our analysis methods. We evaluate our control simulation, before showing
the effects of individual orographic regions on zonal mean stratospheric flow, including Eliassen-Palm (EP)
fluxes and their divergence. Orography-induced anomalies in EP flux divergence are diagnosed by studying
wave amplitudes and pathways, before the impact of orography on SSWs is presented. We highlight similari-
ties in EP flux pathways between orography-induced anomalies and those associated with SSWs in the model
and observations.

2. Model, Experiments, and Analysis Methods

2.1. WACCM Model

To investigate the effects of orography on stratospheric circulation, we use the Whole Atmosphere Commu-
nity Climate Model (WACCM) within the CESM1.0.6 framework (Marsh et al., 2013). The WACCM has 66 vertical
levels extending from the surface to 5.1 x 1076 hPa and reproduces the observed climatology and variability
of stratospheric circulation reasonably well (de la Torre et al.,, 2012; Marsh et al., 2013). We use a horizontal res-
olution of 2.5° longitude by 1.9° latitude and include interactive chemistry with emissions from the year 2000.
Sea surface temperatures are fixed to a monthly mean climatology from the merged Hadley NOAA Optimum
Interpolation (NOAA/OI) data set (Hurrell et al., 2008). See Marsh et al. (2013), and references therein, for more
details on the WACCM.

2.2. Experiments

We perform a control simulation (CTL) with all present-day orography, and three experiments with localized
regions of Earth’s orography flattened. Each simulation runs for 40 years after a 1 year spin-up. Figure 1 shows
the regions of orography we focus on: the simulation with orography flattened within the solid white box we
denote “No Mongolia,” the short-dashed box “No Tibet,” and the long-dashed box “No Rockies.” The orogra-
phy flattening is Gaussian weighted at the edges to avoid creating sharp horizontal gradients in orography.
In addition to diverting the large-scale flow, orography impacts circulation through subgrid scale processes,
including gravity wave drag and an increase in surface roughness. In WACCM, these subgrid scale processes
are parameterized through two variables, SGH and SGH30; we set these to 30 and 10 m, respectively, in the flat-
tened regions (approximate values for regions of low orography in Asia; the original values reached up to 1,000
and 500 m, respectively). See White et al. (2017) for further details of the orography flattening. The impact of
each mountain region is found as the difference from the CTL experiment, for example, “Impact of Mongolia”
= CTL minus No Mongolia. We focus on December-February (DJF), when the coupling between the tropo-
sphere and stratosphere is strongest (Kidston et al., 2015) and the majority of SSWs occur (Butler et al., 2017;
Charlton & Polvani, 2007).

2.3. Analysis Methods
We analyze our experiments through study of the zonal mean variables: zonal wind (u; overbar denotes zonal
mean), EP fluxes (Eliassen & Palm, 1961), and Rossby wave refractive index (e.g., Hoskins & Karoly, 1981).
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We compare results from the CTL simulation to those from daily averages of 6-hourly ERA-Interim reanalysis
data at 0.75° resolution (Dee et al., 2011).

EP flux vectors show the propagation of zonal mean wave activity (Andrews & McIntyre, 1976; Edmon et al.,
1980; Eliassen & Palm, 1961), while the EP flux divergence gives a measure of the acceleration of zonal mean
flow by the waves. We calculate EP fluxes and their divergence on 60 pressure levels from 1,000 to 0.001 hPa
using daily data and then take the climatological DJF mean. For display of the EP flux vectors we follow the
scaling of Edmon et al. (1980) for log-pressure coordinates, omitting the factor of 2za? /g (where ais the Earth’s
radius), and then divide by the square root of 1,000/pressure (Taguchi & Hartmann, 2006).

To study the propagation pathways of wave activity, we use a qualitative interpretation of the quasi-
geostrophic Rossby refractive index for stationary waves, calculated as an equivalent stationary wave number:
K52 =q_y/U— f§/4N2H2, where g, is the meridional gradient of potential vorticity, f, the Coriolis parameter, N the
stratification and H the scale height (e.g., Andrews et al., 1987; Hoskins & Karoly, 1981; Hu & Tung, 2002; Karoly
& Hoskins, 1982). We calculate K on daily data, before taking the climatological DJF mean; imaginary values
of K, are treated as missing in the time averaging. Waves are refracted toward regions of greater K (Hoskins &
Ambrizzi, 1993; Karoly & Hoskins, 1982), and thus changes in K gradients alter wave pathways. In regions
where the zonal and meridional wave numbers k and | are such that k? + > > Ksz, the vertical wave number is
imaginary, and thus vertical propagation of waves is inhibited (Hoskins & James, 2014; Li et al., 2007). Regions
of greater K, therefore allow waves with larger k and / to propagate vertically.

We use the definition of SSWs of Charlton and Polvani (2007): a major SSW occurs when u at 60°N and 10 hPa
becomes easterly during November-March, after an interval of 20 or more consecutive days with westerly
winds. We consider only major SSWs in this paper. Final warmings, identified as when u does not return to
westerly for at least 10 consecutive days before 30 April, are excluded. SSWs can be categorized as splits, during
which the polar vortex splits into two distinct pieces, and displacements, in which the vortex is displaced
away from the pole (Charlton & Polvani, 2007). We categorize each SSW using a subjective analysis of daily
geopotential height fields at 10 hPa from 5 days before to 10 days after the date when u at 60°N and 10 hPa
first becomes easterly: if on any day the geopotential height shows two distinct vortices of similar magnitude
then the event is considered a split, otherwise it is classified as a displacement (Charlton & Polvani, 2007;
de la Torre et al., 2012).

3. Results

3.1. Control Experiment (CTL)

Values of u and EP flux divergence from the CTL simulation are shown in Figure 2a, with the corresponding
Kg and EP flux vectors in Figure 2e. The mean circulation is almost identical to that described by Richter et al.
(2010) and Marsh et al. (2013) - zonal mean winds and temperatures in boreal winter agree relatively well with
observations. There is a cold pole bias, leading to a winter vortex that initiates too early and persists for too
long (see Figure S1 in the supporting information) which may affect the stratospheric response to orography
toward the beginning and end of winter. EP flux divergence (Figure 2a) and vectors (Figure 2e) agree well with
those from the NCEP/NCAR reanalysis (Li et al., 2011), as does the distribution of K, in Figure 2e (Li et al., 2007).
For a detailed discussion of model biases, see Richter et al. (2010) and Marsh et al. (2013).

We evaluate stratospheric variability in the CTL simulation through SSW frequency and histograms of DJF
daily u at 60°N, 10 hPa. Our CTL simulation has 0.60 (+0.09) SSWs per year, consistent with previous results
(de la Torre et al., 2012), and values from reanalysis data (Charlton & Polvani, 2007); however, the ratio of splits
to displacements is 1:4, in contrast to the observed ratio of approximately 1:1.2 (Charlton & Polvani, 2007).
This bias is consistent with an overestimation of wave number 1 and underestimation of wave number 2, as
found by de la Torre et al. (2012), and shown in Figure S2. We also calculate the frequency distribution of
daily u values at 60°N, 10 hPa to further evaluate variability: the CTL simulation reproduces the ERA-Interim
distribution relatively well (see Figure S3 in the supporting information).

3.2. Flattened Orography Experiments

Flattening orography results in substantial differences in stratospheric flow from October to May, with the
greatest differences in November-December (see Figure S1). The impact of orography on DJF zonal mean
circulation is shown in Figures 2b-2d and 2f-2h. Contrary to expectations based on mountain heights, but
consistent with tropospheric responses (White et al., 2017), the Mongolian mountains have the largest impact
on stratospheric flow. The effect of the Mongolian (Tibetan) mountains is to decrease t by upto 21 (11) ms™’,
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Figure 2. (a) DJF zonal mean zonal wind (black contours; dashed indicating negative) and Eliassen-Palm (EP) flux
divergence (colored shading) for the CTL simulation; (e) EP flux vectors (arrows, m2 s~2) and Ks for the CTL simulation.
Subsequent rows are as in the top row but for changes due to the Mongolian mountains (b, f), Tibetan mountains (c, g),
and the Rocky Mountains (d, h). The EP flux is divided by the square root of 1,000/pressure to aid visualization; the scale
arrow is for pressure = 1,000 hPa. Due to scaling of arrows, EP flux vectors should not be used to estimate divergence.

while the Rockies produce no significant zonal wind changes (Figures 2b-2d). The stratospheric jet zonal wind
changes are in thermal wind balance to within 15% (not shown).

The mountain-induced changes in EP flux divergence (Figures 2b-2d) are generally consistent with the
changes in u: the Mongolian and Tibetan mountains both produce anomalous convergence (i.e., negative
divergence) near the region of largest zonal wind decrease. Analysis of the individual terms in the EP diver-
gence equation shows that changes in horizontal divergence dominate the response to Mongolia, while both
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vertical and horizontal divergence changes are important for the Tibetan response (not shown). In contrast to
the Asian orography, the Rocky Mountains slightly increase EP flux divergence in the stratospheric jet region.

Orography is a significant source of gravity waves, which can transport momentum into the stratosphere;
however, such waves are not resolved in this climate model. Orography-induced changes in the parameterized
impact of gravity waves on zonal winds in the stratosphere (obtained as a direct output of the WACCM model)
are generally in the opposite direction to the zonal wind forcing from the resolved EP fluxes, consistent with
the “compensation mechanism” discussed by Cohen et al. (2013). Orography-induced changes in gravity wave
forcing are centered above 10 hPa poleward of 50°N (see Figure S4), and thus, unresolved waves are not a
dominant forcing of the changes in the stratospheric jet we study here, although they have a strong influence
higher up in the atmosphere.

3.3. Impacts on Wave Activity

Orography-induced anomalies in EP flux divergence can be caused either by a change in wave activity
amplitude, or by changes in wave propagation pathways. If changes in wave amplitude were the dominant
cause of the orography-induced anomalies in EP flux divergence, then the pattern of anomalous EP fluxes
would be nearly identical to that in the control just with reduced amplitude. Figures 2f and 2g show that
near the band of latitudes spanned by the mountains (~30-55°N), the presence of the Mongolian or Tibetan
mountains produces a strong increase in wave activity propagating upward from the surface into the upper
troposphere; however, the orography-induced EP flux anomalies have generally different propagation path-
ways from the troposphere to the upper stratosphere than the climatology (cf. Figures 2f and 2g with Figure 2d).
Mountains thus also induce changes in wave propagation paths. Additionally, we find that orography-induced
anomalies in wave amplitudes for Z at 10 hPa (for wave numbers k = 1, 2) are inconsistent with the changes
in EP flux divergence across the three experiments (see Figure S2), further suggesting that the orography-
induced changes in EP flux divergence cannot be attributed solely to the orography acting as an additional
source of Rossby waves.

Since changes in wave amplitude alone cannot explain the changes in EP flux divergence, we examine
orography-induced anomalies in K (Figures 2f-2h), which can alter wave propagation pathways and thus EP
flux divergence. Between ~55-80°N and ~200- 10 hPa the Mongolian mountains induce a change in K¢ with
a positive poleward gradient. This would act to deflect wave activity poleward relative to the control case and
thus cause an increase in EP flux convergence poleward of ~50°N, consistent with the orography-induced
anomalies in EP flux vectors and convergence in this region (Figure 2b). The mountains also generally increase
K in the stratosphere, which will allow more wave activity to propagate vertically into the stratosphere, where
it can converge. Orography-induced changes in K; are primarily due to changes in the meridional gradient of
potential vorticity (q_y) and the zonal wind (u), and not changes in buoyancy (f02/4N2H2) (not shown).

The change in K; due to the Tibetan mountains has a similar spatial structure to the changes due to the
Mongolian mountains, but are of smaller magnitude (Figure 2g), consistent with the smaller changes in EP flux
divergence and u. Compared to Mongolia or Tibet, the Rockies have a much smaller impact on K (Figure 2h),
consistent with the small impact of the Rockies on the stratospheric zonal wind.

These results indicate that changesin refractive index are of central importance for the impact of orography on
the wintertime stratospheric circulation. The changes in K stem from changes in the circulation of the upper
troposphere associated with the various orographic features. As shown by White et al. (2017), the Mongolian
mountains have a greater impact on the upper tropospheric wintertime circulation than the Tibetan plateau.

3.4. Impacts on Major Sudden Stratospheric Warmings and Stratospheric Variability

By changing the climatological mean flow and propagation of wave activity, the presence of mountains
affects the frequency of major SSWs. The first column of Table 1 shows the SSW frequency in the different
experiments, using a standard definition of SSWs (see section 2.3). Without the Mongolian mountains, the
frequency of SSWs drops from 0.6 SSWs per year to 0.08. Removing the Tibetan mountains also reduces the
frequency of SSWs, albeit weakly compared to the Mongolian mountains, while removing the Rockies has no
statistically significant impact. The presence of mountains causes no significant change in the date of the sea-
sonal vortex breakdown at the end of polar winter, as defined by Black and McDaniel (2007) (at 10 mb); the
delay in the switch from westerlies to easterlies when the orography is not present, as seen in Figure S3 in the
supporting information, is not statistically significant with 40 years of data. Reductions in both displacement
and split SSWs occur when the Mongolian or Tibetan mountains are removed; however, given the strong
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bias toward displacement events in this version of the model (and subse-

;::vl:v;ry of SSW Frequency in the CTL Simulation and the Three “No Mountain” quently the small number of split events), the effect of mountains on the
Experiments ratio of splits to displacements cannot be robustly determined.

Experiment SSW frequency SSW 5 frequency This decrease in SSW frequency could be caused by a decrease in the
CTL 0.60 (0.09) 0.60 (0.09) variability of t when mountains are removed, or simply to the increased cli-
No Mongolia 0.08 (0.04) 030 (0.08) matological mean flow (with no change in variability) as u must decrease
No Tibet 0.07) 0.40 (0.09) by a larger value to reach the 0 m s=' threshold. To study the relative impor-
No Rockies 0.70(0.10) 063 (0.09) tance of these two aspects, we create a new SSW definition to remove the

Note. The second column is the frequency of SSWs based on the standard
definition. The third column is the SSW,; frequency: SSWs defined as a
decrease of AU = 28.1 m s~ from the DJF climatological mean flow for each

influence of the change in climatological flow: instead of a fixed u thresh-
old of 0 m s™', we define an SSW as a specified deviation in u (Au) from
the DJF climatological value for each simulation. We take Au to be the dif-

simulation; see text for further details. Values in parentheses give 1 standard ference between the DJF climatological mean value in the CTL simulation
error based on Charlton and Polvani (2007). (28.1m s™") and 0 m s, By this new definition, the frequency of SSWs only

drops from 0.6 per year in the CTL simulation to 0.30 per year when the

Mongolia mountains are removed, while the standard definition renders
0.08 per year without the Mongolian mountains (compare columns in Table 1). Thus, approximately half of
the decrease in SSW frequency when the mountains are removed is due to a simple increase in the mean u,
with the other half from a decrease in the variability of u.

Lastly, we examine how the anomalies associated with the presence of the Mongolian mountains compare
with anomalies associated with SSWs in the CTL simulation and ERA-Interim reanalysis data. We show the
difference in K and EP fluxes in winters with at least one SSW relative to winters with no SSWs in WACCM
and observations (Figures 3a and 3c). We also calculate a composite of K5 and EP fluxes during all days in SSW
maturation phases, defined as the 10 days prior to the minimum in u at 60°N, 10 hPa (Figures 3b and 3d); this
is the period during which u is decreasing most rapidly. Three conclusions are drawn from Figure 3. First, the
anomalies in K and EP fluxes associated with SSWs in WACCM are relatively similar to those in observations
(cf. Figures 3a with 3c and 3b with 3d). Second, as expected, the transient anomalies in K; and EP fluxes due
to SSW events have a very similar spatial structure to the seasonal average values associated with winters in
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Figure 3. K and Eliassen-Palm flux vectors (m?2 572) associated with sudden stratospheric warmings (SSWs) in (a, b) CTL
and (c, d) ERA-Interim. (a, ¢) SSW-winter anomalies— composite of all DJF daily values for seasons with at least one SSW
minus that for seasons with no SSWs. (b, d) Composite anomalies during the growth phase of SSWs (relative to DJF
composite for seasons with no SSWs). All values are calculated on daily data before time averaging. Note changes in
scales between top and bottom rows.
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which SSW occur relative to winters with no SSWs in both WACCM and observations (cf. Figure 3a with 3b
and 3c with 3d; note changes in scales). Finally, there is a high degree of similarity between the response
to Mongolia and these SSW-associated anomalies (cf. Figure 3 with Figure 2f), with poleward EP fluxes in
the upper troposphere/lower stratosphere, an increase in vertical EP flux centered around 60°N, and general
increases in K in the stratosphere with alocal maximum near the pole between 200 and 10 hPa. Corresponding
changes in u and EP flux divergence are shown in Figure S5. Our results are consistent with the conclusion
that SSWs are associated anomalous poleward propagation of wave activity, and with K conditions that are
more conducive to this propagation pathway.

4. Discussion and Conclusions

This study uses the WACCM model to examine the relative importance of the three major NH orographic
features in shaping Northern Hemisphere (NH) stratospheric circulation. The Mongolian mountains, located
north of the higher altitude and more expansive Tibetan plateau and Himalaya, have the greatest impact on
NH wintertime stratospheric flow, reducing the strength of the stratospheric jet by a third. The impact of the
Tibetan plateau and Himalaya is similar, although with half the magnitude. The Rocky Mountains have no
significant impact on stratospheric flow. The frequency of SSWs decreases when the Mongolian or Tibetan
mountains are removed, partially because the threshold of 0 m s~ is more difficult to reach from a faster mean
flow, and partially because the variability of u decreases without the mountains.

The orography-induced changes in zonal mean zonal wind are consistent with anomalous EP flux divergence,
indicating that resolved wave-mean-flow interactions are key for the stratospheric response to orography. The
presence of mountains has a strong impact on wave propagation paths, which affects the EP flux divergence.
Orography-induced changes in K, the Rossby refractive index, exhibit meridional gradients that should
increase poleward propagation of waves, increasing convergence. We conclude that orographically induced
changes in background (upper tropospheric) flow, not changes in the amplitude of stratospheric transient or
stationary wave activity (e.g., Plumb, 1981), are the dominant cause of mountain-induced changes in EP flux
divergence.

The decrease in u from the increased EP flux convergence will generally act to reinforce the local changes
in refractive index. This highlights a positive feedback mechanism in troposphere-stratosphere coupling: the
K¢ anomalies associated with initial decreases in U alter wave propagation pathways, leading to greater EP
flux convergence in the stratosphere, further slowing winds. Mongolia-induced changes in EP fluxes and
refractive index are found to be similar in pattern to anomalies associated with SSWs in the WACCM model
and ERA-Interim reanalysis. EP fluxes associated with SSWs also show anomalous poleward propagation in
the upper troposphere from 22 days prior to an SSW, with anomalous vertical fluxes centered around 70°N
(Limpasuvan et al., 2004), similar to the response we find to the Mongolian mountains. Our results therefore
suggest a role for positive K feedbacks in SSW events.

Different mountain ranges have substantially different impacts on the stratospheric circulation, with oro-
graphic height clearly not the most important factor. White et al. (2017) show that the Mongolian mountains
have a stronger impact on the DJF tropospheric jet than the Tibetan plateau, due to the latitudinal distribu-
tion of impinging wind, and potential vorticity gradient, both affecting the near-field response strength; and
the horizontal distribution of K; affecting propagation pathways. The peak of the Rocky Mountains lies at a
latitude between the Mongolian and Tibetan mountains (Figure 1); however, the Rocky Mountains have no
significant impact on stratospheric u. Whether this is due to the shape of the orography or from zonal varia-
tions in flow or wave propagation, is yet to be determined. It is worth noting that Mongolia has a particularly
large impact on the upper tropospheric flow in the North Pacific (White et al., 2017), a region thought to be
particularly important for SSWs (e.g., Garfinkel et al., 2012). The region over Eastern Asia and the North Pacific
has been previously highlighted regarding longitudinal asymmetries in the stratosphere (Kozubek et al., 2015;
Sacha et al., 2015).

There is alarge hemispheric asymmetry in stratospheric flow, with a slower and more variable jet in the North-
ern Hemisphere, and SSWs an extremely rare occurrence in the Southern Hemisphere (SH) (Thompson et al.,
2005). These differences are typically attributed to differences in orography and/or zonal gradients in dia-
batic heating (i.e., land-sea distribution). Our results give further insight into the relative importance of these
asymmetries: comparison of the mean speed and variability of the SH stratosphere wintertime (JJA) jet
with those of the NH wintertime jet in a simulation without any orography worldwide suggests that the
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mean speed of the jet is impacted predominantly by the orography, while the variability about this mean is
affected both by the orography and the zonal gradients in diabatic heating (see Figure S6 in the supporting
information).

Along with the changes in stratospheric circulation, these model experiments also show that springtime
ozone over the NH pole (70-90°N) increases by up to 80 DU (20%) with the presence of the Mongolian moun-
tains (see Figure S7 in the supporting information). This mountain effect is approximately half the magnitude
of the SH ozone reduction since the 1950s (Solomon, 1999). This mountain-induced increase in ozone is likely
a combination of chemistry and dynamics: the mountain-induced increase in stratospheric polar tempera-
tures results in reduced ozone loss from ozone-depleting substances such as CFCs (Solomon, 1999), while
an increase in the Brewer-Dobson circulation suggests an increase in troposphere-stratosphere transport of
ozone (not shown). Further work investigating the role of mountains on stratospheric ozone may be of interest
to paleoclimate studies.

Our results show that the boreal winter stratospheric circulation is significantly shaped by the presence of the
Mongolian mountains, due to their impact on the upper tropospheric mean flow and subsequent impacts
on wave propagation pathways. Thus, the stratospheric circulation, and its variability, may be sensitive to
changes in the flow impinging on Mongolia under past climates with differing orography, such as Last Glacial
Maximum conditions, or in a future, warmer, climate.

References

Andrews, D. G., & McIntyre, M. E. (1976). Planetary waves in horizontal and vertical shear: The generalized Eliassen-Palm
relation and the mean zonal acceleration. Journal of the Atmospheric Sciences, 33(11), 2031-2048. https://doi.org/
10.1175/1520-0469(1976)033<2031:PWIHAV>2.0.CO;2

Andrews, D. G, Holton, J. R, & Leovy, C. B. (1987). Middle atmopshere dynamics (489 pp.). New York: Academic Press.

Baldwin, M. P, & Dunkerton, T. J. (1999). Propagation of the Arctic Oscillation from the stratosphere to the troposphere. Journal of
Geophysical Research, 104(D24), 30,937 -30,946. https://doi.org/10.1029/1999JD900445

Baldwin, M. P, & Dunkerton, T. J. (2001). Stratospheric harbingers of anomalous weather regimes. Science, 294(5542), 581-584.
https://doi.org/10.1126/science.1063315

Black, R. X., & McDaniel, B. A. (2007). The dynamics of Northern Hemisphere stratospheric final warming events. Journal of the Atmospheric
Sciences, 64(8), 2932-2946. https://doi.org/10.1175/JAS3981.1

Butler, A. H,, Sjoberg, J. P, Seidel, D. J., & Rosenlof, K. H. (2017). A sudden stratospheric warming compendium. Earth System Science Data,
9(1), 63-76. https://doi.org/10.5194/essd-9-63-2017

Charlton, A. J., & Polvani, L. M. (2007). A new look at stratospheric sudden warmings. Part I: Climatology and modeling benchmarks. Journal
of Climate, 20(3), 449-469. https://doi.org/10.1175/JCLI3996.1

Charney, J. G., & Drazin, P. G. (1961). Propagation of planetary-scale disturbances from the lower into the upper atmosphere. Journal of
Geophysical Research, 66, 83-109. https://doi.org/10.1029/JZ066i001p00083

Charney, J. G,, & Eliassen, A. (1949). A numerical method for predicting the perturbations of the middle latitude westerlies. Tellus, 1(2),
38-54. https://doi.org/10.1111/j.2153-3490.1949.tb01258.x

Cohen, N. Y., Edwin P. G,, & Oliver B. (2013). Compensation between resolved and unresolved wave driving in the stratosphere: Implications
for downward control. Journal of the Atmospheric Sciences, 70(12), 3780-3798. https://doi.org/10.1175/JAS-D-12-0346.1

de la Torre, L., Garcia, R. R., Barriopedro, D., & Chandran, A. (2012). Climatology and characteristics of stratospheric sudden warmings in the
whole atmosphere community climate model. Journal of Geophysical Research, 117, D04110. https://doi.org/10.1029/2011JD016840

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P, Poli, P, Kobayashi, S., et al. (2011). The ERA-Interim reanalysis: Configuration and
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656), 553-597.

Edmon, H. J., Hoskins, B. J., & MclIntyre, M. E. (1980). Eliassen-Palm cross sections for the troposphere. Journal of the Atmospheric Sciences,
37(12), 2600-2616. https://doi.org/10.1175/1520-0469(1980)037 <2600:EPCSFT>2.0.CO;2

Eliassen, A., & Palm, E. (1961). On the transfer of energy in stationary mountain waves. Geofysiske Publikasjoner, 22(3), 1-23.
https://doi.org/10.1002/qj.49707934103

Garfinkel, C. ., Butler, A. H., Waugh, D. W., Hurwitz, M. M., & Polvani, L. M. (2012). Why might stratospheric sudden warmings occur with
similar frequency in El Nifio and La Nifia winters? Journal of Geophysical Research, 117, D19106. https://doi.org/10.1029/2012JD017777

Gerber, E. P, & Polvani, L. M. (2009). Stratosphere-troposphere coupling in a relatively simple AGCM: The importance of stratospheric
variability. Journal of Climate, 22(8), 1920-1933. https://doi.org/10.1175/2008JCLI2548.1

Gerber, E. P, Orbe, C., & Polvani, L. M. (2009). Stratospheric influence on the tropospheric circulation revealed by idealized ensemble
forecasts. Geophysical Research Letters, 36, L24801. https://doi.org/10.1029/2009GL040913

Hoskins, B., & Ambrizzi, T. (1993). Rossby-wave propagation on a realistic longitudinally varying flow. Journal of the Atmospheric Sciences,
50(12),1661-1671. https://doi.org/10.1175/1520-0469(1993)050<1661:RWPOAR>2.0.CO;2

Hoskins, B. J., & James, I. N. (2014). Fluid dynamics of the mid-latitude atmosphere. Hoboken, NJ: John Wiley.

Hoskins, B. J., & Karoly, D. J. (1981). The steady linear response of a spherical atmosphere to thermal and orographic forcing. Journal of the
Atmospheric Sciences, 38(6), 1179-1196. https://doi.org/10.1175/1520-0469(1981) 038<1179:tslroa>2.0.co;2

Hu, Y. Y, & Tung, K. K. (2002). Interannual and decadal variations of planetary wave activity, stratospheric cooling, and Northern Hemisphere
annular mode. Journal of Climate, 15(13), 1659-1673. https://doi.org/10.1175/1520-0442(2002)015<1659:iadvop>2.0.co;2

Hurrell, J. W., Hack, J. J., Shea, D., Caron, J. M., & Rosinski, J. (2008). A new sea surface temperature and sea ice boundary dataset for the
community atmosphere model. Journal of Climate, 21(19), 5145-5153. https://doi.org/10.1175/2008jcli2292.1

Karoly, D. J., & Hoskins, B. J. (1982). Three dimensional propagation of planetary waves. Journal of the Meteorological Society of Japan. Ser. Il
60(1), 109-123. https://doi.org/10.2151/jmsj1965.60.1_109

WHITEETAL.

2095


https://doi.org/10.1175/1520-0469(1976)033%3C2031:PWIHAV%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1976)033%3C2031:PWIHAV%3E2.0.CO;2
https://doi.org/10.1029/1999JD900445
https://doi.org/10.1126/science.1063315
https://doi.org/10.1175/JAS3981.1
https://doi.org/10.5194/essd-9-63-2017
https://doi.org/10.1175/JCLI3996.1
https://doi.org/10.1029/JZ066i001p00083
https://doi.org/10.1111/j.2153-3490.1949.tb01258.x
https://doi.org/10.1175/JAS-D-12-0346.1
https://doi.org/10.1029/2011JD016840
https://doi.org/10.1175/1520-0469(1980)037%3C2600:EPCSFT%3E2.0.CO;2
https://doi.org/10.1002/qj.49707934103
https://doi.org/10.1029/2012JD017777
https://doi.org/10.1175/2008JCLI2548.1
https://doi.org/10.1029/2009GL040913
https://doi.org/10.1175/1520-0469(1993)050%3C1661:RWPOAR%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1981) 038%3C1179:tslroa%3E2.0.co;2
https://doi.org/10.1175/1520-0442(2002)015%3C1659:iadvop%3E2.0.co;2
https://doi.org/10.1175/2008jcli2292.1
https://doi.org/10.2151/jmsj1965.60.1_109

@AG U Geophysical Research Letters 10.1002/2018GL077098

Kidston, J., Scaife, A. A, Hardiman, S. C., Mitchell, D. M., Butchart, N., Baldwin, M. P, & Gray, L. J. (2015). Stratospheric influence on
tropospheric jet streams, storm tracks and surface weather. Nature Geoscience, 8(6), 433-440. https://doi.org/10.1038/nge02424

Kozubek, M., Krizan, P, & Lastovicka, J. (2015). Northern Hemisphere stratospheric winds in higher midlatitudes: Longitudinal distribution
and long-term trends. Atmospheric Chemistry and Physics, 15(4), 2203-2213. https://doi.org/10.5194/acp-15-2203-2015

Kushner, P. J., & Polvani, L. M. (2004). Stratosphere-troposphere coupling in a relatively simple AGCM: The role of eddies. Journal of Climate,
17(3), 629-639. https://doi.org/10.1175/1520-0442(2004)017<0629:SCIARS>2.0.CO;2

Li, Q. Graf, H.-F, & Giorgetta, M. A. (2007). Stationary planetary wave propagation in Northern Hemisphere winter— Climatological analysis
of the refractive index. Atmospheric Chemistry and Physics, 7(1), 183-200. https://doi.org/10.5194/acp-7-183-2007

Li, Q, Graf, H.-F,, & Cui, X. (2011). The role of stationary and transient planetary waves in the maintenance of stratospheric polar vortex
regimes in Northern Hemisphere winter. Advances in Atmospheric Sciences, 28(1), 187 -194. https://doi.org/10.1007/s00376-010-9163-7

Limpasuvan, V., Thompson, D. W. J., & Hartmann, D. L. (2004). The life cycle of the Northern Hemisphere sudden stratospheric warmings.
Journal of Climate, 17(13), 2584-2596. https://doi.org/10.1175/1520-0442(2004)017<2584:TLCOTN>2.0.CO;2

Marsh, D. R, Mills, M. J,, Kinnison, D. E., Lamarque, J.-F,, Calvo, N., & Polvani, L. M. (2013). Climate change from 1850 to 2005 simulated in
CESM1(WACCM). Journal of Climate, 26(19), 7372-7391. https://doi.org/10.1175/JCLI-D-12-00558.1

Matsuno, T. (1971). A dynamical model of the stratospheric sudden warming. Journal of the Atmospheric Sciences, 28(8), 1479-1494.
https://doi.org/10.1175/1520-0469(1971)028<1479:ADMOTS>2.0.CO; 2

Newman, P. A,, & Nash, E. R. (2005). The unusual Southern Hemisphere stratosphere winter of 2002. Journal of the Atmospheric Sciences,
62(3), 614-628. https://doi.org/10.1175/JAS-3323.1

Plumb, R. A. (1981). Instability of the distorted polar night vortex: A theory of stratospheric warmings. Journal of the Atmospheric Sciences,
38(11), 2514-2531. https://doi.org/10.1175/1520-0469(1981)038<2514:10TDPN>2.0.CO;2

Polvani, L. M., & Kushner, P. J. (2002). Tropospheric response to stratospheric perturbations in a relatively simple general circulation model.
Geophysical Research Letters, 29(7), 1114. https://doi.org/10.1029/2001GL014284

Richter, J. H., Sassi, F.,, & Garcia, R. R. (2010). Toward a physically based gravity wave source parameterization in a general circulation model.
Journal of the Atmospheric Sciences, 67(1), 136-156. https://doi.org/10.1175/2009JAS3112.1

Sacha, P, Kuchat, A., Jacobi, C., & Pi3oft, P. (2015). Enhanced internal gravity wave activity and breaking over the northeastern Pacific-eastern
Asian region. Atmospheric Chemistry and Physics, 15(22), 13,097 -13,112. https://doi.org/10.5194/acp-15-13097-2015

Scinocca, J. F, & Haynes, P. H. (1998). Dynamical forcing of stratospheric planetary waves by tropospheric baroclinic eddies. Journal of the
Atmospheric Sciences, 55(14), 2361-2392. https://doi.org/10.1175/1520-0469(1998) 055<2361:DFOSPW>2.0.CO;2

Sheshadri, A., Plumb, R. A., & Gerber, E. P. (2015). Seasonal variability of the polar stratospheric vortex in an idealized AGCM with varying
tropospheric wave forcing. Journal of the Atmospheric Sciences, 72(6), 2248-2266. https://doi.org/10.1175/JAS-D-14-0191.1

Smagorinsky, J. (1953). The dynamical influence of large-scale heat sources and sinks on the quasi-stationary mean motions of the
atmosphere. Quarterly Journal of the Royal Meteorological Society, 79(341), 342-366. https://doi.org/10.1002/qj.49707934103

Solomon, S. (1999). Stratospheric ozone depletion: A review of concepts and history. Reviews of Geophysics, 37(3), 275-316.
https://doi.org/10.1029/1999RG900008

Taguchi, M., & Hartmann, D. L. (2006). Increased occurrence of stratospheric sudden warmings during El Nifio as simulated by WACCM.
Journal of Climate, 19(3), 324-332. https://doi.org/10.1175/JCLI3655.1

Thompson, D. W. J., Baldwin, M. P, & Solomon, S. (2005). Stratosphere -troposphere coupling in the Southern Hemisphere. Journal of the
Atmospheric Sciences, 62(3), 708-715. https://doi.org/10.1175/JAS-3321.1

Waugh, D. W., & Polvani, L. M. (2010). Stratospheric polar vortices. In L. M. Polvani, A. H. Sobel, & D. W. Waugh (Eds.), The stratosphere:
Dynamics, transport, and chemistry (pp. 43-57). Washington, DC: American Geophysical Union. https://doi.org/
10.1002/9781118666630.ch3

White, R. H., Battisti, D. S., & Roe, G. H. (2017). Mongolian Mountains matter most: Impacts of the latitude and height of Asian orography on
Pacific wintertime atmospheric circulation. Journal of Climate, 39, 4065 -4082. https://doi.org/10.1175/JCLI-D-16-0401.1

WHITE ET AL.

2096


https://doi.org/10.1038/ngeo2424
https://doi.org/10.5194/acp-15-2203-2015
https://doi.org/10.1175/1520-0442(2004)017%3C0629:SCIARS%3E2.0.CO;2
https://doi.org/10.5194/acp-7-183-2007
https://doi.org/10.1007/s00376-010-9163-7
https://doi.org/10.1175/1520-0442(2004)017%3C2584:TLCOTN%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-12-00558.1
https://doi.org/10.1175/1520-0469(1971)028%3C1479:ADMOTS%3E2.0.CO; 2
https://doi.org/10.1175/JAS-3323.1
https://doi.org/10.1175/1520-0469(1981)038%3C2514:IOTDPN%3E2.0.CO;2
https://doi.org/10.1029/2001GL014284
https://doi.org/10.1175/2009JAS3112.1
https://doi.org/10.5194/acp-15-13097-2015
https://doi.org/10.1175/1520-0469(1998) 055%3C2361:DFOSPW%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0191.1
https://doi.org/10.1002/qj.49707934103
https://doi.org/10.1029/1999RG900008
https://doi.org/10.1175/JCLI3655.1
https://doi.org/10.1175/JAS-3321.1
https://doi.org/10.1002/9781118666630.ch3
https://doi.org/10.1002/9781118666630.ch3
https://doi.org/10.1175/JCLI-D-16-0401.1

	Abstract
	Plain Language Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


