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ABSTRACT: A companion paper by Lund et al. employed a compressible model to describe the evolution of mountain
waves arising due to increasing flow with time over the southern Andes, their breaking, secondary gravity waves and
acoustic waves arising from these dynamics, and their local responses. This paper describes the mountain wave, secondary
gravity wave, and acoustic wave vertical fluxes of horizontal momentum, and the local and large-scale three-dimensional
responses to gravity breaking and wave-mean-flow interactions accompanying this event. Mountain wave and secondary
gravity wave momentum fluxes and deposition vary strongly in space and time due to variable large-scale winds and spatially
localized mountain wave and secondary gravity wave responses. Mountain wave instabilities accompanying breaking induce
strong, local, largely zonal forcing. Secondary gravity waves arising from mountain wave breaking also interact strongly with
large-scale winds at altitudes above ~80 km. Together, these mountain wave and secondary gravity wave interactions reveal
systematic gravity wave-mean-flow interactions having implications for both mean and tidal forcing and feedbacks.
Acoustic waves likewise achieve large momentum fluxes, but typically imply significant responses only at much higher
altitudes.
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1. Introduction 1987; Jasperson et al. 1990). Stratification of these data by GW
source revealed that mean variances over orography 1) ex-
ceeded those over convection, frontal systems, and jet streams,
2) were ~40%-150% larger than the second largest source,
jet streams, for velocities, and 3) that MW zonal MFs were
generally negative and occurred primarily at horizontal wave-
lengths A;, ~ 25-60 km (Nastrom and Fritts 1992; Fritts and
Nastrom 1992), confirming the likely importance of MWs in the
atmosphere.

The 1999 Mesoscale Alpine Programme (MAP), the 2006
Terrain-Induced Rotor Experiment (T-REX), and other pro-
grams employed increasingly capable airborne and ground-
based measurements in a variety of regions. These observations
and parallel modeling significantly expanded our understanding
of MW sensitivity to source characteristics, surface influences,
and propagation conditions extending into the lower strato-
sphere (e.g., Bougeault et al. 2001; Doyle et al. 2005; Jiang and
Doyle 2004; Jiang et al. 2006; Smith et al. 2007, 2008; Grubisi¢
et al. 2008). None of these programs included measurements
above aircraft altitudes, however, so were unable to address MW
responses above the lower stratosphere.

Initial modeling extending into the mesosphere suggested
MW penetration, breaking, and significant drag (Bacmeister

3 Denotes content that is immediately available upon publica- 1993; Bacmeister and Schoeberl 1989; Satomura and Sato 1999;
tion as open access. Schoeberl 1985). Global satellite measurements expanded
sensitivity to GW responses in the stratosphere to sources at
lower altitudes. Analyses of these data provided evidence of
MWs in the middle and upper stratosphere having distinct
“hotspots” over high orography at middle to high latitudes in

Mountain wave (MW) studies have a history spanning over
100 years (Smith 2019). A survey of the earliest studies was
presented in the review of the Sierra Wave Project occurring in
the 1950s by Grubisi¢ and Lewis (2004). Increasingly quanti-
tative airborne and ground-based studies over the Rockies in
the 1970s addressed conditions contributing to strong MW
breaking, momentum fluxes (hereafter MFs), and turbulence
in the upper troposphere and lower stratosphere (see Lilly and
Kennedy 1973; Lilly 1978) and motivated multiple modeling
and theoretical efforts thereafter (Klemp and Lilly 1978;
Durran and Klemp 1987; Durran 1990, 1995; Smith 1979).

Other observations provided evidence of the importance of
MWs relative to gravity waves (GWs) arising from other sources
in the troposphere and lower stratosphere. Measurements dur-
ing the Global Atmospheric Sampling Program (GASP) from
1975 to 1979 enabled assessments of contributions by various
GW sources to flight-level variances. Various GASP studies
revealed variance enhancements up to ~6 times larger over
mountains than over plains and oceans and up to ~10 times
larger over terrain having the highest roughness (Nastrom et al.

& Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/JAS-D-20-

020751 winter (Eckermann and Preusse 1999; Jiang et al. 2002; Wu and
Eckermann 2008; Alexander and Grimsdell 2013; Hendricks
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observations provided insights into spatial distributions in the
stratosphere, but in all cases underestimated MW amplitudes
and failed to capture smaller spatial scales due to line-of-sight
integration across GW structures.

MWs in the mesosphere and lower thermosphere (MLT)
over the southern Andes first reported by Smith et al. (2009)
exhibited stationary phases aligned approximately north—
south, horizontal wavelengths A, ~ 3540 km, and were seen
in three airglow emissions from ~87 to 96 km. Observations by
Smith et al. (2013) over New Zealand revealed apparent MW
breaking at ~80-100 km and larger-scale secondary GWs
(SGWs) at ~250 km, similar to SGWs generated by strato-
spheric GW breaking (Sato et al. 2009).

More extensive contributions to understanding MW prop-
agation and influences in the stratosphere and MLT accom-
panied the Deep Propagating Gravity Wave (DEEPWAVE)
program conducted over New Zealand in 2014 (Fritts et al.
2016). DEEPWAVE was motivated by the studies noted above
and the limited evidence of MWs able to achieve MLT al-
titudes in winter. DEEPWAVE comprised 26 research
flights performing lidar profiling from ~25 to 105 km, OH
airglow temperature imaging at ~87 km along and across
the flight tracks, and ground-based imaging and lidar pro-
filing east of the Southern Alps on the New Zealand South
Island. DEEPWAVE results relevant to the study described
here include the following:

1) strong forcing can yield large MWs and MW breaking at
lower altitudes and in the MLT (Kaifler et al. 2015;
Bramberger et al. 2017),

2) large-amplitude MWs in the MLT can result from weak
(strong) flow over significant (lower) orography (Eckermann
et al. 2016, hereafter E16; Pautet et al. 2016, hereafter P16;
Bossert et al. 2015, 2018, hereafter B15, B18; Fritts et al. 2018,
2019, hereafter F18, F19; Taylor et al. 2019, hereafter T19),

3) GW instabilities are largely consistent with model predic-
tions of instability forms and MW amplitude decreases
(P16; F18, F19; T19),

4) MW MFs as large as (ujw') ~600-800m*s~2 (for hori-
zontal and vertical perturbation velocities, (1,) and w',
and brackets denoting a horizontal average) accompany
MW A;, ~ 100 km or smaller in the MLT (P16; F18, F19;
T19), and

5) SGW generation accompanies MW breaking dynam-
ics (B15).

Ground-based observations on Tierra del Fuego (53.8°S,
67.7°W) during austral winter 2018 provided MF assess-
ments SE of the major southern Andes terrain. Rayleigh
lidar observations aided by ECMWF modeling yielded peak
po(uw') ~30-200mPa at 40-50 km (Kaifler et al. 2020). A
related study using airglow imaging and radar winds at ~80—
90 km at the same site yielded MFs often ~100 m? s~ or larger
and exhibiting strong semidiurnal tide modulation (Pautet
et al. 2021).

Model results described by Lund et al. (2020, hereafter 1.20)
include many aspects that are consistent with DEEPWAVE
observations described above, despite having very different
orography. These include the following:
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1) initial breaking in the MLT where the zonal wind U
becomes small and the MWs approach a critical level,

2) strong MW breaking in the MLT at A;, ~ 40-70 km east of the
southern Andes and extending ~200-300 km downstream,
and also at larger A;, upstream at higher altitudes and
later times,

3) SGW radiation to higher altitudes from MW breaking
below, and

4) MLT MW breaking extending for ~1000 km along the
southern Andes at later times.

This paper employs further results of the MW simulation
described by L20 expanding on those summarized above.
These include assessments of 1) MW, SGW, and acoustic wave
(AW) MFs at lower and higher altitudes and extended along
the southern Andes, 2) local U departures from initial fields
driven by MF divergence, 3) nonlocal responses to local mean
forcing, and 4) correlations of MW and SGW MFs due to fil-
tering by large-scale shears.

Our paper is organized as follows. Section 2 summarizes the
model configuration and analysis methods. Mean-flow and MF
evolutions are presented and compared in section 3. Section 4
describes mean forcing, flow evolution, and correlations with
mean winds and shears. Sections 5 and 6 provide a discussion of
these results in relation to previous studies and our conclusions.

2. Model capabilities and configuration and data analysis
methods

a. Model capabilities and configuration

The Complex Geometry Compressible Atmospheric Model
(CGCAM) is a finite-volume code that solves the com-
pressible Navier-Stokes equations (see L20). It employs
exponential mesh stretching enabling very high resolution
where required to resolve initial instabilities due to MW and
SGW breaking. The computational domain extended 2500 km
in longitude, 2000 km in latitude, and 200 km in altitude and
was centered at 48.2°S between the two major southern Andes
massifs ~120 km north and south (~47.1° and 49.3°S) denoted
N and S peak (NP and SP). Isotropic 500-m resolution was
employed from roughly —50 to 250 km in x and —400 to 350 km
in y relative to the domain center, and from z = 0-200 km
(Fig. 1, left).

Inflow—outflow boundary conditions were employed, and
damping layers were specified at the lateral and upper bound-
aries in order to absorb outgoing GWs and AWs. Impacts of
smaller scales following transition to instabilities was defined by
the dynamic subgrid-scale (SGS) scheme of Germano et al.
(1991). Resolution of the initial instabilities ensures that they have
realistic impacts on MW and SGW amplitudes and evolutions.

Initial conditions include horizontally uniform wind and
temperature fields specified by a free-running WACCM at
50°S (right panels in Fig. 1). These exhibit significant cross-
mountain flow up to 30 m s ! over the major southern Andes
peaks, and generally increasing zonal winds up to a strong
maximum of ~190 m s~ at ~47 km, decreasing to a mini-
mum of ~10 m s~ at ~87 km, increasing to ~170 m s~ " at
~100 km, and decreasing to an initial MW critical level at
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FIG. 1. (a) Southern Andes terrain elevations and WACCM winter profiles of (b) Ty, and (c) Uy and Vj, (solid and dashed, respectively)
up to ~105 km at 50°S and 73°W, with analytic extensions to higher altitudes. (d) The prescribed temporal variation of the lower-level Uy
deficit below 20 km [thin dashed line at bottom in (c)] is shown. The CGCAM region having 500-m isotropic resolution extending 250 km is
longitude and 750 km in latitude is shown with the white rectangle in (a).

~115 km. Meridional winds were in quadrature with zonal
winds above ~70 km, as expected for the semidiurnal tide.
WACCM temperatures also exhibited significant variabil-
ity, and implied strong variations of mean static stability N?
leading to regions of evanescence for MWs having smaller
Ap. WACCM wind and temperature profiles were artificially
extended to higher altitudes by approximating tidal winds
and assuming a solar-mean thermospheric state. A free-slip
lower boundary was assumed, and MWs were excited by
imposing a gradual ramp of the winds from the surface to
25 km over 12 h to approximate slowly varying mesoscale
conditions (Fig. 1, right).

Initial and evolving zonally averaged zonal and meridional
mean wind are denoted (U, Vy) and (U, V), with local zonal
departures from initial conditions AU = U — Uj. Perturbations
and the total evolving zonal fields are denoted (¢, v/, w') and
u = U + u'. Perturbation fields have component wavelengths
(Ax, Ay, A;) and wavenumbers (k = 2m/A,, [ = 2mw/A,, m = 2ar/A )
with k} = k* + P and Aj, = 2m/k;,. Other quantities include
phase speed c, intrinsic phase speed ¢; = ¢ — Uy, for U), in the
plane of GW propagation, intrinsic frequency w; = kjc;, and
buoyancy frequency and period, Ny and T}, = 27/N,.

b. Data analysis methods

While the primary solution variables are displayed without
spatial averaging, such averaging must be applied for the MFs
and for the mean-flow deviations. Given our exploration of
MFs for MW A, ~ 40-70 km east of the southern Andes and at
higher altitudes upstream, and our desire to estimate local
MFs and responses, we employ a raised cosine window
with a full-width/half-maximum (FWHM) of 100 km or
larger along x (depending on altitude, variable, and relevant

GW scale) to assess local U, AU, and MFs (see text for de-
tails in each case).

3. MW, SGW, and AW evolutions and momentum fluxes

We quantify in this section MW and SGW vertical fluxes of
zonal momentum, (#'w'), and their sources and roles in driving
departures from the initial mean fields where these fluxes are
divergent. We first describe the MW, SGW, and AW evolu-
tions revealed in u = U + u’ x—z cross sections over SP and NP,
and in y-z cross sections at several locations across the
southern Andes terrain. These are shown at left in Figs. 2-4,
respectively, and corresponding (u'w’) fields are shown at right.
(v'w') magnitudes (not shown) are generally much smaller
and arise initially through three-dimensional (3D) MW self-
acceleration (SA) dynamics (Fritts et al. 2020, hereafter F20)
exhibiting local meridional negative maxima of dU/dt that bow
the local MW phase westward and imply increasing (decreas-
ing) ('w') to the north (south). MF units are m* s 2, given the
units employed for MLT observational studies of these dy-
namics in order to compare with MLT observations. We also
discuss these MFs in pascals in a comparison to stratospheric
observations in section 5.

a. MW evolution

The MW field evolution over SP is shown with u(x, z)
cross sections from 7.5 to 11 h at left in Fig. 2. Weak initial
MW amplitudes over and east of SP enable linear propa-
gation to z ~ 100 km by ~7 h. Increasing «’ due to increasing
cross-mountain flow leads to initial MW breaking prior to
~7.5h above z ~ 70 km approaching the minimum initial U,
~10ms~ ! at ~87 km, with smaller amplitudes approaching
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FI1G. 2. (left) u(x, z) and (right) ('w’) (x, z) over SP from z = 0-180 km and 7.5-11 h. The dashed black lines at 100 km in the right panels
show the transition from the lower to the upper color scale for («'w’) shown at bottom right.

the MW critical level at z = 115 km (Fig. 2 at left, top left).
The u(x, z) cross sections from 8 to 9 h show MW breaking to
intensify and descend to below the peak U at z ~ 47 km,
extend downstream to x ~ 170 km below z ~ 85 km, and
extend upstream >100 km west of SP at z ~ 100-115 km.
Thereafter, breaking extends to over 250 km downstream,
more weakly and confined to z ~ 60-70 km over SP at
z ~ 70-80 km, and more strongly upstream at ~100-110 km,
in each case confined by decreasing U with altitude above
(see online supplementary movies).

The evolution in the x—z plane over NP (Fig. 3, left) dif-
fers in significant ways from that over SP. The more local-
ized NP E-W terrain causes a more extended and energetic
breaking MW train downstream of the terrain throughout
the evolution. However, breaking east of NP also descends
only to z ~ 52 km, ~7 km higher than east of SP (also see
Figs. 4 and 5 below). Breaking is also less intense over NP,
based on |u’| maxima in breaking regions and the implied
larger A, > 27wU/N (due to nonhydrostatic MWs in large U)
at breaking altitudes over SP.

The different responses over SP and NP suggest signifi-
cant variations along the Andes in responses to varying
terrain heights and scales. To investigate the implications
for the MW and SGW fields and MFs, u(y, z) cross
sections and zonal MFs averaged along x as in Figs. 2 and 3
are shown from 8 to 10 h at x = 0, 50, and 100 km at left and
right in Fig. 4. To aid interpretation of these fields, we note
that blue colors at left denote westward u = U + «/, hence
implied overturning and breaking at altitudes below the
MW critical level at z = 115 km.

MW responses at 8 h are very weak over the southern Andes
atx = 0, but exhibit initial overturning at z ~ 70-90 km over SP
and increasing amplitudes approaching the MW critical level
between SP and NP. Initial responses noted above are much
more pronounced at x = 50 and 100 km at 8 h east of SP, but not
seen east of NP because the smaller MW A, ~ 50 km at this
location yields warm phases of the MW response at these
locations.

The u(y, z) cross sections at left in Fig. 4 also provide im-
portant insights into the larger-scale responses to the variable
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FIG. 3. Asin Fig. 2, but over NP. The same

MW and MF influences. Seen at x = 50 km at 8 h, and with
larger amplitudes at 8.5 h, are regions of increased U along y
between and below the breaking regions east of SP and NP.
Similar, but weaker, responses are also discernable at x = 0 and
with greater variability in y at x = 100 km extending to
later times.

Comparing the responses at x = 0, 50, and 100 km, we see
that the major MW breaking remains east of the southern
Andes accompanying the initial MW response. The deepest
descents of MW breaking persist east of SP and NP, with that
over NP remaining weaker and confined to higher altitudes.
See the light blue regions at 8.5 and 9 h and x = 50 km east of
SP and NP above z ~ 45 and 55 km, respectively, having
meridional widths of ~50-100 km. Also note the regions of
significantly enhanced (positive) U between, and north and
south of, both MW breaking responses, especially at x
50 km, with weaker and more variable responses at x
100 km. Regions of enhanced U exhibit no instabilities and
are instead indications of compensating stronger eastward
winds where MW breaking yields MF gradients implying
strong flow decelerations.

(u'w') color scale is used for all z in this case.

The subsequent evolution of this flow reveals that MW
breaking extends further N and S along the southern Andes at
x = 50 and 100 km by 10 h, and that the response at x = 50 km
becomes less variable along y with time. Additionally, re-
sponses at x = 100 km deviate significantly from those at x =
50 km accompanying attainment of the strongest responses at
~9 h, revealing instability occurrence and U variability that are
more nearly anticorrelated with those at x = 50 km, |y| <
250 km, and 9 and 10 h. See, as examples, the deeper MW
breaking descents at y ~ —200, 50, and 200 km at x = 100 km
and 10 h, where the corresponding descents at x = 50 km are
smaller than elsewhere.

Another perspective on these dynamics is provided by u/(x,
y) cross sections at 50 and 70 km altitudes at 8, 9, and 10 h and
at 100 km at 9 and 10 h on the left half of Fig. 5. These altitudes
correspond to the lower and higher regions of major MW
breaking in the mesosphere and at the altitude of maximum U
below the MW critical level in the thermosphere. The fields at
50 and 70 km show that the zonal responses expand rapidly
downstream and along the southern Andes from 8 to 9 h, as
inferred from Figs. 2—4 at specific x and y. They also confirm
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FIG. 4. As in Figs. 2 and 3, but for u(y, z) and (u'w')(y, z) from 8 to 10 h at x = (top) 0, (middle) 50, and (bottom) 100 km.

that MW breaking quickly extends to lower altitudes over SP,
but remains above 50 km over NP as these regions approach
their peak responses. Important features include 1) the well-
delineated responses east of SP and NP at the earlier times, 2)
clear decelerations of U at 70 km initially east of SP and NP,
but increasingly to the south at 9 and 10 h (blue regions with
MW phases bowed westward at the center), 3) expanded
decelerations of U at 100 km exhibiting large bow-wave re-
sponses over ~800 km N-S at 9 and 10 h, and 4) significant
upstream penetration of U decelerations extending west at
these times.

Not shown, but implied by these responses, are related v/,
(v'w'), and V where nonzero dU/dy rotates MW orientations
and induces horizontal convergence and divergence in the local
mean horizontal flow. Because the MW orientations remain

largely along x, however, the induced responses are smaller,
but they do contribute to spanwise and vertical variations in
observed U.

b. MW instability dynamics

We briefly address the instability dynamics accounting for
MW breaking to provide confidence in their implications for
the MW evolution and the resulting SGW and AW genera-
tion, pseudomomentum deposition, and mean-flow responses
discussed below. These are illustrated with limited x—z cross
sections of spanwise vorticity over SP, ,, and x-y cross
sections of w at 70 and 100 km altitudes in Fig. 6. These fields
reveal that initial instabilities comprise vortex rings, as seen
to accompany MW and more general GW breaking in ideal-
ized modeling and OH airglow and polar mesospheric cloud
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imaging (Fritts et al. 2009a,b, 2017, hereafter F09a,b; F19;
Hecht et al. 2018). Vertical cross sections of vortex rings are
revealed by the tilted positive and negative (upper left and
lower right) £, maxima seen most clearly at the leading edge
of each descending MW phase at 8 h (Fig. 6, top left).
Evidence of vortex rings are also seen in the x—y cross
sections of w, where descending motions (blue) occur within
rings of ascending motions (red) near the transitions from
descending to ascending MW phases. In both x—z and x-y
cross sections, vortex ring scales range from ~5 to 10 km
or larger, and are consistent with expectations for ring di-
ameters to be ~0.3-0.4A, for idealized nonhydrostatic GWs
(F09b; F17).

c. SGW and AW evolutions

SGWs at larger scales arise due to localized body forces
accompanying transient GW MF gradients, whether they are
large or small. As described by Dong et al. (2020, hereafter
D20) and F20, SGW generation is strongest where GW phase
steepening leads to stalling of the GW vertical propagation and
associated SA dynamics. Importantly, however, not all induced
mean flows lead to GW stalling. SGW generation also ac-
companies local GW instability dynamics, whether or not the
initial GW undergoes SA dynamics, with spatial scales dictated
by these local dynamics.

AWs arise primarily due to GW breaking yielding strong,
transient compressible dynamics. Neither SGWs nor AWs
have large amplitudes at their source altitudes, however, but
require propagation over multiple scale heights, H, above the
MW breaking regions to become visible in the presence of
large-amplitude MWs. As a result, both SGWs and AWs are
most apparent above the MW critical level at z = 115 km.
AWs are easier to identify where large amplitudes result in
roughly spherical shapes having sharp phase transitions.
SGW phase variations and A, can resemble MWs, but can be
discriminated by their large nonzero phase speeds and often

nonzonal propagation directions (see online supplementary
movies).

Specific SGW responses seen in Figs. 2—4 and 7, and the
accompanying movies include

1) largely upstream and downstream SGW propagation at z >
115 km arising quickly after MW breaking with A, ~ 50—
200km, ¢ ~ 100200 ms ™%, and A, A -, and c increasing with
altitude,

2) weaker SGWs at z > 115 km at larger radii (Fig. 4, left, at 9
and 10 h), and

3) eastward-propagating ducted SGWs at z ~ 87-105 km, A, ~
65 km, and ¢ ~ 230 m s~ ' by ~8.5 h.

AW responses seen in Figs. 2—4 and 7 and the accompanying
movies include

1) emergence from the regions of strongest initial MW break-
ing beginning at ~7.5 h,

2) large amplitude increases, especially over SP where MW
breaking is lower and stronger,

3) roughly spherical phase fronts and sharp phase transitions
above z ~ 105 km, and

4) propagation upward and outward from regions of strong
MW breaking yielding large amplitudes and dramatic phase
variations to z = 180 km and ~300 km horizontally.

Following initial MW breaking, SGWs and AWs make ma-
jor contributions to flow variability via transient (¢, v', w', T')
above ~87 km. However, their larger scales and higher fre-
quencies allow them to avoid significant dissipation, hence they
contribute little to mean field evolutions.

d. MW, SGW, and AW MF evolutions

We now examine the zonal MFs accompanying the MW
evolution. The x—z cross sections of (u'w’) averaged along x (y)
with FWHM of 100, 100, and 200 (50, 50, and 100) km at z = 50,
70, and 100 km are shown over SP and NP at right in Figs. 2 and
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FIG. 7. As in Fig. 5, but at z = 180 km and (top) 9 and (bottom) 10 h. («'w’) in the right panels are averaged with a
FWHM = 300 km in x and y.

3. Note the different color scales for (#'w’) above and below
100 km shown at right in Fig. 2 to enable better estimates of the
sporadic, large SGW and AW MFs at higher altitudes. The y—z
cross sections of (1'w') at x = 0, 50, and 100 km averaged as
above are shown at right in Fig. 4. The x—y cross sections at z =
50, 70, and 100 km are shown at right in Fig. 5. Figure 7 at right
shows x—y cross sections of (u'w’) at 180 km averaged with a
300-km FWHM in x and y, given the larger SGW A, and their
variable orientations.

MW MFs at the onset of breaking east of SP at x ~ 80 km, z
~ 70 km, and ~7.5 h are large (maxima ~—600 m? s 2).
Increasing MW amplitudes in larger U yield MFs ~ —500
to —1200 m? s~ 2 from z ~ 45-60 km and retain the higher initial
maximum at 8 h. Thereafter, MF responses in the region of
primary MW breaking extend from x ~ 0-100 km and z ~ 40-
80 km, exhibit extended regions having MFs ~ —1000 m?s 2 or
larger, and have variable structure in altitude and time due to

nonstationary MW breaking. MW MFs at these altitudes are
more variable and weaker further E. Thin regions with nega-
tive MFs accompany MWs extending further downstream with
time (Fig. 2), especially at z ~ 50-80 km and x ~ 100-200 km at
9 h and sporadically at z ~ 50-70 km thereafter.

Below z ~ 115 km over and upstream of SP from 8.5 to
11 h are regions of negative and positive MF. Negative MFs
accompany upward propagation of higher w; MWs over and
east of SP at earlier times and of larger-scale and lower w;
MWs extending increasingly upstream with time (Fig. 2,
left). Positive MF maxima along the larger-scale MW phase
upward toward W arise from inadequate horizontal aver-
aging over these larger-scale MWs. MW MFs over NP below
z = 115 km are similar to those over SP, but differ in the
details because of the weaker and more extended NP
downstream response. Specific differences include the
following:
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1) peak MW MFs east of NP in the stratosphere arise more
slowly, descend only to ~52 km, ~10 km higher than east of
SP, and have ~30%-50% smaller maxima at these times,

2) unlike SP, which has small MFs above ~100 km, NP MWs
have MFs ~—500 to —800 m” s~ that arise due to upward
propagation of the lee MWs extending further E, and

3) upstream MFs due to larger A, MWs emanating from the
region of major MW breaking arise somewhat later over
NP due to the delayed and less intense breaking east
of NP.

MFs at higher altitudes emerge quickly after the earliest
MW breaking east of SP at ~50-80 km (Fig. 2, right, at
8 h above 150 km). Figure 2 at left and SM1.mp4 show these to
accompany initial AWs, because initial SGWs are propagating
largely westward and confined to z < 150 km at 8 h. Both AW
and SGW MFs increase dramatically up to ~9 h, exhibit largely
positive (negative) MFs E (W) of primary MW breaking be-
low, and achieve large magnitudes more intermittently there-
after. Of these, AWs account for the major MFs above
~110 km, exhibiting transient, but nearly continuous positive
(negative) magnitudes of ~1500 (1000) m? s~2 or larger at
8.5 h and ~3000 (10 000) m*s~2 or larger from z ~ 120-180 km
at 9 h east (west) of x ~ 100 km. SGWs contribute very little to
eastward MFs, as these motions comprise largely ducted re-
sponses east of SP at z ~ 87-105 km. SGWs propagating
westward exhibit significant negative MFs having magnitudes
of ~1000-3000 m* s~ west of SP above z ~ 130 km at 9 h, but
no significant MFs earlier or later.

MFs over NP above z = 115 km are delayed compared to
those over SP due to later and weaker MW breaking at more
limited altitudes of z ~ 52-70 km. They achieve maxima from
z ~ 120-180 km having positive (negative) magnitudes of
~300-700 (500-1000) m? s 2 from 8.5 h to late times. Relative
to SP, those over and east of NP reveal significantly greater
variability in amplitude and sign at z > 100 km and x > 0. This
is because SGWs arising from the extended downstream
breaking east of NP make significant contributions to MFs at
upstream and downstream locations.

Streamwise-averaged MFs in y—z planes at x = 0, 50, and
100 km from 8 to 10 h, and in x—y planes at z = 50 and 70 km
from 8to 10 hand z = 100 km at 9 and 10 h are shown at right in
Figs. 4 and 5. These confirm the largely negative MW MFs
over, between, and south and north of SP and NP, extending
downstream and upstream with increasing time. Specific fea-
tures include the following:

1) significant spatial and temporal variability of («'w’) due to
MW breaking that reduces amplitudes and requires several
T, to recover,

2) stronger mean (u'w’) correlated with the regions of most
persistent MW breaking,

3) delayed and persistent weaker responses at lower altitudes
to later times over NP than SP,

4) spatial variability along y, extending downstream and up-
stream at 70 km and largely upstream at 100 km, in time,
and bowing westward over and between SP and NP, and

5) correlations of stronger local upstream bowing over SP and
NP increasing with altitude.
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MFs above ~100 km in Fig. 4 reveal that highly variable
SGWs and AWs seen in the x—z planes over SP and NP are not
isolated responses to those peaks, but that major transports of
momentum into, and forcing of the thermosphere by, these
motions appear to arise preferentially in regions of strongest
MW breaking in the stratosphere, especially over and south
of SP. In particular, responses at x = 50 and 100 km north of
SP at 10 h suggest SGWs having positive MFs, implying up-
ward propagation toward the NE, superposed with larger-
scale AWs propagating west of north (see the AWs and
SGWs in these regions in Figs. 2 and 3). These responses are
consistent with those seen in the x—y cross sections at z =
180 km in Fig. 7.

Both the y-z and x—y cross sections in Figs. 4 and 5 reveal
that the southern Andes MW responses are stronger and ex-
tend farther south than north of the domain center, reflecting
the extended and narrower terrain to the S in Fig. 1. This
variability is illustrated at top in Fig. 8 with probability distri-
bution functions (PDFs) of MW logo|(u/w’)| for negative
magnitudes from ~30 to 1200 m? s™2 in the model domain
extending from x = 0-100 km and z = 40-87 km for y at NP, 0,
SP, and y = —250 km and 8, 9, and 10 h. The PDFs reveal
significant diversity that can be summarized as follows:

1) initial [MF| responses at 8 h are ~300-600 m* s~ east of SP,
with less widespread (by ~2 times), but comparable, maxima
east of NP and at y = —250 km, but much weaker at y = 0,

2) magnitudes >1000 m* s™2 extend over larger and smaller
regions at 9 h at y = —250 km and SP, respectively, with
decreasing magnitudes and extents east of NP and at y = 0, and

3) peak [MF| magnitudes remain east of the southern Andes at
y = —250 km and SP, and are larger and more frequent east
of NP than at y = 0, but decrease at all locations by 10 h.

Zonal MF cospectra at an altitude of z ~ 50 km, averaged
over 100 km in y centered on each peak and from 7.5 to 9 h are
shown in the lower panels of Fig. 8. These confirm that the MW
MFs were significantly larger over SP than NP, with a peak
magnitude twice as high, a broader range of A, contributing
significantly, and an integrated MF ~3 times larger. SP MFs
spanned a range of scales from A, ~ 48-75 km with the peak at
A, ~ 60km thatis consistent with that seen in Fig.2 at § and 8.5 h.
By comparison, NP led to weaker magnitudes at more discrete
scales from A, ~ 45-80 km, with a peak response at A, ~ 50 km
that is consistent with the NP fields in Fig. 3 at these times.

4. Mean-flow forcing, evolution, and correlations with
zonal mean wind shears

a. Mean-flow evolution

Complex MW generation and dissipation processes de-
scribed above, especially modulations of # and distortions of
MW phases along the southern Andes, imply significant spatial
and temporal variability in the evolving mean responses. The
dominant contribution occurs via the vertical flux of horizontal
momentum given by dU/dt = —(1/p)d(p(u'w'))/dz < 0. Thus,
dU/dt maxima largely occur above the MF maxima seen in
Figs. 2—4 and are expected to yield the following:
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1) increasing negative AU following volumes in which MW
breaking is sustained,

2) variable dU(x, y, z, t)/dt and AU that cause induced U over,
under, and around these regions,

3) induced deviations from the initial Uy(z) extending further
downstream with time despite peak forcing remaining in
the near lee of the southern Andes throughout the MW
responses, and

4) radiation of large-scale SGWs due to temporal variability.

Importantly, however, the full response is via the full 3D
pseudomomentum flux and divergence over the entire domain,
which will be explored more fully below.

The cumulative influences of MW and SGW momentum
transport up to 10 h below the MW critical level at z = 115 km
are examined here. For these purposes, x—z cross sections of
the cumulative changes in U, denoted AU, over NP, at y = 0,
and over SP are shown for x from —200 to 600 km and z = 30—
115 km at 8, 9, and10 h in Fig. 9. A broader perspective along
the southern Andes is provided with y—z cross sections of AU
for z=30-115 km spanning the region of strongest MW
breaking from x = 0-600 km shown at 9 and 10 h in Fig. 10.
Profiles at 0, 8,9, and 10 h are also shown at x = —200, 0, 200,
and 400 km and at y = —400 km, SP, 0, NP, and 400 km in
Fig. 11 to illustrate the evolutions of compensating (due to
continuity) mean motions more quantitatively.

Initial AU fields at 8 h exhibit maxima of ~—80and —100ms ™’
at z ~ 75 and 65 km and x ~ 50 and 80 km east of NP and SP,
respectively (see upper panels at the top and bottom in Fig. 9).
Clear differences in the responses over NP and SP arise by 9 h.
Each field also has weaker AU extending downstream ~100—
200 km at higher altitudes at this time. The response at y = 0is
only beginning to exhibit instability dynamics at ~80 and
above ~100 km at 8 h, but already exhibits an accelerated U at
z ~ 75 km and x ~ 100-200 km accompanying the decelera-
tions over NP and SP. All three x—z cross sections exhibit en-
hanced eastward U above the minimum at 87 km and extending
to ~110 km over NP and SP, but only to ~100 km E aty =0
due to the higher initial MW breaking at this location and time.
AU again becomes negative approaching the MW critical level
at z = 115 km from upstream to x ~ 200 km at all three y
positions at 8 h. Importantly, significant variability along x is
seen at all three y at MW A, ~ 40 km and larger scales at
this time.

The AU responses intensify strongly by 9 h, but differ among
them in significant ways over and east of the southern Andes.
All three exhibit the largest negative AU at z ~ 50-70 km and
x ~ 0-120 km. But these are lower, deeper, and extend with
larger magnitudes further east of SP, where a thin layer of
AU ~ —100 m s~ ! extends beyond x ~ 300 km. AU east of NP
and at y = 0 are weaker and more uniform in altitude above z ~
60 km to x ~ 300 km, compared to east of SP. Downstream
responses at 9 h at all y are more uniform by x = 600 km and
include

1) AU ~—30to —50m s~ ! at z ~ 65-87 km,

2) AU ~15t030m s~ ! at z ~ 87-105 km, and

3) variable AU along x at x > 150 km due to larger-scale SGWs
at these altitudes.
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x from —200 to 600 km at (top to bottom in each set) 8, 9, and 10 h. Black (red) dashed lines
denote eastward (westward) initial Uy maxima in each panel. Note the increasing extensions of
large AU < 0 to large x and correlations of AU and dU/dz with increasing time.

Also seen to arise by 9 h at the three y locations approaching
x = —200 km are

4) increasing decelerations above ~50 km to AU ~—60
to—70ms 'at z ~ 85 km,

5) positive AU ~ 50 to 70 m s~ ! from z ~ 87 to above
100 km, and

6) strong, shallow AU ~—70 to —90m s ! at z ~ 110 km.

As at 8 h, variability in AU remains significant in regions of
strong MW and SGW dynamics and breaking downstream and
upstream of the southern Andes at 9 h, but occurs at larger
scales at greater downstream distances. Notably, upstream
variations of AU in z are much larger than those downstream at
9 h, and they remain larger above 87 km at later times.

These trends change systematically thereafter, case becom-
ing more structured in z, with negative and positive AU be-
coming more negative from 9 to 10 h. Importantly, large
differences between the three AU x—z cross sections arise, es-
pecially at downstream locations due to variable AU driven
by variable dU/dt and subsequent influences of induced

Vp accompanying AU. These yield baroclinic generation of
horizontal vorticity, dZ , dr™! = (VpxVp) > that act as sources
of larger-scale SGWs where (Vp),, are nonzero. Time scales
for disappearance of smaller-scale horizontal variability in
AU fields advecting downstream are likely indicators of the
w; of SGWs arising from this forcing. Disappearance of
~100-km scales in Fig. 8 at 9 and 10 h advecting ~200 km at
U~ 80 ms ! (at z ~ 65 km) implies an SGW time scale
Tsgw ~ (200 km)/(80 m s™') ~ 40 min. This is roughly
consistent with the period of an SGW A, ~ 15 km assumed to
be ~ twice the depth of AU features seen in Fig. 8, A, ~
100 km, and T}, ~ 314s given by (A,/A;)Tp ~ 35 min.
Another perspective on the induced mean flow is provided
with AU(y, z) cross sections from x = 0-600 km in Fig. 10. As
suggested by Fig. 9at x = 0 at 9 and 10 h, AU(y, z) at x = 0 at
both times in Fig. 9 reveal significant consistency in the mean
response along the southern Andes over the higher terrain as
the response intensifies and extends along the southern Andes.
This is especially true at z ~ 60-80 km in the mesosphere,
where AU are induced by MW breaking and momentum
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correlations of AU and dU/dz with increasing time, with dashed lines as in Fig. 9.

deposition beginning at x ~ 30 km that does not progress up-
stream to x = 0 until larger-scale MW components having
smaller w; emerge and extend upstream at lower altitudes.
Responses at x = 0 are more variable approaching the critical
level at z = 115 km due to different terrain influences on the
MW dynamics at x > 0 that contribute the responses at x = 0.
The AU fields at larger x at both times exhibit spatial variability
along y that is consistent with the reduction in smaller AU
scales seen at comparable x in Fig. 8 due to lee SGW genera-
tion noted above. y—z cross sections at larger x also reveal
substantial influences of MW- and SGW-induced AU on the
mean flow extending far downstream, from MW breaking al-
titudes into the MLT, and to large distances north and south of
the major southern Andes orography.

Turning to Fig. 11, we note that U(z) in the x—z plane over SP
are generally representative of those extending ~200-300 km
further south as well. As described above, influences of local
dU/dt, baroclinic generation of SGWs, and large-scale non-
divergence have direct and indirect influences extending up-
stream, downstream, and to other altitudes and latitudes.
Considering the U(z) profiles at 8 h, we see the most significant
decelerations to occur over and downstream of SP and NP
below the Uy minimum at ~87 km, with lower (higher) AU <0
at x = 0 and 200 km over and east of SP (NP), and larger ac-
cumulated AU over and east of SP due to the earlier and lower

onset of MW breaking. Smaller AU < 0 also accompany MW
breaking below the critical level at z = 115 km, compensating
weak AU > 0O are seen at z ~ 87-100 km over and east of SP and
NP and more strongly at x = y = 0, and all profiles at x = —200
and 400 km exhibit largely weak AU < 0 at 8 h.

The U(z) profiles shown in Fig. 11 (and elsewhere) become
much more structured in altitude by 9 and 10 h (also see Figs. 9
and 10) due to coupling among AU, MW A, vertical propa-
gation, and breaking amplitudes; see especially the amplifying
oscillations in U(z) over and east of SP and NP, and also at y =
0 and x = 0 and 100 km. The net effects at upstream locations
from SP to NP are AU < 0 from z ~ 40-85 and ~100-110 km
and AU > 0 from z ~ 85-100 km (and similar responses at
larger and smaller y). Those at downstream locations include
weaker AU > 0 at z ~ 50 and 100 km and enhanced AU > 0 at
these altitudes at much larger |y| (see Fig. 10). The overall MW
response is thus major drag and AU < 0 at breaking altitudes
extending large distances along the southern Andes and
downstream, with enhanced zonal flows below, above, be-
tween, and around these regions driven by continuity.

b. Correlations of AU and zonal wind shears

Red lines in Figs. 9 and 10 indicate initial U maxima at z ~ 45
and 100 km, and black lines indicate a U ~ 10 m s~ ! minimum
at z ~ 87 km and a MW critical level (U = 0) at 115 km. U
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the lee of the southern Andes arising from sustained MW breaking and pseudomomentum deposition.

differences between red and black lines are >150 m s~ ' in each

case (Fig. 1), and the implied dU/dz have dramatic influences
on MW and SGW evolutions, and their effects on the evolving
U(x, y, z, t). Between z ~ 50-60 km, where MW breaking be-
gins, and the U minimum at z ~ 87 km, MWs refract to smaller
A, ~ 27U/N and their amplitudes are constrained by |u'| ~ |c/|

~ |Up| for phase speeds ¢ ~ 0. This results in large negative
dU/dt and AU that are correlated with dU/dz at these altitudes
and extend upstream and downstream with time, as discussed
above (Figs. 9 and 10). The same dynamics arise at altitudes
between the U maximum at ~100 km and the critical level at
~115 km where MWs penetrating the U ~ 10 m s~ minimum
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FIG. 12. (a) Domain-integrated momentum change at altitudes from 35 to 90 km, and (b),(c) vertical profiles and
domain averages of the contributing dynamics [see legend in (c)]. (d) Zonal mean wind deviations from 35- to

180-km altitudes are shown from 9 to 13 h.

at z ~ 87 km have increasing |u’'| prior to the same |u/| ~ |c;| ~
|Up| constraint above z ~ 100 km.

Between z ~ 87 and 100 km, in contrast, dU/dz is large and
positive, and MW || increases with altitude are not con-
strained by increasing U. SGWs generated by MW breaking
below also readily propagate toward the east and west at these
altitudes. However, SGWs propagating westward will have
negative MFs and induced AU, hence cannot account for the
AU > 0 seen over and west of the southern Andes at z ~ 87—
100 km. Ducted SGWs at these altitudes with ¢ > 0 atx > 0 can
contribute AU > 0 where they are dissipated, but account for
only weak AU > 0 further downstream. Thus, neither MWs nor
SGWs account for the significant AU > 0 west of the southern
Andes at z ~ 87-100 km. Rather, this region of strong AU > 0
must instead be driven by compensating enhanced eastward
local mean flows over, under, and around the regions experi-
encing strong decelerations or westward mean-flow reversals
constrained by V - (pU) = 0. More direct evidence of this is seen
in Fig. 10, which suggests offsetting positive and negative AU.

c. Full domain momentum balance

We now examine the integrated fluxes and forcing contrib-
uting to the changing zonal mean momentum at altitudes from
35 to 90 km (between the prescribed mean wind forcing below
35 km and the Uy minimum at ~87 km). The domain-
integrated momentum change and vertical profiles of the
contributing dynamics are shown from 9 to 13 h in Figs. 12a and

12b. Temporal evolutions of the domain-averaged contributing
fluxes, lateral pressure force, and rate of change of mean
eastward momentum are shown in Fig. 12c. Figure 12d shows
profiles of the zonal mean wind deviations at 35-180 km from 9
to 13 h.

Figure 12a reveals virtually no change above z ~ 35 km until
~7 h, at which time MW amplitudes and MFs first become
significant. This delay is due to the slow ramp in MW forcing
and the small vertical group velocities in the weaker Uy(z, t)
below 35 km. Thereafter, mean eastward momentum decreases
strongly, with the most rapid decreases occurring at ~8-9 h and
~10.5-11.5 h. Referring to Figs. 3-5 of L20, we see that these
times of more rapidly decreasing momentum correspond to the
stronger MW and SGW activity above 35 km and the relative
minima of the lower boundary flux seen in the red line in
Fig. 12b. A weak increase occurs after ~12 h that we attribute to
MW breaking below ~30 km seen in Fig. 7 of L20 beginning as
the forcing approaches it maximum, which results in decreasing
MW amplitudes and MFs from below (see Fig. 12b, red line).

Horizontally averaged momentum profiles shown in Fig. 12¢
demonstrate decreasing eastward momentum emerging prior
to 9h that have a primary maximum at ~58 km and a weaker
secondary maximum emerging at ~65 km at the same time but
diminishing in its contribution at later times (also see Figs. 2
and 3). FWHM of the combined profiles are ~10-12 km at each
time. The larger and smaller peaks correlate closely with the
upper edges of the regions having the strongest MW breaking

Unauthenticated | Downloaded 09/13/21 09:13 PM UTC



3084

and maximum MFs in the lee of SP and NP, respectively.
Importantly, the observed profiles include the full pseudomo-
mentum flux and divergence influences though the MF cross
sections in L20 do not. The momentum profiles exhibit 1) in-
creases to zero near 50 km, at which MW breaking begins in the
stratosphere in the lee of SP and 2) increases to zero at ~85-
90 km, as expected given critical level approach at ~87 km.
Hence, these responses are consistent with mean forcing due to
continuing MW MFs and divergence at these altitudes.

In contrast, domain-averaged momentum increased between
40 and 50 km, despite apparent conservative MW propagation at
these altitudes. Below 40 km, a momentum deficit is seen at
9 h that may be a consequence of momentum deposition due to
SGS suppression of earlier, unresolved MW breaking in weaker
U. This deficit is replaced by a momentum excess thereafter, as
above 40 km. The momentum increase at these altitudes is due
largely to the net zonal pressure force (Fig. 12¢, blue line). There
is also a small net momentum flux across the lateral boundaries
accompanying largely downstream (upstream) exiting of MWs
at earlier (later) times (Fig. 12c, green line). Of these influences,
the net pressure force at the upstream/downstream boundaries is
much more significant and largely balances the momentum flux
across the lower boundary. The net rate of change is thus fairly
small and even becomes positive at the latest times. There is no
significant momentum flux or viscous force at the top boundary
at 90 km.

The evolving horizontally averaged mean wind deviations
shown in Fig. 12d reveal increasing deviations with time and
clear correlations of increasing (decreasing) AU(z, t) and
positive (negative) dU/dz because of the tendency for prefer-
ential MW and SGW breaking and momentum deposition for
decreasing |c;| and A, and conservative MW and SGW am-
plitude growth for increasing |c;| and A..

5. Discussion

Our extension of the L20 study reveals that large MW
amplitudes and A, and small A,, result in large and variable
momentum fluxes having major influences on atmospheric
structure and variability extending from the stratosphere into
the MLT and over large distances horizontally. These effects
accompany large momentum flux divergence due to strong,
large-scale instabilities driving MW breaking, and corre-
sponding large and variable local body forcing via MW MF
divergence. Though we do not assess 3D pseudomomentum
fluxes and divergence, they are included implicitly in the flow
evolution. These influences yield significant local mean-flow
decelerations, additional SGW generation, and mean-flow re-
sponses extending over large regions.

CGCAM modeling results described above include the
following:

1) results of previous, high-resolution, DNS modeling studies
addressing the dominant dynamics due to MW and more
general GW breaking are confirmed,

2) MF magnitudes are consistent with multiple, previous
assessments of large, local GW MFs accompanying break-
ing in multiple observational studies,
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3) they reveal where various assumptions regarding GW
breaking that are widely employed are not justified, and

4) they provide new insights into MW, SGW, AW, and more
general GW influences on their environments extending
into the thermosphere.

GW overturning was suggested to lead to breaking, turbu-
lence generation, and GW amplitude limits over 50 years ago,
and our results confirm those assumptions and quantify their
implications for MWs. More recent studies employed Ri-
and “‘Lindzen’’-type constraints on GW amplitudes and
MWs that remain in use in various mesoscale and global
models (Garcia et al. 2007; Kruse and Smith 2015). However,
results of this study confirm predictions of earlier idealized
DNS and direct observations in the MLT exhibiting large GW
amplitude decreases due to breaking and the implied time
scales for amplitude and MF modulations (F02; F09a,b;
F17; T19).

Additional insights provided by our southern Andes MW
simulation include the following:

1) peak MW MFs in the MLT are highly localized due to small
MW A, and localized breaking,

2) peak MW MFs are ~300-1200 m? s2, thus comparable to
the largest previous estimates,

3) virtually all MW MF in the lee of the Andes are associated
with MW A, ~ 100 km or smaller,

4) localized body forcing and large-scale decelerations advect
large distances downstream,

5) additional responses extend upstream, downstream, along
y, and to other altitudes due to evolving mean flows over,
under, and around those due to direct MW forcing,

6) U(z) becomes more highly structured over and east of the
southern Andes at later times, and

7) induced U(z) become strongly correlated with dU/dz from
the lowest altitudes of MW breaking to the MW critical
level at z = 115 km over a large region at later times.

These results have major implications for MW and general
GW forcing of their environments, and for mesoscale and
global modeling intended to describe these dynamics. The
occurrence of the major vertical MFs accompanying small-
scale MWs and other GWs implies local forcing and responses
at spatial scales that cannot be resolved by global models.
Results presented here and in previous assessments from the
troposphere to the MLT suggest that the dominant MFs in the
MLT accompany GWs having A;, ~ 100 km or smaller. This is
even the case over the New Zealand South Island, where the
terrain extent exceeds 100 km, MLT MW A, are as large as
~250 km, but the dominant MFs occur at A, < 100 km (B18;
F18). The importance of smaller scales was also recognized in
modeling of island responses by Vosper (2015), Vosper et al.
(2016), and E16 that yielded similar implications for the im-
portance, and required resolution, of smaller MW scales.

Instability dynamics demonstrated here, quantified in earlier
idealized DNS (F09a,b), and seen in other ground-based and
airborne observations cited above reveal that breaking GWs
exhibit significant amplitude reductions that imply intermit-
tency in local SGW forcing. Such intermittent, small-scale
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forcing implies strong generation of SGWs, also having small
Aj, that likewise cannot be resolved by existing global models.
The small scales and intermittency of these dynamics reveal
the needs to 1) account for small-scale stochastic forcing by
MWs and more general GWs in new parameterizations and 2)
include parameterization of SGW sources in large-scale
models, given that global model resolution able to describe
these dynamics explicitly will likely not be available in the
near future.

Our results reinforce the conclusions of a number of previ-
ous studies regarding implications of GW breaking at various
altitudes for GW amplitude reductions, intermittency of sources
and/or responses, and/or generation of SGWs (Satomura and
Sato 1999; Lane and Sharman 2006; Chun and Kim 2008; Sato
et al. 2009; Horinouchi et al. 2002). They also exhibit very similar
responses to those of idealized CGCAM simulations addressing
self-acceleration dynamics in less variable large-scale wind and
temperature fields that more clearly reveal the SGW and AW
responses to more localized sources and less structured ther-
mospheres (D20; F20).

Pautet et al. (2021) employed OH airglow temperature im-
aging and meteor radar wind s at Rio Grande, Argentina
(53.8°S, 67.7°W), to explore conditions that enabled MWs at
altitudes of ~80-90 km during austral winter 2018. They
showed MW occurrence at ~87 km to be strongly correlated
with the eastward phase of the semidiurnal tide (SDT) when
MW forcing and propagation at lower altitudes enabled their
penetration into the MLT. Peak responses were observed at
~0400-0500 UT, consistent with the initial identification of
MWs over the southern Andes from El Leoncito (31.8°S,
69.3°W) by Smith et al. (2009). MW MF estimates by Pautet
etal. (2021) at 87 km were frequently as large as ~100-1000 m?
s~2, thus similar to magnitudes reported here below ~100 km
in the lee of lower terrain at the extrema of our CGCAM MF
fields in the central, high-resolution domain. More direct
comparisons were not possible, however, because our simula-
tion had U ~ 0 at 87 km and coarse resolution over Rio
Grande. CGCAM would surely have yielded stronger MW
responses and turning into the polar vortex at higher southern
latitudes had the simulation included stronger mean winds at
larger negative y, but that capability did not exist at the time of
this simulation.

Ground-based Rayleigh lidar observations collocated with
the imager and radar at Rio Grande provided additional MW
MF assessments SE of the major southern Andes terrain in the
stratosphere and up to 80 km in the mesosphere over the 2018
austral winter season. Aided by ECMWEF IFS modeling, these
analyses yielded peak py(uj,w') ~30-200mPa at 40-50 km
(Kaifler et al. 2020), and decreasing to ~10 and 1 mPa at 60
and 70 km, respectively, that were significantly larger than the
majority of satellite estimates at these altitudes. The estimates
were related to MWs having large A, sometimes for extended
intervals. By comparison, CGCAM estimates at ~50-70 km in
the lee of lower southern Andes terrain were ~100-250 m? sfz,
or as large as ~150 (10) mPa at 50 (70) km, thus comparable to,
or somewhat larger than, the estimates by Kaifler et al. (2020).
These comparisons are encouraging, but as above not for the
same environments or terrain.
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We also compare our simulated MW MFs in the strato-
sphere with previous stratospheric mean ‘‘absolute”” GW MF
estimates obtained using HIRDLS and SABER satellite
measurements and mean GW MF estimates by various global
models for latitudes of ~45°-50°S during austral winter 2006
(Geller et al. 2013). The satellite mean estimates were up to
~0.5-2 (~0.15-0.75) mPa at ~45°-50°S at 40 (50) km, re-
spectively, whereas the model longitude means were ~4-
10 times larger. The model estimates over the southern Andes
were up to another ~10 times larger because the satellite
measurements largely failed to capture the strong southern
Andes responses, though more recent AIRS analyses yielded
much larger MW MF estimates (Wright et al. 2017). In
comparison, peak MW MFs in the lee of SP and NP at 50 km
in our simulation were seen to be as large as ~1000 m? s 2, or
approximately ~500 mPa weighted by mean density, in lo-
calized regions extending ~50-100 km in x, and perhaps
~10 times smaller averaged over an extended region, with
larger means at lower altitudes. Our CGCAM estimates are
thus ~10-100 times larger than the mean ‘‘absolute” MFs
measured by satellite and up to ~10 times those estimated by
global the models in this region.

Finally, our results provide new insights into responses to
flow decelerations accompanying local MW breaking and
pseudomomentum deposition addressed using 2D simulations
by Durran (1995). Specifically, our 3D simulation reveals
emergence of complex and evolving responses to multiple MW
and SGW breaking events resolving the breaking dynamics
from ~20 to 120 km. Primary responses due to MW pseudo-
momentum deposition in regions of MW breaking include lo-
cal 3D decelerations causing the local flow to divert under,
over, and around these regions. These arise preferentially, and
yield systematic and sustained U(z) decreases, where dU/dz <
0 causes decreasing MW ¢;, A,, and enhanced breaking.
Upstream and downstream pressure perturbations also arise
that contribute net volume-averaged U(z) accelerations below
the altitudes of primary MW breaking, confirming the results of
Durran (1995) for resolved, 3D MW breaking. The extended
downstream decelerations are also consistent with those noted
in the ECMWF IFS analyses reported by Kaifler et al. (2020).

6. Conclusions

A number of results of our modeling described above were,
or could have been, anticipated based on high-resolution
observations and/or modeling of specific events at lower and
higher altitudes. Examples include intermittency of GW
breaking, instability character and scales, pseudomomentum
deposition, local body forcing, and their implications for
mean-flow forcing and evolution, and SGW and AW gener-
ation. Given that the simulation described here links all of
these elements, it provides an example of how these dynamics
operate throughout the atmosphere in a self-consistent way,
linking the MW forcing scales to the response scales in the
stratosphere and MLT. What may not have been quantified fully,
nor appreciated previously, are the small-scale implications for
much larger-scale responses. These include the significant U(z)
decelerations and layering, and their extensions over >1000 km
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in latitude (and hundreds of kilometers north and south of the
major orography), >600 km downstream, and to altitudes below
and above those experiencing direct MF divergence.

These results suggest that similar responses should be ex-
pected for other larger and smaller MW sources that lead to
significant MFs and deposition in the MLT, and likely similar
responses due to MW breaking in the lower and middle
stratosphere. They also suggest significant benefits of direct
comparisons of such simulations with detailed MLT observa-
tions and global models describing the same local dynamics
via parameterization in the same environments. The local
dynamics described here is surely also relevant to more general
GWs arising from other sources and undergoing similar non-
linear dynamics and local mean-flow interactions.

Our assessment of the force balance for domain means at
intermediate altitudes are generally consistent with those of
Durran (1995) at lower altitudes, and suggest potential benefits
of a more complete analysis addressing these responses as
functions of altitude that will be reported later.
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