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Abstract Long-term efforts have sought to extend global model resolution to smaller scales enabling more
accurate descriptions of gravity wave (GW) sources and responses, given their major roles in coupling and
variability throughout the atmosphere. Such studies reveal significant improvements accompanying increasing
resolution, but no guidance on what is sufficient to approximate reality. We take the opposite approach,

using a finite-volume model solving the Navier-Stokes equations exactly. The reference simulation addresses
mountain wave (MW) generation and responses over the Southern Andes described using isotropic 500 m,
central resolution by Fritts et al. (2021), https://doi.org/10.1175/JAS-D-20-0207.1 and Lund et al. (2020),
https://doi.org/10.1175/JAS-D-19-0356.1. Reductions of horizontal resolution to 1 and 2 km result in (a)
systematic increases in initial MW breaking altitudes, (b) weaker, larger-scale generation of secondary GW's
and acoustic waves accompanying these dynamics, and (c) significantly weaker and less extended responses
in the mesosphere in latitude and longitude. Horizontal resolution of 4 km largely suppresses instabilities,

but allows weak, sustained mean-flow interactions. Responses for 8 km resolution are very weak and fail to
capture any aspects of the high-resolution responses. The chosen mean winds allow efficient MW penetration
into the mesosphere and lower thermosphere, hence only exhibit strong pseudo-momentum deposition

and mean wind decelerations at higher altitudes. A companion paper by Fritts et al. (2022), https://doi.
org/10.1029/2021JD036035 explores the impacts of decreasing resolution on responses in the thermosphere.

Plain Language Summary Mountain waves play major roles in the large-scale circulation and
structure of the atmosphere extending well into the thermosphere. Their primary influences at large scales
depend on energy and momentum transports from sources at lower altitudes and deposition at higher altitudes
accompanying wave-breaking dynamics and instabilities that cannot currently be described by global models.
Responses to these small-scale dynamics in the stratosphere and lower mesosphere include local mean flow
decelerations that extend large distances downstream, upstream, and laterally. The ability to describe these
dynamics degrades rapidly with decreasing resolution, causing current global models to exhibit systematic
circulation biases that significantly limit and degrade weather and climate prediction. We assess these impacts
with a suite of simulations of wintertime flow over the S. Andes at horizontal resolutions from 0.5 to 8 km.
Our results reveal that spatial resolution of ~2 km or better is required to adequately address these deficiencies
extending into the mesosphere.

1. Introduction

Our understanding of the diversity of gravity wave (GW) sources, propagation, and influences on atmospheric
structure and variability has advanced dramatically since their discovery at high altitudes ~60 yr ago (Hines, 1960;
Witt, 1962). Many studies have highlighted the importance of GW energy and pseudo-momentum transport and
deposition in accounting for the large-scale circulation and structure extending into the mesosphere and lower
thermosphere (MLT); see, for example, Garcia and Boville (1994), Holton (1982), Lindzen (1981), and Smith
et al. (2011), the reviews by Fritts and Alexander (2003) and Plougonven and Zhang (2014), and subsequent
studies.

Also addressed by a broad community spanning many years were interactions and instabilities account-
ing for GW dissipation driving energy and pseudo-momentum flux divergence enabling these influences
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(e.g., Achatz, 2005, 2007; Andreassen et al., 1998, 1994; Bourgeat et al., 2013; Fritts & Rastogi, 1985; Fritts
et al., 2017, 2009; Sutherland, 2013). Among the more recent results of such studies was the recognition of
strong GW/mean-flow interactions yielding “self-acceleration” (SA) dynamics (Dong et al., 2020, 2021; Fritts
et al., 2020, 2015; Scinocca & Sutherland, 2010). These comprise strong local body forcing and SA instabili-
ties that drive secondary GWs (SGWs) arising at larger and smaller scales at higher altitudes, for which there
is now additional modeling and observational evidence (Becker & Vadas, 2018, 2020; Dong et al., 2021; Lund
et al., 2020). Importantly, the larger-scale SA dynamics drive large-scale SA generation of SGWs prior to the
occurrence of GW breaking and instabilities.

The multiple contributions by GWs to atmospheric structure and variability, and the inability of past and present
general circulation models (GCMs), and numerical weather prediction (NWP) and climate models to resolve
these dynamics, have motivated developments of a wide diversity of GW parameterization schemes; see Ern
et al. (2006) and Kim et al. (2003) for reviews of the earlier developments. Of the various GW sources at lower
altitudes, mountain waves (MWs) have the major systematic influences on weather and climate, and the best-de-
fined sources. Hence, major attention has focused on MW parameterization since the initial successes of such
efforts (e.g., McFarlane, 1987; Palmer et al., 1986; Sandu et al., 2019).

More recently, increasing resolution of MW sources in GCMs and NWP models has motivated interests in assess-
ing what can be directly resolved and what still requires parameterization, such as was done recently addressing
convective GW generation by Stephan et al. (2019). Earlier studies addressed MW breaking and drag responses,
and their comparisons, via resolved and/or parameterized MW dynamics in the “gray zone” at spatial scales
currently unattainable by GCMs and NWP models. That by Doyle et al. (2005) found the Coupled Ocean-Atmos-
phere Mesoscale Prediction System model highest resolution of 1.7 km to capture the major features of a MW
breaking event observed in the stratosphere over southern Greenland. A series of papers employing the UK Met
Office Unified Model explored resolved and parameterized MW drag over South Georgia and New Zealand South
Island terrain (with maximum resolutions of 1.5 and 2 km, respectively); see, for example, Fritts et al. (2018),
Vosper (2015), and Vosper et al. (2016). These studies suggested that model resolutions of ~1.5-2 km are suffi-
cient to approximate larger-scale MW and instability dynamics extending into the stratosphere under strong
forcing conditions.

Such studies are currently impossible on global scales, however, and the consequences are GW sources that are
significantly under-resolved, hence project onto resolved scales that may be ~5-10 times larger. From a large-
scale perspective, recent modeling results at stratospheric and MLT altitudes are impressive and reveal important
GW dynamics (Becker & Vadas, 2018; Liu et al., 2014). However, they fail to ascribe key dynamics to the correct
spatial scales, especially those accounting for the major energy and pseudo-momentum fluxes (MFs) and depo-
sition (or more accurately “retention”). The same limitations apply to satellite limb estimates of GW amplitudes
and MFs in the stratosphere that necessarily are only sensitive to horizontal wavelengths, 4, ~ 200 km and larger,
hence cannot assess the much larger contributions expected at smaller 4, based on modeling and theory for known
source scales.

Our purposes in this paper are to quantify the consequences of degrading model descriptions of the diverse MW
responses extending into the thermosphere accompanying decreasing resolution in the NWP and GCM gray zone.
The model employed for these studies, the computational domain, initial and boundary conditions, and mesh
refinement are described in Section 2. Section 3 summarizes results of the high-resolution simulations described
by Fritts et al. (2021) and Lund et al. (2020). Impacts of decreasing resolution revealed in east-west and north-
south cross-sections of perturbation winds and temperatures across, and in the lee of, the major terrain, following
attainment of large MW amplitudes in the MLT, are explored in Section 4. Section 5 illustrates these impacts with
horizontal cross-sections of perturbation winds, MFs, <u’w’>, and induced local mean winds, AU, for varying
resolution at 50 and 70 km in the lower and middle mesosphere. Influences of varying resolution on momentum
flux magnitudes and spectra are discussed in Section 6. The implications of these results in the context of global
modeling and our conclusions are presented in Sections 7 and 8.
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2. Model Description, Boundary and Initial Conditions, and Forcing
2.1. Model Description

Results presented here are obtained using the Complex Geometry Compressible Atmosphere Model (CGCAM)
employed by Fritts et al. (2021) and Lund et al. (2020) for the initial simulations of these dynamics. CGCAM
solves the nonlinear and compressible Navier-Stokes equations in three dimensions (3-D), written in strong
conservation law (divergence) form:

o lu) _

0
o T ox, )
0 (pu;) | O (puju;) op doij
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or ox, ox, PO 5%, 2
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where o;; and g; are the viscous stress and thermal conduction, defined as:
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Here u is the sum of the molecular and turbulent viscosity, k is the sum of the molecular and turbulent thermal
conductivity, and §;; is the Kronecker delta. The molecular contributions to y and x depend on the temperature
through Sutherland's Law (White, 1974) whereas the turbulent contributions are calculated via the dynamic
Smagorinsky model, as discussed below.

Solution variables are density p, momentum per unit volume pu;, or (pu, pv, pw), with velocity components (,,
Uy, u;) = (u, v, w) along (x, y, z), and total energy per unit mass, E = e + uyuy /2, where e = ¢, T and uuy /2 are
the internal and kinetic energy per unit mass, ¢, is the specific heat at constant volume, and T is the tempera-
ture. Equations 1-5 are discretized using a finite-volume (FV) method similar to that described by Felten and
Lund (2006). The resulting scheme is globally conservative for mass, momentum, total energy, and kinetic
energy. Our discretization is second order accurate in space and thus contains increasing errors at the smallest
resolved scales.

Time stepping was performed via a low-storage, third-order accurate Runge-Kutta scheme with a fixed time step
of At = 1.2 s for all cases having Ax = 1 — 8 km, but with that for Ax = 1 km decreasing to At = 0.75 s for times
after 7.5 hr. As we have used variable resolution in space and among the suite of simulations addressed here,
none of which resolve turbulence arising from MW or other GW breaking, all simulations employed the dynamic
Smagorinsky subgrid-scale model (Germano et al., 1991; Moin et al., 1991) to account for unresolved turbulent
motions. See Dong et al. (2020) and Lund et al. (2020) for additional CGCAM details.

2.2. Model Domain, Initial and Boundary Conditions, and Variable Resolution

As in Lund et al. (2020), the computational domain is Cartesian, extends 2,500 (2,000) km in longitude (latitude),
200 km in altitude, and is centered at 48°S, 73.5°W between the two major massifs of the Southern Andes, having
peak terrain heights of ~3.4 and 3.8 km. Figure 1 reviews the domain, terrain, atmospheric structure, and initial
conditions for convenience. The central, high-resolution domain (white lines) extends ~250 (750) km in longi-
tude (latitude). Central horizontal resolutions of 0.5, 1, 2, 4, and 8 km are employed to explore their influences on
the resulting flow evolutions. Horizontal resolution coarsens by 1.5% per FV cell away from the central high-res-
olution domain. Importantly, coarsening horizontal resolution causes phase errors that increase quadratically for
our 2nd order scheme, and these cause reductions in GW vertical group velocities and delayed responses at higher
altitudes (see Appendix A for further discussion.)
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Figure 1. Complex Geometry Compressible Atmosphere Model (CGCAM) domain showing terrain height (at top). Initial
profiles of T, NOZ, Uy, and V,,, and the temporal ramp of AU are shown at bottom (left to right), with AU(z) at bottom

in U,(2). Yellow lines show south peak (SP) and north peak (NP) locations. Peak NP and SP terrain heights are ~3.8 and
3.4 km; Red and blue dashed lines in the lower panels show altitudes at which x-y cross-sections are examined below.

The Southern Andes terrain was obtained from the NOAA Global Land One-km Base Elevation Project data set
(Hastings et al., 1999). The terrain at the north end of the domain was artificially decreased to sea level to elimi-
nate surface forcing near the northern boundary, making it possible to use a simple boundary condition there. The
mesh at the lower boundary was distorted in order to match the terrain. These distortions were slowly reduced to
zero at z = 15 km, yielding a purely Cartesian mesh above. East-west cross-sections over the major peaks, denoted
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south peak (SP) and north peak (NP), and elevation spectra over each, are shown as inset subpanels at lower left
and right in the upper panel of Figure 1. The zonal wavelengths vary from 4~ 25-200 km, with multiple peaks
near 4, ~ 40, 80, and ~110-170 km over NP and a single broad maximum at 1, ~ 70 km over SP with a long tail
extending to 4, ~ 180 km.

Inflow-outflow conditions were employed at the domain boundaries in x and y, a GW radiation condition was
employed at the upper boundary, and sponge layers having a tanh(z) depth profile of 15 km at the upper bound-
ary and tanh(x or y) widths of 20 km at the lateral boundaries. The combination effectively prevented all GW
and acoustic wave (AW) reflections. An inviscid (free-slip) condition was used at the lower boundary, implying
neglect of the surface boundary layer, which would have required a boundary layer turbulence model and much
higher resolution. A no-slip condition very slightly alters the effective terrain height and assures consistent MW
forcing among our simulations having varying resolution.

2.3. Initial Conditions

Background fields are as employed by Fritts et al. (2021) and Lund et al. (2020) obtained from a free running
Whole Atmosphere Community Climate Model (WACCM) simulation for July conditions. WACCM employs a
spectral element dynamical core solved on a cube-sphere, with horizontal resolution of ~25 km, vertical resolu-
tion of ~0.1 scale height (H) above the middle stratosphere and higher below, and an upper boundary at 140 km.
This WACCM version resolves GWs having 4, ~ 200 km and larger. Further WACCM details are provided by
Liu (2016) and Liu et al. (2014).

The wind and temperature fields at 50°S and 65°W at the time selected had a strong eastward jet at ~50 km and
significant tidal influences at higher altitudes. Above 120 km, the winds were specified to approximate tidal
winds asymptoting to U, = 0 and V, = 70 ms~' above 200 km to allow exploration of SGWs and AWs arising
from MW dynamics at lower altitudes without constraints by large U, shears at higher altitudes. Initial profiles of
U,, V,, temperature T, and corresponding N,* are shown at bottom in Figure 1. These fields were assumed to be
uniform over the domain and constant in time, as described by Lund et al. (2020), apart from departures driven
by MW and other GW forcing (Fritts et al., 2021). This is because MW propagation from ~10 to 80 km occurs on
short time scales due to strong zonal winds that enable the dominant MW 4~ 30-80 km to have 4, ~ 15-60 km
or larger, hence to be non-hydrostatic and have large vertical group velocities, c,,. Thus, the dynamics of interest
occur on time scales significantly shorter than tidal periods.

To enable realistic responses having slow increases in the excitation of strong MWs, an initial Uy(z) = 0 to alti-
tudes above the southern Andes peaks was assumed and ramped up to the WACCM U(z) with a tanh (/3 hr)
dependence yielding 90% of its peak value at 9 hr, see the initial U(z) shown with a thin line below 25 km) in
Figure 1 (bottom, 3rd panel), and the temporal ramp in Figure 1 (bottom right). Because the initial wind and
stability profiles are highly structured in altitude, the initial mean Richardson number, Ri(z) = Ny%/[(dU,/dz)* +
(dVy/dz)?], has small values, Ri ~ 0.25-1 from z ~ 80-100 km (see Lund et al., 2020), suggesting a potential for
Kelvin-Helmbholtz (KH) shear instabilities induced or enhanced by GW perturbations of the mean fields to also
contribute to local instability dynamics, GW dissipation, and energy and momentum deposition.

3. Overview of Mountain Wave and Secondary Wave Evolutions and Dynamics

The major Southern Andes terrain in the central CGCAM domain comprises two pronounced ridges aligned
largely N-S having two primary maxima denoted SP and NP by Lund et al. (2020), see yellow lines in Figure 1.
The E-W terrain across SP (blue line in the inset in the upper panel at lower left) has a broader central peak and
more concentrated orographic spectral responses at 4 ~ 25 and ~50-150 km; in contrast, that across NP (red
line in inset) has a narrower major peak, but significant, structured orography extending ~400 km to the east. Of
these, the SP terrain yielded systematically larger MFs per unit density, <u’w’>, throughout the peak responses
from ~8 to 10 hr (see Fritts et al., 2021, Figure 8). Despite expected MW responses extending to 4, ~ 150 km
over SP (at y ~ —120 km), maximum MFs in the stratosphere and MLT were largely contributed by MWs having
A, ~ 45-90 km. We show the stronger MW dynamics and responses with E-W cross sections over SP. N-S and
horizontal cross sections at 50 and 70 km altitudes show the extensions of these dynamics over broader regions.
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Figure 2. u(x, z) and { (x, z), top and bottom panels, showing the approach to peak MW responses over SP described in detail
by Lund et al. (2020).

Initial MW breaking begins at ~7.5 hr at ~70 km altitude, occurs at MW 4, ~ 45-50 km, and expands rapidly
from x ~ 70-140 km at ~7.5 hr to x ~ 0-230 km and z ~ 65-85 km by 8 hr (see Lund et al., 2020, Figure 6). It
extends further thereafter due to the increasing MW amplitudes accompanying increasing cross-mountain flow
at lower altitudes. By 8.5 hr, the region of MW breaking extends from x ~ —100 to 200 km, and z ~ 45-115 km.
Breaking at higher (lower) altitudes occurs upstream (downstream) of SP; see the u’ and spanwise vorticity,
Cy = du/dz — dw/dx, x-z cross-sections at 8.5 hr at top and bottom in Figure 2. The cross-sections of ¢ y(x, Z) more
clearly demonstrate resolution of the instabilities (i.e., vortex rings having diameters of ~5 km or larger, see Fritts
et al., 2021, 2009) driving MW breaking. These also reveal MW breaking at smaller scales at z ~ 20 km in the
lee of SP at 10 hr and thereafter accompanying attainment of peak cross-mountain flow, but these are sufficiently
small to be dissipated by the LES scheme noted above.
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Figure 3. As in Figure 2 comparing u’, v’, w’, and T"/T(y, z) at 9 hr and x = 50 km.

Also seen emerging at 8.5 hr in Figure 2 are SGW's occurring on smaller and larger scales. These are seen at 4, ~
100 km at upper left propagating upward and westward above ~115 km (a MW critical level with U and V ~ 0),
despite U < 0. These must be SGW's with phase speeds ¢ < U (both negative) and intrinsic phase speeds ¢, = ¢ —
U increasing in magnitude where U increases at higher altitudes, consistent with 4_ increasing with altitude seen
in these fields. Others are seen propagating eastward with 4, ~ 70-100 km at z ~ 100 km, where they appear
ducted, and above, where they are evanescent due to large, negative U.

Other responses seen primarily in # having roughly spherical phase fronts were identified by Lund et al. (2020) as
AWs arising in regions of strong MW breaking at lower altitudes. These achieve ¢ ~ 500 ms~! and exhibit phase
distortions due to the strong winds at these altitudes. They exhibit sharp phase transitions or shocks, and large,
but transient, MFs having no significant influences below 200 km because they only dissipate at much higher
altitudes.

MW, SGW, and AW responses in the x-z plane across SP continue to expand and intensify until ~9 hr, at which
time the peak MW MFs occur (see Fritts et al., 2021), after which they exhibit more variable and weakening
MW responses, though with a continuing large-scale flow evolution extending to later times. Corresponding y-z
cross-sections of u’, v’, w’, and T°/T at 9 hr and x = 50 km (top to bottom in Figure 3) show the comparative
responses along the Southern Andes due to varying orography. These fields reveal the following features relevant
to our discussion here:

1. MW breaking exhibits strong variability in altitude, with the lowest and strongest responses in the lee of the
highest terrain; for example, MW breaking extends ~5-10 km lower into the upper stratosphere in the lee of
SP relative to NP,

2. lower and stronger MW breaking in the lee of SP leads to significantly stronger SGW and AW generation than
in the lee of NP,
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3. MW breaking in the mesosphere also extends ~1,000 km N to S over lower terrain, and
4. significant SGWs are excited that propagate over large distances N and S above ~100 km.

Note, however, that the slow ramp of the zonal wind amplitude below ~25 km was intended to approximate
a gradual increase in cross-mountain flow enabling delayed, strong responses in the MLT, but did not enable
strong MW breaking, pseudo-momentum deposition, and lower stratosphere jet decelerations during the interval
discussed below.

4. Impacts of Resolution on MW and Secondary Wave Dynamics and Evolutions in
Altitude

We first examine impacts of decreasing horizontal resolution (but maintaining 0.5 km vertical resolution) on
CGCAM representations of MWs, SGWs, and AWs from 8 to 12 hr over which emerging MW breaking in the
lower stratosphere increasingly restricts MW amplitudes entering the MLT. For these purposes, x-z cross-sections
of u’,w’,and T"/T, at 8, 9, 10, and 12 hr are shown in Figures 4—6 and y-z cross-sections of u’ and T°/T;, at 9 and
12 hr are shown in Figure 7.

4.1. x-z Cross-Sections of u’, w’, and T°/T

Figure 4 showing u’(x, z) over SP from 8 to 12 hr for variable Ax reveals dramatic differences in responses
from the emerging (8 hr) to the decaying (12 hr) stages of MW, SGW, and AW fields. At all times, MW peak u’
responses at z ~ 40-115 km are very similar in the central breaking region from x ~ 0—100 km for Ax ~ 500 m
to 2 km. However, they are increasingly restricted downstream, upstream, and at altitudes above ~80 km with
increasing Ax, having qualitative similarities, but quantitative differences in amplitudes, resolution of breaking,
and A, of the primary responses.

MW responses seen in Figure 4 degrade significantly with coarser resolution. The u’(x, z) fields at Ax = 4 km
begin to approximate the MW responses below ~80 km by 9 hr, but fail to do so at higher altitudes. Those at
Ax = 8 km are dramatically weaker (see the different color scales at right) and fail to approximate the high-reso-
lution fields at all altitudes and times.

Similar impacts of varying resolution are seen in the SGW and AW responses above ~115 km to MW breaking
at lower altitudes. The u’(x, z) fields at 8 hr in Figure 4 reveal earlier and stronger generation of both components
due to better-resolved initial MW breaking in the mesosphere. SGW amplitudes during the peak responses from
9 to 10 hr are less impacted by model resolution because their sources are primarily local body forcing. AWSs are
more sensitive to model resolution because they arise due to resolved MW breaking dynamics and small-scale
velocity variances, hence their responses decrease strongly as Ax increases from 0.5 to 2 km. SGWs are much
weaker in the u’ fields for Ax = 4 and 8 km up to 9 hr, but their relative contributions increase somewhat there-
after. Weaker SGWs at reasonable scales are seen for Ax = 4 km due to weaker, laminar MW dynamics at lower
altitudes. Both primary MWs and SGWs achieve somewhat larger amplitudes for Ax = 8 km at 10-12 hr, but
these occur at unrealistically larger scales (by ~2-3 times).

The delayed and weaker responses at Ax = 4 and 8 km, and to a lesser degree at Ax = 2 km, have both physical
and numerical causes. Larger Ax increasingly fail to capture the true MW and instability scales, which is physical,
but they also exhibit increasing phase errors with increasing Ax, which accompany any finite-difference or finite
volume scheme, and is numerical. Where features are well resolved and the initial flow transience has lessened,
results for coarser resolutions converge toward results for finer resolution at earlier times. Where features are not
resolved, however, coarser resolutions fail to approximate the true dynamics, as will be seen more clearly below.

Figure 5 shows corresponding w’(x, z) cross-sections that highlight different features of the responses than seen
in u” in Figure 4. Specifically, multiple features having smaller 1, are not seen as clearly with the larger u’ color
scales. The most conspicuous are small-scale w’ accompanying MW breaking and instability dynamics, espe-
cially for Ax = 0.5 km, but also for Ax = 1 and 2 km. These responses confirm the constriction of MW breaking to
smaller downstream distances as resolution coarsens to Ax = 1 and 2 km, and the absence of AWs for Ax = 4 and
8 km. This is despite the w’ color scales that result in clear saturation for large-amplitude AWs for Ax = 0.5-2 km
at all times shown. These also show more clearly (a) ducted SGW responses from z ~ 60-110 km seen up to
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Figure 4. As in the upper panels of Figure 2, but comparing the #’(x, z) responses for Ax from 0.5 to 8 km (top to bottom in each panel set) at 8, 9, 10, and 12 hr. Note
the increasing color scale ranges from 8 to 9 hr, the much weaker ranges for Ax = 8 km, and the dramatic changes in the response character as resolution decreases. The
color scale limits are driven by the large SGW and AW amplitudes above 100 km arising from MW breaking at ~50-80 km.

9 hr and (b) emergence of small-scale instability dynamics at z ~ 20 km from ~9 to 10 hr that likely contribute
to increasing SGW amplitudes thereafter. The w’ fields for Ax = 4 km confirm the emergence and 4, of SGWs
at higher altitudes from ~10 to 12 hr seen in Figure 4. Those for Ax = 8 km (a) confirm weak MW responses at
artificially large 4, at lower altitudes, (b) reveal weak, transient SGWs at high altitudes exhibiting very large 4,
by 9 hr, and (c) exhibit no SGW responses after 9 hr, despite the very small color scale range. The w’ fields also
confirm the delayed responses for Ax increasing from 1 to 2 km from 9 to 12 hr and the failure of the responses
for Ax = 4 and 8 km to capture true amplitudes and dominant spatial scales even at late times.
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Figure 5. As in Figure 4 for w’(x, z) obtained with resolution of Ax = 0.5-8 km, top to bottom. Note the significant MW responses in the stratosphere where their 1_ are
very large, the larger SGWs and AWs in the thermosphere arising due to strong MW breaking at lower altitudes, and their decreasing responses for coarser resolution.

T’/T(x, z) cross-sections shown in Figure 6 at the same times reveal more clearly some of the features noted in the
u’ fields in Figure 4 because u’ includes sometimes significant induced mean motions. Specific features shown
most clearly in T°/T, for Ax = 0.5, 1, and 2 km include (a) horizontal phase variations of the MW response in
the lee of SP throughout the evolution, (b) shallow phase slopes of lower-frequency MWs propagating upstream
above ~80 km, especially at 9 hr and after, (c) trapped SGWSs propagating eastward in strong thermal ducts at ~80
and 110 km, and (d) clear positive correlations of T°/T,; and w’ due to strong AW fronts and sudden phase tran-
sitions indicating shock waves. The T°/T, fields for Ax = 4 and 8 km provide additional evidence of the inability
of these coarse horizontal resolutions to capture any of the significant aspects of the high-resolution features of
these dynamics.
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Figure 6. As in Figures 4 and 5 for 7°/T(x, z). Note the sharp transitions at the AW phase fronts for the highest resolutions and their disappearance as resolution
coarsens.

4.2. y-z Cross-Sections of u’ and T°/T,,

Meridional cross-sections, u’(y, z) and T°/T(y, z) at x = 50 km, extending over the central 800 km of those shown
in Figure 3 are shown at top and bottom in Figure 7 at 9 and 12 hr (left and right). The fields for Ax = 0.5-8 km
are shown from top to bottom in each panel. As noted above, x-z cross-sections over SP are broadly representative
of those over NP, though with MW breaking confined to somewhat higher altitudes due to less intense forcing
over more distributed lee terrain. Similar responses arise between, and north and south of, SP and NP and exhibit
the layering in altitude occurring in response to the variable U(z) in the MLT.
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Figure 7. As in Figures 4-6 showing y-z cross-sections at x = 50 km of u’(y, z) and T"/T((y, z), top and bottom, at 9 and 12 hr, left and right.

Evidence of MW breaking between ~40 km and the MW critical level at ~115 km is seen in Figure 7 at 9 hr
(upper left) in regions exhibiting small-scale instabilities comprising initial vortex rings revealed as “scalloped”
structures (see Fritts et al., 2017, 2009) arising due to large u’ < 0 yielding overturning with upstream lu’l > U,
especially over SP and extending to the south. The regions of MW breaking are more extensive following the
peak responses at 12 hr (upper right), where they extend continuously along the S. Andes at multiple altitudes
above ~60 km. Evidence of MW breaking and instabilities is even more pronounced in the 7"/T(y, z) fields at
bottom at both times because (a) these perturbations are not masked by larger induced mean fields contributing
to u’(y, z) and (b) they provide higher sensitivity to instability structures that are initially aligned primarily along
x. Similar sensitivity to small-scale instability dynamics is also seen in w’(y, z), not shown.
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Figure 8. Horizontal cross-sections of u’(x, y) at z = 50 km (red dashed lines at bottom in Figure 1) and 8, 9, 10, and 12 hr,
right to left, for Ax = 0.5-8 km, top to bottom.

Comparing small-scale structures revealed in the u’(y, z) and T"/T(y, z) fields in Figure 7 for Ax = 0.5, 1, and
2 km, we see that each successive reduction in resolution removes features that are present at the higher resolu-
tion. This is because the finest-scale instability dynamics arising at z ~ 45-50 km have spatial scales as small as
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~3 km (yielding initial vortex rings having diameters as small as ~5 km). In order to have confidence in these
assessments, we also performed a test simulation in a very small domain with isotropic Ax = 250 m that yielded
comparable instability scales, thus providing confidence in the 500-m resolution results discussed here. We note,
however, that GW instability scales are, in general, constrained by the GW parameters, primarily 4, and ¢, and
that large-scale vortex rings require large 4, and c; (Fritts et al., 2017, 2009).

Despite differing resolved instability dynamics for Ax = 0.5, 1, and 2 km, the u’(y, z) and T°/T(y, z) fields exhibit
very similar large-scale responses at breaking altitudes because they all effectively limit MW amplitudes, though
via the LES scheme at coarser resolution, and account for momentum deposition driving these responses. The
differing resolutions do have some impacts on SGWs and AWs seen at higher altitudes because their forcing
dynamics become less efficient at coarser resolution.

The y-z cross-sections for Ax = 4 km, in contrast, approximate the larger-scale responses where MW 4_and c; are
large at ~40-70 km, but degrade strongly at higher altitudes. Those for Ax = 8 km capture no realistic features,
badly mis-represent the MW responses, and exhibit no SGWs.

5. Impacts of Resolution on MW Evolutions, MFs, and Mean Responses in the
Mesosphere

We now examine impacts of decreasing resolution on MWs and induced local-mean flows, <AU>, in the lower
and middle mesosphere. These are shown at 9—-12 hr with u’(x, y) at 50 and 70 km and v’(x, y) at 70 km in
Figures 8-10, <u'w’>(x, y) in Figure 11, and <AU>(x, y) in Figures 12 and 13.

5.1. x-y Cross-Sections of u” and v’

Cross-sections of u’(x, y) and v’(x, y) in Figures 8-10 correspond approximately to the altitudes of peak <u’'w’>
in the lee of SP and NP discussed by Fritts et al. (2021). Those for v’(x, y) in Figure 10 are shown only at 70 km
where initial MW responses are smaller, but induced decelerations are comparable or larger and more extended
along the Southern Andes, and spanwise variations of initial zonal decelerations yield significant, emerging
v, y).

The u’(x, y) fields at 50 km in Figure 8 reveal a number of features and inferred dynamical contributions that
vary strongly with resolution and time. Evidence of these MW influences includes (a) bowing of MW phases
westward over, and in the lee of, NP and SP relative to other sites and (b) vertical undulations of the MW breaking
zones in altitude along y seen in Figures 3 and 7 due to their westward displacements. All cases yield the largest
MW amplitudes over and in the immediate lee of NP and SP, but these responses are successively weaker for
Ax =1 and 2 km, much weaker for Ax = 4 km, and absent or confined to larger A, and later times for Ax = 8 km.
Larger MW /_ extend increasing distances downstream and upstream at later times for all resolutions due to (a)
contributions of downstream orography (see Figure 1) and (b) their smaller and shallower group velocities. MWs
having the smallest 4, able to avoid evanescence contribute the major pseudo-momentum and energy fluxes into
the stratosphere and mesosphere, but these are poorly or unresolved, respectively, for Ax = 4 and 8 km. Larger
pseudo-momentum fluxes in the lee of NP and SP account for strong, sustained zonal flow decelerations (see
the 1’ < 0 wakes) prior to MW breaking and pseudo-momentum deposition for Ax = 0.5 km, but which decrease
significantly for Ax = 1 km, and are not apparent for larger Ax.

These various responses are driven by small-scale MW breaking and instability dynamics yielding pseudo-mo-
mentum flux divergence and local-mean forcing that likewise exhibit significant reductions in intensities (and
resulting flux divergence) for increasing Ax. As noted above, these instability dynamics comprise primarily
vortex rings having ~3-5 km diameters that are reasonably approximated for Ax = 0.5 km, but which are poorly
described or unresolved for larger Ax. MW dissipation and pseudo-momentum deposition also occur at smaller
MW 4, but in these cases, MW dissipation is driven entirely by the subgrid-scale model.

The most pronounced differences of u’(x, y) at 70 km (Figure 9) relative to those at 50 km are the emergence
of strong wakes of increasing and expanding negative u’ with time. Reference to Figure 4 reveals that MW 4~
100 km and larger modulate the wakes weakly, but cannot account for their large negative u” expanding to over
~1,000 km along x and y at later times. Rather, the wakes arise due to cumulative pseudo-momentum deposition
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Figure 9. As in Figure 8 for u’(x, y) at 70 km (blue dashed lines in Figure 1).

and their advection downstream (toward larger x) thereafter. The dynamics are the same as described at 50 km and
by Fritts et al. (2021), but are much stronger and more extended along y at 70 km. This is because MW breaking
only occurs at 50 km from y ~ 0 to ~300 km southward at later times whereas it expands from ~600 km along y
at 9 hr to ~1,200 km at 12 hr. More significantly, induced decelerations seen in Figures 8 and 9 in the lee of the
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Figure 10. As in Figure 9 for v’(x, y) at 70 km.

Southern Andes vary as dU/dt ~ <u’w’>/H, assuming MW breaking yields time-mean <u’w’> varying much
more slowly than p in altitude. Cumulative effects as these responses are swept downstream through extended
regions of MW breaking along x yield weak, spanwise-localized mean u” < 0 “wakes” at 50 km in the lee of the
major Southern Andes peaks that diminish rapidly with increasing Ax.
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These dynamics yield dramatically stronger and more extensive MW responses at 70 km due to widespread break-
ing and dU/dt varying as 1/p (thus a factor of ~20 larger at 70 km relative to 50 km) for comparable peak time-
mean <u'w’>. Significant u’ < 0 wakes emerge by 8 hr in the lee of NP, from SP southward toy ~ —200 km, and
more weakly aty ~ —300 km for Ax = 0.5 and 1 km. These regions intensify, expand, and merge along y by 9 hr,
and have large-scale features that agree closely for Ax = 0.5-2 km to 12 hr. Similar responses, but further delayed
in time and differing in lee response details, are also seen for Ax = 4 km. Not surprisingly, given discussions
above, responses for Ax = 8 km exhibit no similarities to those for Ax = 0.5-4 km at any time.

Specific differences in these evolutions include the following:

1. emergence of a narrow u’ < 0 downstream wake response at y ~ 600 km beginning at ~9 hr for Ax = 0.5 and
1 km, at ~10 hr for Ax = 2 km, but never appearing for Ax = 4 km,
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Figure 12. As in Figure 11 for <AU>(x, y) at 50 km averaged along x (y) over 200 (50) km. Note the larger streamwise
domain to display upstream and downstream induced changes for varying Ax and time. <AU>(x, y) fields at 70 km in
Figure 13 display the wake responses more clearly than seen in Figure 9. These confirm the intensifying and expanding
wakes from the lee of the Southern Andes to over 900 km downstream and extending to over 1,000 km along y by 12 hr for
Ax = 0.5-2 km. They also further quantify the weaker and delayed responses with increasing Ax.

2. emerging, strong (~50 ms~! or larger) spanwise variations in downstream u’ wakes having spanwise scales
of ~300-500 km for Ax = 0.5 km, similar, but weaker, wakes for Ax = 1 km, and tendencies for emerging,

larger-scale spanwise wakes for Ax = 2 and 4 km,

3. anemerging and expanding wake at 10—12 hr for Ax = 4 km that attains a similar «’ to those for Ax = 0.5-2 km,

but closely resembles the latitudinal structure for smaller Ax at 10 hr, and

4. extension of apparent MWs having 4~ 50-200 km or larger upstream with increasing time, but more prom-

inently for smaller Ax.
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Figure 13. As in Figure 12 at 70 km averaged along x (y) over 300 (100) km.

Differential advection of MW phases along y due to spanwise variations of time-mean <u’w’> and induced
local-mean departures alter MW orientations and induce v’(x, y) and local-mean <v’> seen in Figure 10. These
fields reveal (a) larger-scale responses to MW pseudo-momentum deposition and the emerging <u’> over and in
the lee of the major Southern Andes terrain and (b) smaller-scale features due to local responses to smaller-scale
terrain within the larger field.

The large-scale responses are essentially induced horizontal vortex dipoles, with positive (negative) vertical
vorticity at y < 0 (>0), inferred from large-scale v’ arising from large-scale westward accelerations yielding <u’>
< 0 in a confined region along x and y. This results in (a) spanwise divergence (convergence) to the west (east)
of the major induced <u’> < 0 and (b) compensating <u’> < 0 at smaller and larger y. The two vortex cores for
Ax = 0.5 km appear to expand spatially and advect downstream from x ~ 150 km at 8 hr to x ~ 600 km at 10 hr
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as MW breaking progresses eastward, with less distinct motions at large x thereafter. Their upstream edges extend
westward of the Southern Andes as they arise and have persistent responses throughout the evolution.

The forms of these large-scale dipole responses are similar for Ax = 1-4 km, but their intensities and spatial
extents in x and y decrease with increasing time. These decreasing responses are due to the weaker u’, w’,
<u’w’>, downstream extents of MW breaking, and implied local <AU> in these regions for increasing Ax (see
the u” and w’ fields in Figures 4 and 5 spanning these times). Smaller-scale responses are smaller versions of these
dipoles centered slightly downstream of the major orography in each case. The variable 3-D responses to these
local pseudo-momentum depositions also yield induced, and variable, U, V, and W (x, y, z, t) that span the full
extent of the MW response over, downstream, and upstream of the Southern Andes (see Fritts et al., 2021). Of the
responses for Ax > 0.5 km, those for Ax = 1 and 2 km approximate that for Ax = 0.5 km, but with ~30% and 60%
weaker intensities and extents. That for Ax = 4 km is dramatically smaller and weaker, but does have peak v’ and
local-mean <v’> approaching those for smaller Ax. The response for Ax = 8 km captures no details resembling
the higher-resolution results.

5.2. x-y Cross-Sections of <u’w’> and <AU>

Horizontal cross-sections of <u’w’> and <AU> were averaged using Gaussian weighting having full-width, half
maximum values along x (y) of 200 (50) km at z = 50 km and 300 (100) km at z = 70 km, respectively. These
reveal the regions of major forcing and responses in the lower and middle mesosphere throughout the 8 to 12 hr
interval discussed above. The <u’w’>(x, y) fields extending to +/—900 km along y and from —300 to 900 km
along x at z = 50 and 70 km are shown at left and right in Figure 11, respectively. Corresponding <AU>(x, y) at
50 and 70 km, but extending to x = —900 km, are shown in Figures 12 and 13.

The <u’w’>(x, y) fields in Figure 11 reveal the expanding MW influences with altitude and time. They also
confirm the constraints on MW amplitudes due to breaking that is highly localized at 50 km, but which is stronger
and constrained by decreasing U (and Ic — Ul) at 70 km. The latter accounts for the similar peak <u’w’> at the
two altitudes, despite the decrease in p by ~20.

Peak <u’w’> at all times occur over and in the immediate lee of the major Southern Andes orography. The
responses extend somewhat north of NP and further south of SP due to the more extended high terrain to the
south, as seen more clearly in Figures 8 and 9. Peak <u’w’> remain more localized throughout the event at
50 km, but become more uniform along the major terrain where MW breaking is more continuous at 70 km.
These responses also extend over larger x and y at later times as MWs having larger 4, reach these altitudes. The
28_2

maximum negative averaged magnitudes are ~400 to 600 m?s~2 and ~300 m at 50 and 70 km, respectively.

As noted in the discussion of u’(x, y) and v’(x, y) above, the <u’w’>(x, y) at 50 and 70 km exhibit close agreement
for Ax=0.5, 1, and 2 km, with weak, but discernible, differences at all times. Unlike u’(x, y), however, <u'w’>(x,
) exhibit maxima that are much more confined because MW <u’w’> vary as u’*/4, hence are largest over and in
the near lee of the Southern Andes orography. As seen in #’(x, y) in Figures 8 and 9, <u’w’>(x, y) for Ax =4 km
are more confined and intense over and in the lee of the major orography at all times, but do approximate those
for smaller Ax at earlier times. The responses for Ax = 8 km are much weaker and bear little resemblance to those
for smaller Ax at any times.

<AU>(x, y) fields at 50 and 70 km in Figures 12 and 13 largely confirm inferences from the u’(x, y) fields. As
noted above, the major responses at 50 km shown in Figure 12 largely reflect the increasing amplitudes of primary
MWs having larger A, at later times yielding peak <AU>~ 20-25 ms~! from 9 to 12 hr. They nevertheless also
reveal the influences of MW dynamics yielding narrow AU < 0 wakes with magnitudes of ~15-25 ms~!, despite
the increasing influences of the u’ > 0 phase of MWs having larger A, at this altitude. Whereas these wakes are
seen clearly for Ax = 0.5 and 1 km, they disappear rapidly with increasing Ax and are absent for Ax>1 km. The
<AU> responses for Ax = 8 km are similar with respect to the larger 1, responses, but are very weak and exhibit
no wakes.

The strong <AU> wakes at 70 km are consequences of the much larger and sustained negative local dU/
dt ~ <u’'w’>/H accompanying MW breaking relative to those seen to occur at 50 km. They extend >900 km
due to continuous breaking along the Southern Andes by 12 hr (see Figure 7), and advection of the decelerated
regions to large distances downstream thereafter. Peak negative <AU> at 10-12 hr are as large as ~100 ms~! over
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extended regions from x ~ 100-900 km and y ~ —400 to 600 km. As seen in Figure 12, <AU> for Ax = 4 km
approximates those for smaller Ax = 0.5-2 km at earlier times, but those for Ax = 8 km have much smaller
amplitudes and do not (Figure 14).

5.3. MW Momentum Flux Spectra Over NP and SP

MW MF streamwise spectra over NP and SP computed over the full model domain along x and averaged over
+/-25 km in y km are shown in Figure 14. Colors show Ax from 0.5 (red) to 8 km (black), the latter of which is
only marginally non-zero at 70 km, 4, > 80 km, and the later times.

MF spectra at both altitudes reveal large variations from earlier to later times among the responses over NP and
SP, and for varying Ax. The largest initial responses occur over SP at both altitudes because of its more efficient
generation of MWs having 4, ~ 50-80 km and large vertical group velocities (see the inset spectra at lower right
in the upper panel of Figure 1). These MWs propagate rapidly into the mesosphere and yield significant MFs at
50 and 70 km from 8 to 9 hr, but exhibit marginal evanescence beginning at z ~ 35-45 km for these 4, (see Figure
2f of Lund et al., 2020). Smaller 4, ~ 20-40 km over the NP orography are strongly evanescent, hence do not
contribute primary MW MF at early times at either altitude.

At the later times (10-12 hr), the MF spectra across NP and SP exhibit negative values from 4, ~ 40-160 km at
z=50km and from A, ~ 25-160 km at z = 70 km. Differences from the earlier spectra at z = 50 km are due largely
to MWs having larger 4, and smaller c,_ attaining higher altitudes, especially at 4, ~ 80 and 110 km and longer
over NP, and a decrease of smaller 4, MW amplitudes over SP by 10 hr (see Figures 2, 5, and 6).

MF spectra averaged from 10 to 12 hr at z = 70 km from A, ~ 40-160 km have significantly smaller amplitudes
than seen at z = 50 km for several reasons. There is a smaller initial U(z) ~ 110 ms~! and further reduced U(z)
at 10 hr over and in the lee of NP and SP at z = 70 km relative to those at z = 50 km due to pseudo-momentum
deposition at earlier times. Additionally, because MW intrinsic phase speeds vary as c¢; ~ —U, (neglecting SA
dynamics), u’ ~ c; is required for breaking, w’ ~ u'A /4., and MW I<u’w’>| is significantly smaller at 70 than at
50 km for all 4.

MFs at 4, < 25-40 km at z = 70 km having negative MFs are unlikely to be initial MWs because there is little
evidence for such at z = 50 km over either peak even at late times. They are more likely evidence of SGWs excited
by MW breaking at lower altitudes and earlier times having negative phase speeds with respect to the local mean
flow, hence with negative MFs and exhibiting refraction and secondary breaking above.

Surprisingly, the MF spectrum over NP for 8-9 hr is significantly larger for Ax = 2 km than for Ax = 0.5 or
1 km. Inspection of the detailed flow accounting for MW breaking over this interval reveals that coarser 2 km
resolution causes the instabilities accounting for breaking to revert from smaller-scale, 3-D vortex rings resolved
for Ax = 0.5 and 1 km to a single, larger-scale 2-D (nonphysical) spanwise-aligned vortex that is anticipated for
breaking dynamics at much smaller (and more poorly resolved) Re. This 2-D vortex enables both larger MW
amplitudes and MF spectral amplitudes by decreasing dissipation over the central portion of this interval (see the
much smaller vortex cores enabled for Ax = 0.5 km in Figure 6 of Lund et al., 2020).

6. Implications for Global Modeling of GW Dynamics and Responses

Results presented above reveal dramatic impacts of decreasing resolution on the fidelity of modeling MW and
secondary wave dynamics and large-scale responses extending into the stratosphere and mesosphere accompany-
ing increasing eastward flow over the Southern Andes terrain. Comparisons of the CGCAM simulation results
for varying horizontal resolutions from Ax = 0.5-8 km reveal that resolutions of Ax = 0.5-2 km yield MW,
SGW, and large-scale fields that are in quite good agreement in most respects. However, responses in the more
computationally efficient simulation with Ax = 2 km are somewhat weaker, less extensive, and delayed relative
to those for Ax = 0.5 and 1 km, but the coarser resolution does capture most of the diverse responses from small
MW breaking scales to large-scale induced AU, in the stratosphere and mesosphere.

Results for Ax = 4 km are quantitatively weaker and more restricted than those for Ax = 0.5-2 km and are consid-
ered to be unacceptable approximations for both the MW and the larger-scale responses. The Ax = 8 km case,
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Figure 14. Streamwise <u’w’> spectra at 50 and 70 km (upper and lower 4-panel sets). Those for NP (SP) are shown at top (bottom) averaged from 8 to 9 (10-12) hr
at left (right) for each set. Line codes are shown in the upper left panel.
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near those of the NWP GFS (12.5 km) and IFS (9 km), bears little resemblance to the fields for smaller Ax. The
failure to approximate the initial MW responses for Ax = 8 km is due to both the exclusion of scales smaller than
the Nyquist mode at 16 km and to the large phase errors present from 16 km to the most energetic GW mode of
~50 km. The latter effect is present in all finite-difference and FV schemes, with the severity of these errors for
the smallest resolved scales being only weakly dependent on the scheme order of accuracy (see Appendix A).
Thus, even if an operational model detects apparent GW motions spanning 2—6 grid cells, the dynamics of these
scales will be severely compromised by phase (and perhaps dissipative) errors.

Also performed, but not discussed above, were cases having isotropic central resolutions of 1, 2, and 4 km.
These revealed further response degradations relative to the corresponding cases with Ax = 0.5 km, which we
also attribute to worsening resolution of MW instability dynamics and their influences at higher altitudes. These
collective results suggest that global or large-scale models must achieve horizontal resolution better than 4 km,
and vertical resolution of 0.5 km or better, with higher resolution required where weaker mean winds constrain
GW and instability scales, in order to approximate realistic results without significant reliance on parameteriza-
tions of larger-scale responses to MW dynamics, secondary wave generation, and mean-flow interactions.

Over the next decade, global cloud-resolving (and terrain-resolving) NWP models will be targeting forecasts
at horizontal resolutions of ~1.5-3 km or better (e.g., Stephan et al., 2019; Wedi et al., 2020) and doubling
vertical resolution from the surface to 0.01 hPa. The CGCAM simulations discussed above provide quantita-
tive, and complementary, guidance on the horizontal resolution required to adequately describe more general
multi-scale nonlinear GW dynamics in the next generation of global NWP models. Specifically, the current
CGCAM results confirm that simulations by global and regional models must achieve effective resolution
better than 4 km, and preferably ~2 km or better to resolve key GW dynamics and their induced larger-scale
influences on the large-scale circulation, mixing, and transport from the troposphere into the mesosphere.

High-resolution simulations promise to avoid the significant reliance on vertical column sub-grid parameteriza-
tions of MWs employed in many current NWP and Climate models. These parameterizations do not account for
the nonlinearity, intermittency, and transience of MW dynamics and responses, nor the generation and influences
of SGWs. Rather, they typically employ parameterizations relying on linear theory and discrete or idealized GW
spectral forms (Kim et al., 2003). Our results provide quantitative insights into, and confirmation of, signifi-
cant deficiencies, especially large-scale circulation biases, in current parameterizations of orographic GW drag
(GWD; Sandu et al., 2019; Strube et al., 2021; van Niekerk et al., 2020; Vosper et al., 2019) and of non-oro-
graphic GWD (Geller et al., 2013; Miiller et al., 2018; Stephan et al., 2019).

Specific examples include the following:

1. vertical-column GWD schemes cannot describe realistic MW/GW responses that extend several hundred km
downstream, upstream, and laterally from the surface into the MLT,

2. quasi-stationary GWD parameterizations assuming instantaneous responses at higher altitudes cannot account
for responses that may be delayed by several or many hours,

3. current GWD schemes rely on assumptions of linear, slowly varying MW/GW amplitudes and pseudo-mo-
mentum deposition that are inconsistent with MW/GW amplitude variability driven by strong nonlinear
dynamics and intermittent breaking, and

4. slow, systematic interactions among superposed, resolved MWs and other GWs cannot account for SGW
generation at smaller spatial scales accompanying either local SA dynamics or intermittent breaking and
induced amplitude modulations.

Early efforts to address these parameterization needs by approximating nonlinear influences on the spec-
tral character of the GW field (e.g., Fritts & VanZandt, 1993; Hines, 1997; Warner & Mclntyre, 1996) have
continued to the present (Liu, 2019). Other approaches addressing “gray zone” dynamics (Ax ~ 2-32 km)
seeking to relate unresolved responses to resolved surface stresses appear to have significant promise (Vosper
etal., 2016, 2019). However, inter-model comparisons of current orographic, convective, and storm track source
descriptions reveal significant deficiencies in their GW responses, variations in altitude, and a general inability
to approximate higher-resolution fields via parameterization (Stephan et al., 2019; van Niekerk et al., 2020).

CGCAM and other models using ~2 km or better resolution are able to describe these “gray zone” dynamics
with reasonable fidelity. Such studies enable quantification of a diversity of MW and more general GW dynam-
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ics, including GW instabilities, amplitude reductions, intermittency, and SGW generation extending into the
stratosphere and above (Doyle et al., 2005; Fritts et al., 2021, 2018; Heale et al., 2019; Lund et al., 2020; Mixa
et al., 2021; Vosper, 2015; Vosper et al., 2016, 2019). The local responses can provide guidance for improved
sub-grid-scale parameterizations, especially as they extend to even higher resolutions and higher effective Reyn-
olds numbers. CGCAM simulations of SGW generation in regions of strong GW mean-flow interactions and
breaking (Dong et al., 2020, 2021; Fritts et al., 2020) specifically highlight the need to describe their influences,
given their ubiquitous sources and strong responses from the troposphere into the MLT.

Of these dynamics, SGW generation and responses including nonlinear influences are potentially the most impor-
tant and least studied to date. Accounting for all SGW dynamics and responses requires a high-resolution mesoscale
model able to describe emerging nonlinear GW/mean-flow interactions yielding “self-acceleration” (SA) dynamics
that account for GW packet stalling, local body forcing, and larger-scale SGW generation. Larger-scale SA dynam-
ics do not rely on GW instabilities and breaking, which are instead by-products of the larger-scale SA dynamics.
Strong MW responses and breaking in the troposphere and lower stratosphere may prove to be the strongest sources
of larger- and smaller-scale SGWs at higher altitudes due to their widespread sources and especially their potential
to achieve large amplitudes and breaking at low altitudes and small horizontal scales (see the MW and SA references
cited in the Introduction). Other GW sources will surely also contribute to SGW generation, but potentially more
weakly due to often larger scales and their expected attainment of large amplitudes at higher altitudes.

While high-resolution regional and global simulations achieving horizontal resolutions of Ax ~ 2 km are likely
to approximate well the large-scale dynamics extending to high altitudes, un-resolved smaller-scale dynamics
will continue to require parameterizations where resolutions are coarse and/or GW scales are small. This is due
to multiple factors, including the following: (a) lack of sufficient initial conditions, (b) sensitive dependence of
emerging GWs and instabilities on small initial optimal perturbations, (c) nonlinearities driving interactions
and instabilities, (d) transience and intermittency due to GW breaking or local KH shear instabilities that drive
GW amplitudes to values often much smaller than incipient overturning amplitudes, and (e) local influences of
turbulence and mixing that are not adequately described or understood at present in the atmosphere or oceans
(Dimotakis, 2005; Gregg et al., 2018; Mashayek et al., 2017). This is, in part, because imposed GW ampli-
tude constraints imply much smaller effective GW Reynolds numbers, Re =(c — U)A /v, = NA27v 4, for an
assumed effective turbulence kinematic viscosity, v g, and much larger implied instability scales, where they may
be resolved for artificially small Re_,. Such responses also imply significant suppression of, or lack of, SGW
generation and much smaller transient reductions of GW amplitudes, and associated modulation of GW breaking
intermittency and associated MFs.

The above discussion focused entirely on varying horizontal resolution. Multiple previous studies have also
emphasized the importance of high vertical resolution. Hence, we have also performed additional simula-
tions for isotropic resolution of 1 and 2 km. These reveal very significant additional degradation relative to
the corresponding fields having Ax = 0.5 km. These results are provided as Supplemental Materials files,
which compare the two responses in all the fields displayed above. As noted above, Appendix A provides a
detailed discussion of the implications of finite-difference resolutions for representation of these and other
GW dynamics.

7. Conclusions

CGCAM simulations of MW dynamics over the Southern Andes performed for varying horizontal resolution
reveal a systematic degradation of responses as horizontal resolution, Ax (and Ay), coarsens from 0.5 to 8 km.
These include (a) decreasing regions undergoing instabilities and breaking, (b) decreasing resolution of the MW
instability dynamics accounting for breaking, (c) weakening and disappearance of SGW and AW generation as
MW breaking weakens and fails to be resolved, (d) shrinking and weakening of the induced mean-flow deceler-
ations, and (e) weakening and narrowing downstream wakes of decelerated U.

These multi-scale simulations provide guidance on resolutions likely to be required for mesoscale or global
models intended to account for MW and more general GW generation, propagation, and transports of pseu-
do-momentum and energy into the stratosphere and mesosphere, and potential generation of SGWs extending
into the MLT. More importantly, perhaps, because most global models will not enable such extreme resolutions,
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the results presented here may provide guidance for parameterization of the various responses at higher altitudes
because they describe both the responses requiring description and the dynamics that provide the basis for param-
eterizations of these responses. They also provide motivations for developments of nesting capabilities in GCMs
able to couple to high-resolution local simulations.

Appendix A: Finite-Difference Errors in Numerical Simulations

Most numerical simulations are affected by two sources of error: (a) representation error and (b) numerical error.
Representation error stems from the fact that the computational mesh only supports a finite number of scales, ranging
from the computational box dimension (L) to twice the grid spacing (2A), whereas numerical error arises from the
discrete approximations to the derivative operators in the conservation laws. As the mesh is coarsened the representa-
tion error damages the solution through the removal of important scales of motion. For example, the shorter wavelength
components of the primary wave packet in our simulations are absent at the coarser resolutions and important insta-
bility scales are also missing. Numerical error, on the other hand, preferentially upsets the dynamics of the smallest
resolved scales. Using information contained in Moin (2001), the relative error in phase speed for a 1-D linear wave
equation model problem for any properly constructed finite difference or finite volume scheme can be written as:

. N+l
ml( 5

A . [ 2mnA
e=1_(2m> § A”5m< 2 )

where A is the wavelength, A is the mesh spacing, N is the order of accuracy, and int() is the integer truncation.

The coefficients A, for second through sixth order schemes are shown in Table Al. Even-ordered (centered)
schemes only contain phase error, whereas odd-ordered (skewed) schemes also contain dissipative errors. While
dissipative errors are especially harmful for wave and turbulent phenomena, we shall not discuss these here since
we have used a centered scheme. A Taylor series analysis of the error equation above for well-resolved waves
(A/A—0) reveals the scheme order of accuracy, whereas an evaluation at the Nyquist limit (A/A— 1/2) shows the
astonishing result that ALL discrete schemes have 100% phase error for the smallest resolved scale. This latter
result is significant since it indicates that increasing the order of accuracy will improve the situation very little
for marginally resolved scales.

The foregoing analysis can be used to loosely extrapolate the results obtained with our 2nd order scheme to those
of higher order. To do this we simply determine the mesh spacing for a higher order scheme that produces the
same phase error experienced by our scheme, when using the most energetic horizontal wavelength of 1, = 50 km.
The results are shown in Table A2, where A, is the equivalent mesh spacing yielding the same phase error as
the 2nd order scheme. This table shows that, while considerably coarser meshes could potentially be used by
higher order schemes in the fine spacing regime, the gains erode steadily as the mesh is coarsened, and show only
marginal improvement at a spacing of 16 km. We should caution that this analysis ignores representation error,
which can also have serious impacts on the solution at coarser resolution. Thus, it appears unrealistic to think that
a simulation using a 6th order method with a spacing of 6.9 km would produce results equivalent to what we have
obtained with a spacing of 1 km.

It can also be shown that the phase error results in a reduction in both the GW phase speed and in the vertical
group velocity. At the coarser resolutions, this effect introduces a pronounced time delay in the solutions as it
takes longer for the MW packet shaped by the wind ramping procedure to propagate to higher altitudes.

Table A1

Error Analysis Coefficients for Central-Difference Schemes of Various Orders

Order A Az As

1,2 1 0 0

34 4/3 -1/6 0

5,6 3/2 -3/10 1730
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Table A2

Higher-Order Scheme Mesh Spacings Giving Error Equal to the Second Order Scheme

Order 1,2 3,4 5,6

Spacing (km) D D, D,
1 4.25 6.90
2 6.05 8.83
4 8.70 11.4
8 12.7 15.0
16 19.0 20.3

Data Availability Statement

Supplemental Materials include high-resolution figures and https://zenodo.org/deposit/5815467 hosts the figures
and the data files needed to recreate the figures.
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