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ABSTRACT: The impact of global orography on Northern Hemisphere wintertime climate is revisited using the Whole
Atmosphere Community Climate Model, version 6 (WACCMS6). A suite of experiments explores the roles of both resolved
orography and the parameterized effects of unresolved orographic drag (hereafter parameterized orography), including
gravity waves and boundary layer turbulence. Including orography reduces the extratropical tropospheric and stratospheric
zonal mean zonal wind U by up to 80%:; this is substantially greater than previous estimates. Ultimately, parameterized
orography accounts for 60%-80% of this reduction; however, away from the surface most of the forcing of U by param-
eterized orography is accomplished by resolved planetary waves. We propose that a catalytic wave—mean-flow positive
feedback in the stratosphere makes the stratospheric flow particularly sensitive to parameterized orography. Orography and
land-sea contrast contribute approximately equally to the strength of the midlatitude stationary waves in the free tropo-
sphere, although orography is the dominant cause of the strength of the Siberian high and Aleutian low at the surface and of
the position of the Icelandic low. We argue that precisely quantifying the role of orography on the observed stationary waves
is an almost intractable problem, and in particular should not be approached with linear stationary wave models in which
U is prescribed. We show that orography has less impact on stationary waves, and therefore on U, on a backward-rotating
Earth. Last, we show that atmospheric meridional heat transport shows remarkable constancy across our simulations,
despite vastly different climates and stationary wave strengths.

KEYWORDS: Atmosphere; Northern Hemisphere; Atmospheric circulation; Stationary waves; Stratospheric circulation;
General circulation models

1. Introduction Earth’s atmospheric stationary waves are manifest in the
planetary-scale wavelike structures in climatological sea level
pressure or geopotential height. In the NH the dominant fea-
tures of the wintertime stationary waves are so prominent they
have been given names: the Aleutian low, the Icelandic low,
and the Siberian high. The forcing of stationary waves is mainly
by orography (Charney and Eliassen 1949; Bolin 1950) and
zonal asymmetries in atmospheric diabatic heating associated
with land-sea temperature contrasts (e.g., Smagorinsky 1953;
Manabe and Terpstra 1974; Hoskins and Karoly 1981; Valdes
and Hoskins 1991). In addition, orography can also influence
diabatic heating, affecting the stationary waves (Chang 2009).
Surface heat fluxes associated with ocean currents can also
play a modifying role (Garfinkel et al. 2020).

From the 1980s to 2010 numerous studies examined the
relative contributions of “‘orographic’ and “‘thermal” forcing
to the observed stationary waves, attempting to quantify the
role of orography. This research, collectively using linear and
nonlinear stationary wave models, as well as full general cir-

Denotes content that is immediately available upon publica- culation models (GCMs), finds that orography produces any-
tion as open access. where between 30% and 66% of the observed stationary wave
amplitude (Held 1983; Chen and Trenberth 1988a,b; Nigam

et al. 1988; Valdes and Hoskins 1989), with recent estimates

& Supplementa} informaFion related to .this paperisavailableat (o4 the lower end of this range (Ting et al. 2001; Held et al.
the Journals Online website: https://doi.org/10.1175/JAS-D-20- 2002; Chang 2009). The large range of results can be at least

Since the middle of the twentieth-century orography has
been known to have a substantial impact on large-scale cir-
culation and stationary waves (Charney and Eliassen 1949;
Bolin 1950). Orography subsequently affects regional climates
around the world, as reflected in the climatology of surface
temperatures (Seager et al. 2002) and precipitation (Broccoli
and Manabe 1992; Wills and Schneider 2015). Traditionally the
North American Cordillera (or Rocky Mountains) and the
Tibetan Plateau and Himalaya have been considered the most
important topographic features influencing atmospheric flow
(e.g., Held et al. 2002). However, recent work suggests that
the smaller Mongolian plateau to the north of the Himalaya
is the most important region of Northern Hemisphere (NH)
orography during boreal winter, due to its location within
the latitude of strong near-surface zonal winds (White et al.
2017, 2018).

0300.s1. partially understood from differences in the background flow
into which the orography was placed, including differences in
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1990; Ringler and Cook 1995; Held et al. 2002), as well as
model differences in atmospheric dissipation strength and
imposed drag (Valdes and Hoskins 1989). Additionally, as
suggested by Held et al. (2002) and shown by Chang (2009),
orography impacts the patterns of atmospheric diabatic
heating, and thus a separation of the stationary waves into
contributions from “orography’’ and ‘‘thermal” forcing is not a
well-posed problem. Indeed, using an intermediate complexity
GCM Garfinkel et al. (2020) show that such strong nonline-
arities exist between different forcing mechanisms of the sta-
tionary waves, that, over the Pacific, the linear addition of
the sources gives a response of different sign to the full
nonlinear result. Garfinkel et al. (2020) also show that zonal
asymmetries in ocean heat fluxes play a small, but not in-
significant, role through their influence on the distribution
of sea surface temperatures (SSTs). Using a comprehensive
GCM Brayshaw et al. (2008, 2009) explored the influence of
idealized landmasses (e.g., rectangular continents), orography
(e.g., Gaussian shaped mountains), and SST gradients. In this
study we focus only on the influence of present-day orography
versus land-sea contrast.

In comparison with stationary waves, less attention has been
paid to the impact of orography on the axisymmetric (zonal
mean) flow. Held et al. (2002) notes that the structure of the
tropospheric zonal mean zonal wind U, in particular the sub-
tropical tropospheric jets, is broadly similar between the
Northern Hemisphere and Southern Hemisphere (SH), sug-
gesting that the orography of the NH has relatively little impact
in the troposphere. This is consistent with early modeling results
(Manabe and Terpstra 1974). Conversely, a strong asymmetry
exists between the wintertime zonal mean stratospheric jets in
each hemisphere, caused by large differences in planetary wave
activity generated by land-sea contrasts and orography (Waugh
and Polvani 2010; White et al. 2018). Early modeling results
suggested that orography reduces the speed of the NH winter
stratosphere jet by approximately 15% (Manabe and Terpstra
1974); however, using a modern GCM White et al. (2018) find
that the presence of the “Mongolian mountains” of Asia alone
reduces stratospheric U in winter by up to 40%. The parame-
terization of the sub-grid-scale orography, which has been much
improved in recent models, has been shown to be critical for
correctly simulating the effects of orography on the zonal mean
wind (Palmer et al. 1986; Sandu et al. 2016) as well as the general
circulation, including stationary waves (Wallace et al. 1983;
Sigmond and Scinocca 2010).

Multiple mechanisms exist for how orography impacts the
stationary waves and axisymmetric flow. Orography acts as a
large-scale obstruction to the flow, creating stationary waves
(Charney and Eliassen 1949; Bolin 1950); these stationary
waves can also influence the axisymmetric flow through wave—
mean-flow interactions (Eliassen and Palm 1961; Charney and
Drazin 1961; Andrews and MclIntyre 1976; Edmon et al. 1980).
Other impacts of orography on the circulation that are at least
partially resolved in models include orographic pressure tor-
que, created by gradients in pressure between the western and
eastern flanks of mountains (e.g., Wahr and Oort 1984), and
differential heating (both radiative and latent) caused by
orography (e.g., Ringler and Cook 1995; Wills and Schneider
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2018). Orography also affects circulation through sub-grid-
scale impacts that must be parameterized at the resolution of
past and current GCMs (e.g., Wallace et al. 1983; Boer et al.
1984). Sandu et al. (2016) give a thorough description of the
sub-grid-scale effects of orography and their typical represen-
tation in atmospheric models. In short, parameterized physics
typically include: the forcing of gravity waves, which break
close to the surface as well as in the upper atmosphere affecting
the circulation (e.g., Boer et al. 1984; McFarlane 1987; Miller
et al. 1989; Shaw et al. 2009) and the deceleration of the near-
surface flow by turbulent or frictional small-scale processes,
including sub-grid-scale blocking of flow (e.g., Webster et al.
2003; Pithan et al. 2016; Sandu et al. 2019). Parameterizing the
sub-grid-scale effects of orographic affects both atmospheric
U (Richter et al. 2010; Sandu et al. 2016; Lindvall et al. 2017;
van Niekerk et al. 2018) and the stationary waves (e.g., Wallace
et al. 1983; Sigmond and Scinocca 2010; van Niekerk et al. 2017
Sandu et al. 2019). The representation of such processes within
GCMs has improved in recent years, through both increased
resolution and improved parameterizations (e.g., Beljaars et al.
2004; Garcia et al. 2007; Richter et al. 2010; Garcia et al. 2017),
although limitations and biases still exist (Sandu et al. 2019).
Given such model improvements, the time seems ripe to
reevaluate the role that orography plays in the wintertime
climate using a state-of-the-art climate model.

We perform a comprehensive series of experiments using
NCAR’s Whole Atmosphere Community Climate Model,
version 6 (WACCMO), in which global mountains are re-
moved, with and without the simultaneous removal of sub-
grid-scale orography. Setting the sub-grid-scale orography to
zero removes the effects of unresolved orographic drag pa-
rameterized in WACCMBS, including gravity waves, nonlinear
surface drag, and turbulent form drag; hereafter, we refer to
this as the response to “‘parameterized orographic drag,” or,
for brevity, ‘““parameterized orography.” We quantify the role
of both resolved and parameterized orography on the winter-
time (December—February in the NH) axisymmetric flow and
stationary waves. We briefly discuss the sensitivity to the
treatment of sea surface temperatures in section 4. Through
analysis of additional mountain/no-mountain experiments in
simulations in which Earth is rotated backward, we highlight
the strong sensitivity of the orographic response to rotation
direction, showing that the current distribution of orography
on our planet relative to the coastlines seems to produce a
particularly strong orographic response.

2. Models and experiments

We use the WACCMS6, a dynamical atmosphere model
with 70 vertical levels, including a well-resolved stratosphere
(Gettelman et al. 2019). In addition to high vertical resolu-
tion in the upper atmosphere, the WACCM has sophisticated
parameterizations of the drag from unresolved orography
(Gettelman et al. 2019). Effects of unresolved orography are
parameterized by two separate schemes: a turbulent oro-
graphic form drag (TOFD) scheme, which parameterizes the
boundary layer form drag (Beljaars et al. 2004), and a scheme,
which parameterizes the effects of gravity wave drag on both
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the near-surface and upper atmosphere, and incorporates near-
surface nonlinear drag processes (Scinocca and McFarlane
2000). These parameterizations, although sophisticated, re-
main estimates of the true impact of unresolved orography.
In addition to gravity waves forced by sub-grid-scale orogra-
phy, the WACCMS6 includes parameterization of frontal and
convectively generated gravity waves (Gettelman et al. 2019;
Richter et al. 2010).

For our main simulations a horizontal resolution of 0.9° X
1.25° (hereafter ~1°) is used. All simulations have atmospheric
constituent values of the present day (circa year 2000), and the
SSTs are fixed to a seasonally varying observed climatology
from the late twentieth century (Hurrell et al. 2008). The
WACCMS6 model reproduces tropospheric and stratospheric
circulations well, including stratospheric variability in the form
of sudden stratospheric warmings (Gettelman et al. 2019).
Throughout this paper we further evaluate the WACCM by
comparing it with the ERA-Interim data (ERA-I; Dee
et al. 2011).

To investigate the role of orography in shaping the zonal
mean flow and stationary waves four WACCMS6 simulations
are performed: CTL, no mountain (NM), CTLgneotn, and
NM;ougn. The CTL simulation has present-day topography,
while the NM simulation has all topography flattened to sea
level. In addition to flattening the resolved orography in the
NM experiment, we reduce all boundary condition variables
associated with sub-grid-scale orographic variability to 0 (the
value over the ocean), effectively switching off all parameter-
ized responses to unresolved orography, including the turbu-
lent orographic form drag, orographic gravity wave drag, and
the nonlinear near-surface drag. The CTLgyo0m €Xperiment
has smooth mountains, i.e., we keep the resolved orography of
CTL, but use the sub-grid-scale orographic variability of NM;
the NM,quen simulation is the opposite to CTLsmooth, i.€., ZeT0
resolved orography but the same sub-grid-scale orographic
variability as CTL. The simulations are 20 years in length
(following a 1-yr spinup period). All responses analyzed in this
study are large relative to the interannual variability, and so
20 years is found to be sufficient to obtain a robust signal (not
shown). Significance testing confirms that this is true even in the
stratosphere, where interannual variability is relatively large.
We run sensitivity experiments at 1.9° X 2.5° (hereafter ~2°) to
test the sensitivity of our results to horizontal resolution. We
also run sensitivity experiments using an earlier version of the
model, the WACCM4, which uses different parameterizations
of the unresolved orography. Our conclusions are unchanged
by these changes in resolution or model version (results pre-
sented in the online supplemental material).

Orographic forcing can also influence SSTs through air—sea
heat fluxes (Okajima and Xie 2007; Chang 2009); this may af-
fect the impact of orography on diabatic heating, although
historically this effect has been considered to be small (Held
1983). Additionally, changes in SSTs may alter circulation
patterns and thus the winds impinging on orography; this can
affect the atmospheric response to orography. We repeat some
of our key simulations with the atmosphere model coupled to a
slab ocean, which allows the SSTs to adjust to changes in air—
sea heat fluxes; this has little impact on our conclusions. These
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results are not shown, but are discussed briefly in section 4.
Mountains are also known to affect ocean circulation (Kitoh
2002; Sinha et al. 2012) through impacts on wind stress and
freshwater fluxes (Warren 1983; Emile-Geay 2003), which can
further affect surface heat fluxes. Here we focus on the dy-
namical atmospheric response to global mountain ranges and
do not consider dynamical ocean changes.

3. Results

In section 3a we present the effects of orography on the
wintertime axisymmetric flow, including a separation of the
impacts of resolved orography and parameterized orographic
drag, and compare the relative importance of different mech-
anisms. Following this, in section 3b we present the impacts of
orography on wintertime stationary waves.

a. Zonal mean response to orography

Orography substantially decelerates NH wintertime zonal
mean zonal wind U (overbar denotes zonal mean) through-
out most of the extratropical troposphere and stratosphere.
Figure 1 shows ERA-I and WACCM pole-to-pole meridional
cross sections of U. Winter is shown for each hemisphere, i.e.,
DJF in the NH and JJA in the SH. The WACCM reproduces
the general structure of wintertime U in both hemispheres well
(cf. Figs. 1a and 1b), including the difference in the strength of
the NH and SH stratospheric jets. The NM fields (Fig. 1c) have
remarkable symmetry between the NH and SH, showing that
orography dominates over land-sea contrast in producing the
hemispheric differences in the stratospheric winter jet (see also
White et al. 2018). As implied by the comparable magnitudes
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FIG. 2. (a)—(c) DJF U, (d)—(f) orographic gravity wave drag, and (g)—(i) EP fluxes and their divergence for (top) CTL, (middle) NM, and
(bottom) the response to orography CTL — NM. In (f) and (i), the total CTL — NM change in U, repeated from (c), is shown in black

contours (interval of Sms™!

, with negative dashed and zero contour bold). Note the nonlinear color scale (d)—(i). For display of the EP

flux vectors (arrows) in both the troposphere and stratosphere we follow the scaling of Edmon et al. (1980) for log-pressure coordinates,
and divide by the square root of 1000/pressure as in Taguchi and Hartmann (2006); the arrows thus cannot be used to estimate divergence.

of the subtropical jets (equatorward of 40°N/S) in the two
hemispheres in both observations/reanalysis data and the CTL
experiment (Figs. 1a,b), the impact of orography on the zonal
mean subtropical jet strength is small (<10% of the CTL
value); however, north of 40° N orography slows down U
throughout the troposphere and stratosphere. Differences are
most noticeable in the stratosphere, where the presence of
orography reduces the stratospheric jet by up to 80% (i.e., to
approximately 20% of the NM jet strength); near the surface U
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is reduced by 50%-80% poleward of 50°N (see Fig. 2 and Fig.
S1 in the online supplementary material for a focus on the
tropospheric change). In the SH there is little impact of to-
pography on U outside of the polar region.

Figure 2 shows NH U (left column) in meters per second,
and the forcing of U by two key components of the response to
orography: parameterized orographic gravity wave drag (cen-
ter column) and resolved wave forcing (right column) in meters
per second per day. Parameterized low-level drag is not shown
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in these figures as the forcing is not an output of WACCM,; the
likely impacts of this forcing are discussed further below. In
Fig. 2 the CTL and NM simulations are shown in the first two
rows, with the effect of orography, i.e., CTL — NM, in the
bottom row. The resolved wave forcing in the right column is
shown by the Eliassen—Palm (EP) wave activity fluxes (arrows)
and their divergence (colors); these are calculated on daily
wintertime data, i.e., for the total (transient and stationary)
resolved wave activity (Eliassen and Palm 1961). The EP flux
arrows are scaled (see figure caption) and thus cannot be used
to estimate divergence/convergence. Convergence of EP flux
signifies a weakening of the zonal mean flow by the waves
(Andrews and McIntyre 1976; Edmon et al. 1980). The forcing
from the gravity wave parameterization (center column) and
EP flux divergence (right column) are shown on the same,
nonlinear, scale. As the atmosphere has different relaxation
time scales at different altitudes, one should not expect the
change in U per unit forcing to be equal throughout the
atmospheric column.

In the free troposphere there is little to no contribution from
gravity wave drag in the CTL simulation (Fig. 2d), as expected,
and a deceleration from resolved EP convergence (Fig. 2g),
consistent with previous research (Edmon et al. 1980; Li et al.
2011). In the stratosphere there is generally deceleration from
both orographic gravity wave forcing and resolved waves, with
stronger forcing from the resolved waves (cf. Figs. 2d,g). In the
NM simulation (second row), there is no orographic gravity
wave drag, and the deceleration from EP flux convergence is
reduced in the stratosphere. In the high-latitude stratosphere,
there is divergence of EP fluxes in the NM simulation,
suggesting a local wave source and acceleration of the zonal
flow by wave activity; this is consistent with observations of
the Southern Hemisphere (e.g., Hartmann et al. 1984; Randel
and Lait 1991).

Figure 2c shows that orography greatly slows down U
poleward of 40°N. This deceleration, while strongest in the
stratosphere, is present throughout the troposphere to the
surface. The change in U seen in this panel is repeated in black
contours in Figs. 2f and 2i. In the stratosphere the CTL — NM
changes in orographic gravity wave forcing (Fig. 2f) are of
smaller amplitude than the changes in resolved wave forcing
(Fig. 2i); however, the parameterized gravity wave drag deceler-
ation acts slightly equatorward of the latitude of maximum de-
celeration (Fig. 2f), and the forcing from EP fluxes slightly
poleward (Fig. 2i), suggesting both play a role in the total decel-
eration. Note that the increased divergence of EP fluxes around
40°N and 200 hPa likely reflects changes in wave propagation in
response to the removal of the orography, not a local wave source.

Other impacts of parameterized orographic drag, including
the drag from the TOFD parameterization and nonlinear
processes near the surface, likely also play a significant role in
the low-level U response to orography. Unfortunately these
forcings are not provided as an output of the WACCM6 model
and so are not included in Fig. 2 or Fig. 3. Lindvall et al. (2017)
use a previous version of the CESM model and find that
switching off a form drag parameterization similar to the
TOFD leads to an increase of up to 2ms ™! in annual mean U
between 40° and 60°N. This implies that the parameterization
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of low-level form drag plays a significant role in the lower-
tropospheric decrease in U of 5-10ms~' in response to
orography (Fig. 2c). Our sensitivity studies show a slightly
enhanced deceleration from parameterized orographic drag in
the WACCMEG6 relative to the WACCM4, particularly near the
surface (shown in Fig. S2). Thus the parameterized low-level
dragin WACCMS6 (from both the TOFD parameterization and
nonlinear near-surface drag) likely has an even larger impact
on the near surface winds than that seen in the Lindvall et al.
(2017) study.

Resolved orographic pressure torque contributes to the
resolved response to orography. This torque is estimated for
the CTL simulation using the surface pressure method of
Wahr and Oort (1984): summing a value proportional to p; X
0.5(H;+1 — H;—1) over all grid boxes i along a circle of constant
latitude, where p; is surface pressure and H is surface height.
This gives values in quantitative agreement with observations
from Tucker (1960) and Madden and Speth (1995) for the CTL
simulation. Between 40° and 70°N, where orography has the
largest impact on U, the resolved orographic pressure torque is
found to be an order of magnitude lower than that from the
resolved wave forcing shown in Figs. 2g and 2h, and thus we
conclude that resolved orographic pressure torque does not
play a substantial role in the total forcing of U in the free
troposphere by orography.

RESOLVED OROGRAPHY VERSUS PARAMETERIZED
OROGRAPHIC DRAG

We now decompose the total response to orography into
that forced by the large-scale resolved orography (CTLgpo0th —
NM), and that forced by parameterized orographic drag
(CTL — CTLgpo0tm)- The decomposition can be seen in Fig. 3,
where the first row repeats the CTL — NM fields shown in the
bottom row of Fig. 2, the middle row shows the impact of re-
solved orography, and the bottom row that of parameterized
orographic drag. The total response to parameterized orogra-
phy is a combination of the parameterized gravity wave re-
sponse (Fig. 3f), parameterized low-level drag (TOFD and
nonlinear drag from the orographic gravity wave scheme; not
shown), as well as subsequent changes in resolved wave forcing
(Fig. 3i). Parameterized orography has a much greater influ-
ence on U than resolved orography throughout the midlatitude
atmospheric column, producing 60%-80% of the total weak-
ening (cf. Figs. 3a—c). This result is remarkably robust to
changing the model spatial resolution from ~1° to ~2°, with
small quantitative differences in the U response to resolved
and parameterized orography (see Fig. S2). Calculating the
resolved orography response using CTL — NM;,, and the
parameterized orography response using NMouen — NM
gives a very similar result to that seen in Fig. 3 (shown in
Fig. S3): the U response is dominated by the response to pa-
rameterized orography, with resolved waves playing a signifi-
cant role in this response, particularly in the stratosphere.

Parameterized orography dominates both changes in oro-
graphic gravity wave drag (as expected) as well as changes in
resolved wave forcing, at least away from the surface (cf.
Figs. 3d-i). Resolved orography acts as a strong source of re-
solved wave activity at the surface around 40°-60°N, where
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strong surface westerlies interact with the major NH mountain
ranges (White et al. 2017); this surface wave source can be seen
in the upward EP flux arrows emanating from the bottom of
Fig. 3h. Most of this wave activity, however, converges below
500 hPa, with relatively little able to propagate into the strato-
sphere to converge and decelerate stratospheric U. Conversely,
parameterized orography acts to weaken the stratospheric flow
around 40°N through parameterized orographic gravity wave
drag (Fig. 3f), with further weakening through resolved wave
forcing (Fig. 3i). This resolved wave forcing occurs despite no
strong surface source of resolved wave activity in response to the
parameterized orography—the arrows in the lower troposphere
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in Fig. 3i are largely downward, suggesting a reduction of the
surface wave source. The increase in resolved wave forcing in
response to parameterized orography must therefore result
predominantly from changes in the propagation of waves. A
mechanism for how parameterized orography impacts strato-
spheric U through resolved wave forcing is presented and dis-
cussed in section 4.

b. Stationary wave response to orography

We analyze stationary waves through the climatological eddy
geopotential height: Z' = Z — Z. Figure 4 shows Z' at 45°N
for ERA-I, the CTL and NM simulations, and the CTL — NM
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difference. The CTL simulation reproduces the observed
pattern from ERA-I well (cf. Figs. 4a,b). The stationary waves
in the CTL and NM simulations, and thus the stationary wave
response to orography (CTL — NM)), is broadly similar to that
found in earlier studies using climate models (e.g., Held 1983).
The orography-induced stationary waves (CTL — NM) and the
stationary waves from land-sea contrasts alone (NM) are
generally of similar magnitude, although in the stratosphere
the orographic forcing is much more important than the land-
sea forcing (cf. Figs. 4c,d).

The spatial distribution of the response to all orography in
Fig. 4d is broadly consistent with previous studies (e.g., Held
1983). Conversely, the spatial pattern of the NM stationary wave
pattern, shown in Fig. 4c, shows some differences, including a
higher wavenumber, than in some previous studies (e.g., Held
1983; Nigam et al. 1986). As will be discussed in section 4, the NM
stationary wave pattern is very sensitive to small differences in
tropical SSTs, and thus differences between NM simulations in
different studies may be due to differences in tropical SST fields.

To study the horizontal structure of the stationary wave
response to orography, Fig. 5 shows maps of Z at 1000, 300, and
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30 hPa, with contours showing the full fields and colors showing
the eddy component, Z'. The WACCM reproduces the ERA-I
spatial pattern of stationary waves well (cf. Fig. 5 top row with
the middle row). The midlatitude stationary wave pattern is
much weaker in NM than in CTL throughout the troposphere
and stratosphere. Near the surface, the Z' pattern in CTL is
predominantly due to the presence of orography: without
mountains the near-surface stationary wave has little resem-
blance to the CTL stationary wave (cf. Figs. 5b,c). In the upper
troposphere the NM eddy field (Fig. 5f) exhibits a spatial
structure similar to that of CTL (Fig. Se), but with muted
amplitude. This suggests a constructive interference between
the NM and orographically forced stationary waves, noted by
Held (1983), Held et al. (2002), and Chang (2009). This can also
be seen in the cross section of Z' in Fig. 4, where the free tro-
posphere response to orography (Fig. 4d) generally projects
onto the NM stationary wave pattern (Fig. 4c), with a strong
low centered around 150°E and highs at around 130° and 30°W.
This constructive interference, which is sensitive to the tropical
SSTs specified in the NM case (see section 4), helps augment
the magnitude of the free troposphere stationary wave in the
CTL simulation, particularly the low in the western Pacific
(120°E-180°) and the high over the Atlantic and eastern
Europe (60°-0°W). The NM stratospheric stationary wave is
weak and has little resemblance to that in the CTL simulation
(cf. Fig. 4c with Figs. 4d and 5g-i).

RESOLVED OROGRAPHY VERSUS PARAMETERIZED
OROGRAPHIC DRAG

The stationary wave response is now separated into the re-
sponse to resolved and parameterized orography using the
CTLgmoowm simulation (Fig. 6). Near the surface, both resolved
and parameterized orography play approximately equal roles
in the total stationary wave response (cf. Figs. 6b,c). In the
upper troposphere and stratosphere the response to resolved
orography is slightly stronger than the response to parame-
terized orography (cf. Fig. 6e with Figs. 6f,h with Fig. 6i). The
total response to orography is spatially much more similar to
the response to resolved orography (cf. Fig. 6d with Figs. 6e,g
with Fig. 6h), than to the parameterized orography (cf. Fig. 6d
with Figs. 6f,g with Fig. 61), suggesting the response to resolved
orography is dominant. This conclusion holds when we use the
NM;ouen €xperiment to separate resolved and parameterized
orography, although the stationary wave response to parame-
terized orography is much stronger when resolved orography is
present (i.e., CTL — CTLgy00tm) than when resolved orography
is absent (i.e., NM;ouen — NM).

4. Discussion

a. A proposed mechanism for the impacts of orography on
stratospheric U

That parameterized orography impacts stratospheric U
predominantly through changes in resolved waves may provide
some insights into real world troposphere-stratosphere cou-
pling. Based on the results presented in this paper, we put for-
ward the following mechanism for how orography influences
stratospheric U, illustrated in the schematic in Fig. 7. In the
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FIG. 5. DJF NH geopotential height Z (in m), full fields (contours), and eddy component Z’ (colors) at (a)—(c) 1000, (d)-(f) 300, and
(g)-(i) 30 hPa for (top) ERA-L, (middle) CTL, and (bottom) NM. Prominent highs and lows in the full surface fields are denoted with H
and L, respectively, in (a)—(c). The contour interval for the full fields is 50, 200, and 250 m at 1000, 300, and 30 hPa, respectively.

world without orography (top left), U is strong throughout
much of the extratropical troposphere and stratosphere.
Adding in the parameterized orographic drag (arrow A)
produces gravity waves that propagate into and break within
the stratosphere, decelerating the zonal flow there (top-right
panel), as well as low-level drag close to the surface. The
slower stratospheric flow extends the range of wavenumbers
that can propagate into the stratosphere (arrow B; Charney
and Drazin 1961). Combined with the increased surface
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source of waves by the resolved orography, this increase in
permitted wavenumbers results in increased wave dispersion
into the stratosphere (black EP flux arrows in bottom-right
panel); note that the upward EP fluxes into the strato-
sphere are close to the latitude of the gravity wave forcing.
This increased vertical wave propagation, along with changes
in the propagation pathways in the stratosphere (see also White
et al. 2018), leads to increased EP flux convergence (colors in
lower-right panel), further reducing U (arrow C) and resulting in
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FIG. 6. Asin Fig. 5, but for the (top) total orographic response (CTL — NM), (middle) resolved orography response (CTLgyo0tn — NM)
and (bottom) response to parameterized orography (CTL — CTL gy00m)- The contour interval for the full fields is 50, 50, and 200 m at

1000, 300, and 30 hPa, respectively.

the observed U (bottom-left panel). This can be considered a
catalytic positive feedback in U, wherein a decrease of strato-
spheric U due to gravity wave drag leads to changes in planetary
(resolved) wave propagation such that U is further reduced.
This mechanism, in which parameterized orography affects the
background state in which resolved waves propagate, is consistent
with the results and conclusions of Sigmond and Scinocca (2010)
as well as work by Polichtchouk et al. (2018) looking at the
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effects of parameterized nonorographic wave drag. The proposed
mechanism explains how parameterized orography can increase
wave forcing of the stratospheric mean flow without an increase in
the surface source of wave activity, as highlighted in section 3a.
It is notable that resolved wave convergence in the strato-
sphere is more impacted by the presence of parameterized
orography than by the presence of resolved orography (see Fig. 3
and Fig. S3). Resolved orography acts as a surface source of
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FIG. 7. Schematic showing the influence of orography on DJF NH stratospheric U, starting with the NM flow and
proceeding clockwise: adding in orographic roughness (arrow A) leads to a upper-stratospheric forcing of U by
gravity wave drag. This reduction of U initiates the U feedback (arrow B), allowing increased propagation into and
convergence within the stratosphere of resolved wave activity from all sources (thermal contrast and resolved
orography). This change in resolved forcing dominates the total stratospheric change in U (arrow C; cf. the contours
in Figs. 3a—c), resulting in the observed distribution of U in CTL.

resolved waves, producing a small increase of EP flux propa-
gation into the stratosphere, which results in a small reduction
of U (Fig. 3h and Fig. S3h). It seems, however, that this small
decrease is insufficient, or at the wrong latitude, to trigger the
positive feedback that leads to a strong stratospheric response.
This is suggestive of a threshold behavior, similar to that seen
in sudden stratospheric warmings (e.g., Butler et al. 2017,
White et al. 2018; Nakamura et al. 2020), during which the
stratospheric polar vortex rapidly breaks down over the course
of a few days, and the high-latitude stratospheric zonal winds
reverse direction. The threshold behavior also suggests that
the response to orography may be sensitive to the latitude at
which the parameterized gravity waves break, which may be
dependent on model resolution and/or the parameterization
scheme. The sensitivity experiments presented in Fig. S2,
however, find that our conclusions are robust to at least some
differences in model resolution and version. The resolved
wave forcing of stratospheric U in response to parameterized
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orography is almost as strong in the absence of resolved
orography (i.e., NM,ouen — NM, Fig S3i) as it is in the pres-
ence of resolved orography (i.e., CTL — CTLgpo0m, Fig. 31),
suggesting that the additional waves created by the resolved
orography provide only a small contribution to the total
stratospheric response.

b. Impact of SSTs

All of the simulations presented in this paper use fixed,
present-day, SSTs. We investigated the sensitivity of our re-
sults to this choice of lower boundary condition by running
simulations with the atmosphere model coupled to a slab-
ocean model, thus allowing the SSTs to change in response to
changing surface heat fluxes, but not considering ocean circu-
lation changes. Through a series of experiments in which we
limit changes in SST to the tropics and/or extratropics, we find
that the extratropical SST changes caused by the presence of
orography have little impact on the results and conclusions
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presented. Both the strength and the spatial pattern of stationary
waves in the NM simulations, however, are remarkably sensitive
to relatively small (~1 K) changes in the tropical SSTs. This is
consistent with previous work finding a strong sensitivity of
midlatitude circulation and stationary waves to tropical SSTs
(e.g., Yin and Battisti 2001; Held et al. 2002; Inatsu et al. 2002),
although our results suggest that in the real world orography
reduces the sensitivity somewhat. Tropical SST changes in-
duced by substantial shifts in ocean circulation due to the
presence/absence of orography could affect our conclusions.

c¢. The importance of the location and orientation
of orography

To further understand the results presented in this study,
and test how sensitive the atmospheric response to orography
is to the relative distribution and orientation of orography and
land boundaries on present-day Earth, we also run simulations
at ~2° horizontal resolution with a backward-rotating Earth,
CTLgw and NMgw. We set Earth’s angular rotation rate
wpw = —1.0w. These simulations have the same imposed SSTs
as the standard simulations, including the effects of western
boundary currents, thereby ignoring changes in air-sea fluxes
and ocean circulation from the reversed rotation direction.
Sensitivity experiments using slab oceans with zonal mean ¢
fluxes (i.e., assuming no longitudinal dependence of oceanic
heat transport) in both forward and backward simulations find
that our conclusions are insensitive to this choice of SSTs. In
these retrograde-rotating Earth simulations, there is easterly
flow in the midlatitudes, and thus the location of the most
prominent orography relative to the boundaries where air
flows from ocean to land is changed substantially from the
real world, as well as substantial changes in the orientation
of mountain ranges relative to the impinging winds. The
results are summarized in the supplementary material; see
Figs. S4 and S5. We use these experiments to highlight the
importance of the orography-land configuration on the effect
of orography on the atmospheric circulation. For a study of
the climate of a retrograde-rotating Earth, including a dynamic
coupled ocean, see Mikolajewicz et al. (2018).

The strength of U in the NM simulations is very similar in the
forward and backward simulations (cf. Fig. 2b with Fig. S4b);
however, in the backward-rotating Earth the presence of
orography has only 50%-70% of the impact on U in the free
troposphere and stratosphere relative to forwards Earth (cf.
Fig. 2c with Fig. S4c). In the presence of orography, the sta-
tionary waves are substantially weaker on a backward-rotating
Earth, particularly in the free troposphere (cf. Figs. S5a and
S5¢) and stratosphere. Conversely, in the NM simulations the
stationary waves are only slightly weaker on backward-rotating
Earth (cf. Figs. S5b and S5d). Much of the difference in sta-
tionary wave strength between CTL and CTLgw is thus due
to differences in the strength of the response to orography,
which is much weaker on backward-rotating Earth. This
weaker impact of orography on the stationary waves in
backward Earth is consistent with a weaker change in resolved
wave forcing (cf. Fig. 2i with Fig. S4i), and thus smaller changes
in U in the free troposphere and stratosphere. This is consistent
with the mechanism presented in Fig. 7.
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TABLE 1. Maximum annual mean NH atmospheric meridional
heat transport (AHT) in various simulations. Values in parentheses
show differences from the CTL simulation. Standard error of the
mean shown for the CTL is based on assuming independence of
each year in the 20-yr simulation. Conclusions are very similar for
the SH.

Expt Max AHT (PW)
CTL 4.65 = 0.01
NM 4.57 (—0.08)
CTLpw 447 (—0.18)
NMpgw 4.70 (+0.05)

d. Stationary waves and meridional heat transport

Last, we consider the impact of the substantially different
stationary wave amplitudes on the atmospheric meridional
heat transport in these different climates. Previous work has
found that, for any given model, the maximum meridional heat
transport is remarkably constant across a range of different
climates, despite large differences in the partitioning of
energy transport: e.g., stationary versus transient and/or
moisture versus sensible heat transport (Donohoe and
Battisti 2012; Donohoe et al. 2020). These studies looked at
realistic climates ranging from the Last Glacial Maximum to
CO;, forcing experiments. Our NM simulations, particularly
NM3gw, provide a stronger test of the invariance in maximum
meridional heat transport. Table 1 summarizes the maximum
meridional atmospheric heat transport (AHT) calculated using
the difference between top of atmosphere radiative fluxes and
surface heat fluxes (as in Donohoe et al. 2020). Despite mark-
edly different climates and stationary wave strengths, the max-
imum AHT varies by less than 4%. Any changes in absorbed
solar radiation from cloud or surface albedo changes must
therefore be almost completely compensated by changes in
outgoing longwave radiation. Interestingly, simply changing
the version of the same model (WACCM4 and WACCM6)
gives differences of ~12% for the CTL simulation, a much larger
difference than removing mountains and rotating Earth back-
ward in the same model. These experiments provide further
evidence of the remarkable consistency of maximum AHT, for
a given model, to a vast range of climates.

5. Summary

The impact of global orography on the climatological
wintertime circulation is examined with the WACCMS6 at
1° horizontal resolution, revisiting the seminal work of the
1980s and 1990s with a state-of-the-art climate model. We also
quantify the relative contributions from resolved and param-
eterized orography. Through comparisons of simulations with
and without orography, we find the following:

Orography substantially slows U poleward of 40°N. Throughout
the NH extratropical troposphere and stratosphere orography
reduces U by 50%-80%, such that, without orography, the NH
wintertime stratospheric zonal mean flow is comparable in
strength to that of the observed SH winter jet. In this model
parameterized orographic drag accounts for more than 2/3 of
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the total slowdown of U in response to orography. The pa-
rameterization of unresolved orography has been highlighted
in recent literature as important for both weather forecast-
ing models and climate models (e.g., Sandu et al. 2019); our
results further emphasize the importance of these parame-
terizations, including the influence on resolved wave prop-
agation. Previous estimates suggested a much weaker role of
orography on U (e.g., Manabe and Terpstra 1974); this dis-
crepancy likely stems from the importance of the impacts of
unresolved orography, which are better represented in the
more sophisticated parameterizations of today’s models.
Orography contributes at least as much as land-sea contrast
and SSTs to the NH stationary waves. The observed features of
the stationary waves in the lower troposphere—including the
Aleutian low and Siberian high—are weak or absent in the
absence of orography (Fig. 5, left column). In the free tropo-
sphere, the stationary waves attributable to land—-sea contrast
and orography are of approximately equal amplitude. In the
stratosphere, stationary waves are predominantly driven by
orography. These results are broadly consistent with previous
work, but suggest a more important role for orography than the
most recent estimates (e.g., Ting et al. 2001; Held et al. 2002;
Chang 2009). The increased importance of orography in our
study relative to previous work may be due to the role of pa-
rameterized orographic drag in forcing stationary waves (Fig. 6,
bottom row), or due to differences in tropical SSTs, which we
find to have a strong influence on the NM stationary waves.
Stationary waves depend on the positioning of orography
relative to the land—sea boundaries. By repeating our CTL and
no-mountain (NM) simulations with Earth rotating backward,
we find that the orographic impact on both U and stationary
wave is weaker on a backward-rotating Earth. The strength of
the stationary waves in the present climate is thus dependent
on the position and orientation of large-scale mountain regions
relative to the coastlines (see also Brayshaw et al. 2009). This
result has potential implications for the efficacy of using ide-
alized models to assess the impact of orography on climate,
and for understanding how paleoclimates differed from today.
Amalgamating these results, along with the sensitivity of the
NM stationary waves to tropical SSTs discussed in the previous
section, leads to the conclusion that producing a precise esti-
mate of the role of orography in the forcing of the observed
stationary waves is a formidable, and potentially impossible,
task. The substantial impact of orography on the zonal mean
flow means that stationary wave models, in which zonal mean
flow is prescribed, cannot provide a full, or potentially even a
meaningful, answer to this particular problem. By ignoring the
impact of orography on the zonal flow U, stationary wave
models are inflating the relative importance of land-sea con-
trast. In addition, Garfinkel et al. (2020) highlight strong
nonlinearities involving the different contributions to the sta-
tionary waves. Complex GCMs, such as the one used in this
study, include the impact of orography on U, and many of the
nonlinear interactions; however, fully quantifying the impact
of orography would require relatively precise knowledge of
the tropical SST distribution in a world without orography,
a daunting challenge given the potential role of orography on
ocean circulation (e.g., Sinha et al. 2012; Baldwin et al. 2021).
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To conclude, orography plays a substantial role in producing
the observed stationary waves, more so than most recent work
suggests, perhaps due to the inclusion of relatively sophisti-
cated parameterizations of sub-grid-scale orographic drag in
the model used in this study. Orography also has considerable
impact on the zonal mean zonal wind, explaining almost all of
the difference in strength between the SH and NH zonal mean
zonal wind throughout the free troposphere and stratosphere.
The impact of orography on the stratosphere is dominated by
the parameterized effects of unresolved orographic drag, al-
though this manifests through a catalytic positive feedback
mechanism that involves resolved processes. This study also
highlights the important role of parameterized orographic drag
in both stationary waves and troposphere—stratosphere cou-
pling; insights gained by this study may be relevant for better
understanding tropospheric—stratospheric connections, such as
those associated with the quasi-biennial oscillation (QBO) or
sudden stratospheric warmings.
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