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Abstract For the first time a mesoscale-resolving whole atmosphere general circulation model has
been developed, using the National Center for Atmospheric Research Whole Atmosphere Community
Climate Model with ∼0.25◦ horizontal resolution and 0.1 scale height vertical resolution above the middle
stratosphere (higher resolution below). This is made possible by the high accuracy and high scalability
of the spectral element dynamical core from the High-Order Method Modeling Environment. For the
simulated January–February period, the latitude-height structure and the magnitudes of the temperature
variance compare well with those deduced from the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) observations. The simulation reveals the increasing dominance of gravity
waves (GWs) at higher altitudes through both the height dependence of the kinetic energy spectra, which
display a steeper slope (∼ −3) in the stratosphere and an increasingly shallower slope above, and the
increasing spatial extent of GWs (including a planetary-scale extent of a concentric GW excited by a tropical
cyclone) at higher altitudes. GW impacts on the large-scale flow are evaluated in terms of zonal mean zonal
wind and tides: with no GW drag parameterized in the simulations, forcing by resolved GWs does reverse
the summer mesospheric wind, albeit at an altitude higher than climatology, and only slows down the
winter mesospheric wind without closing it. The hemispheric structures and magnitudes of diurnal and
semidiurnal migrating tides compare favorably with observations.

1. Introduction
Atmospheric gravity waves (GWs) significantly impact the global circulation pattern, thermal structures,
and advective and diffusive transport of constituents, especially in the middle and upper atmospheres. For
example, they are an important or even the dominant driver of the quasi-biennial oscillation and
semiannual oscillation in the equatorial stratosphere and mesosphere, and they also drive the mesosphere
and lower thermosphere (MLT) circulation off radiative equilibrium in the summer and winter hemispheres
(see Fritts and Alexander [2003] for an extensive review of GW effects in the middle atmosphere). GW impact
can extend into the thermosphere and ionosphere (TI). Turbulence induced by GW instability is likely to
contribute to the exchange of mass around the turbopause and modifies the TI compositional structure
and density [e.g., Qian et al., 2009]. Dissipation of GW can excite secondary GWs, which can cause large TI
perturbations [Vadas and Liu, 2013; Liu and Vadas, 2013]. GWs and GW breaking can also impact the MLT
and TI dynamics by affecting the amplitude and phase of planetary waves and tidal waves [e.g., Ortland and
Alexander, 2006]. GWs are also thought to cause the ionospheric sporadic E layer [e.g., Haldoupis, 2012] and
the equatorial spread F (ESF) [e.g., Krall et al., 2013, and references therein], two ionospheric irregularities
that alter the plasma densities and have important implications for space weather applications.

Despite their importance for the middle and upper atmosphere, GWs, including their global and vertical
distribution, temporal variability, and their characteristics are still poorly quantified. This is because the very
broad scales of the GWs (several kilometers to thousands of kilometers) and even broader scales of the
processes impacted by GWs (turbulence scales to planetary scales). Each observational technique can only
capture a portion of this spectrum [Alexander et al., 2010], and it is still not possible to integrate all available
observations to obtain a global description of GWs of the whole atmosphere. Similarly, it is not yet possible
to numerically simulate all the scales in a single global model. In general circulation models (GCMs), the
GW sources and GW breaking/dissipation are often parameterized as subgrid scale processes, based
on analytical models or empirical models [Fritts and Alexander, 2003]. Although essential for obtaining
the climatological wind and temperature structures in the middle and upper atmospheres, the GW
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parameterization schemes are also a major source of model bias and uncertainty [Pedatella et al., 2014b].
The GW parameterization biases will severely limit the skill of middle/upper atmosphere predictability,
which is closely tied to the skill of quantifying GWs [Liu et al., 2009; Ngan and Eperon, 2012]. Furthermore, GW
parameterization schemes have exclusively focused on the impacts on the momentum budget and mixing,
while there is no representation in current models of the TI impacts by subgrid wave perturbations.

For a global, whole atmosphere model to capture all dynamical processes from planetary down to
turbulence scales (say at 1 m), a spatial grid of ∼1021 would be needed, which is still impossible with today’s
computing resources. It is feasible, however, to resolve down to mesoscales (tens of kilometers) in GCMs
with massive parallel computers and efficient algorithms. For example, major operation centers are running
global forecast models at 0.25 or 0.125◦ horizontal resolutions, and climate models have also been tested at
similar resolutions [e.g., Bacmeister et al., 2012]. GCMs that extend into the middle and upper atmosphere
also start to employ high spatial resolutions [e.g., Watanabe et al., 2008; Miyoshi et al., 2014], and to be able
to resolve GWs and other multiscale processes is a major motivation for such development.

In this study, we report results from the first mesoscale-resolving whole atmosphere GCM: National Center
for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model (WACCM) (extending
from the Earth surface to ∼145 km) with 0.25◦ horizontal resolution and 0.1 scale height vertical resolution.
The simulation results are analyzed to evaluate the resolved GWs, including their horizontal and vertical
structures, their spectral structures, and the wave forcing on the mean flow. The large-scale dynamical
features (zonal mean wind, temperature, and tides) are also examined.

2. Model Description

The Whole Atmosphere Community Climate Model version 5 (WACCM5) is one of the atmosphere
components of the NCAR Community Earth System Model version 1. It is based upon the infrastructure
of the Community Atmosphere Model with the version 5 physics package [Neale et al., 2010] and with the
vertical domain extending to 5.9 × 10−6 hPa (∼145 km geometric height). Deep convection, which is known
to excite GWs, is parameterized based on Zhang and McFarlane [1995] and modified to take into account
plume dilution [Raymond and Blyth, 1986, 1992] and momentum transport [Richter and Rasch, 2008].
Details of the earlier version, WACCM3, can be found in Garcia et al. [2007]. WACCM can be run either with
interactive chemistry or with specified chemistry [Smith et al., 2014], and the latter configuration is used
is this study. The dynamical core used in this study employs a continuous Galerkin spectral finite element
method from the NCAR High-Order Method Modeling Environment (HOMME) [Dennis et al., 2005; Taylor
et al., 2008; Neale et al., 2010, and references therein]. The current configurations for WACCM (referred to as
WACCM-SE) are based on a cubed sphere, which improves the scalability of the dynamical core computation
by employing quasi-uniform grids that require no polar filter.

The following model configurations are used in this study: (1) NE120NP4 configuration with 120 × 120
elements on each cubed-sphere panel and 4 × 4 quadrature points in each element (basis functions are
third-order polynomials); (2) 0.1 scale height between 40 hPa and model top, and ∼0.016 to 0.06 scale
height below, with a total number of vertical levels of 209 (L209); (3) after the initial spin-up stage, the
hyperdiffusive divergence damping coefficient has been reduced from the default value of 1015 m4 s−1

to 2.5 × 1013 m4 s−1; (4) a sponge layer is needed to damp out GWs at the model top, since the GW
amplitudes become large at the model top due to their exponential growth. This is implemented by
applying a second-order horizontal diffusion (efficient for smaller-scale perturbations) and Rayleigh friction
(for larger scales); and (5) to better understand and evaluate the resolved GWs in the model, GW
parameterizations (orographic and nonorographic) are turned off in these simulations. The simulation starts
from model day 1 January, and rather strong adjustments are seen in the first ∼10–15 days. For this reason,
simulation between 1 and 21 January is not used in the analysis.

3. Model Results

Figure 1 shows the vertical wind (a proxy for GW activity) at four representative heights (tropopause,
stratosphere, mesosphere, and lower thermosphere) on 4 February at 21:00 UT from the simulation. The
vertical wind is converted from vertical motion using −H0d(ln p)∕dt, where p is pressure and H0 = 7000 m
is a mean scale height. The zonal and meridional winds in the lower thermosphere are also shown.
Large upward winds (up to 4 m s−1) are seen at the tropopause height, mostly between 0 and 30◦S and
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Figure 1. WACCM simulation results on 4 February at 21:00 UT. (a–d) Vertical winds at 208 hPa (∼11 km), 10 hPa
(∼30 km), 2.4 × 10−3h Pa (∼87 km), and 2.6 × 10−4 hPa (∼100 km), respectively. (e-f ) Zonal and meridional winds at
2.6 × 10−4 hPa. The contour range is smaller than the actual range of the winds to better visualize the wave structures. In
Figure 1a the maximum upward wind over the TC is 4 m s−1; in Figures 1b–1d the maximum values of the vertical winds
are 0.6 m s−1, 9 m s−1, and 7.5 m s−1, respectively; in Figures 1e and 1f the maximum values of the horizontal winds are
162 m s−1 and 114 m s−1.

corresponding to deep convective activities. A tropical cyclone (TC) is seen east of Australia at 167◦E and
20◦S (surface wind speed up to 75 m s−1). Mesoscale perturbations with magnitudes of several tens of
centimeter s−1 are also prominent in the tropical and extratropical region up to 50◦ latitude at tropopause.
At midlatitudes, some of the perturbations are likely modulated by synoptic-scale eddies (wave numbers
5–6 in the Northern Hemisphere (NH) and wave number 10 in the Southern Hemisphere (SH)). With
increasing altitudes, both the horizontal extent and amplitude of the GWs grow. For example, the gravity
wave excited by the TC spans over the entire Pacific region by the time it reaches the lower thermosphere,
with vertical wind amplitude up to 7–8 m s−1. As a result of such growth, more wave structures become
apparent at higher altitudes. Apart from the perturbations associated with the TC, many other concentric
GWs are seen both over ocean and landmass, probably from deep convection. Some notable clusters
include central to western Pacific Ocean, Indian Ocean and South Africa, and the Atlantic Ocean and South
America, which are generally consistent with satellite observations [e.g., Tsuda et al., 2000; Ern et al., 2011;
Choi et al., 2012; Ern and Preusse, 2012]. Waves that are associated with relatively small landmass, such as
the Hawaiian Islands, also become more apparent at high altitudes. The most dominant wave features in
the northern (winter) high latitudes in the middle and upper atmosphere are those over the eastern
hemisphere. They closely correspond to the westerly stratospheric polar winter jet and are probably excited
by the spontaneous adjustment of the jet. From Figure 1a, it is seen that there are no apparent wave
sources at tropopause height in that region, which is a further evidence supporting wave sources in the
stratosphere. Signatures of these waves are also seen in the mesosphere and lower thermosphere.
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Figure 2. Vertical winds on 5 February at 14:00 UT and 2.6 × 10−4 hPa
(maximum value is 7.3 m s−1).

Compared with those concentric
waves, the structure of these waves
is more complex. GWs are also seen
over mountain ranges in the Northern
Hemisphere (e.g., Tibetan Plateau and
Rockies) in Figure 2.

Smaller-scale features are often seen
along with coherent wave structures,
probably resulting from nonlinear wave
interaction, instability, and wave
breaking. For example, in the later
stage of the TC development, flow
structures with scales of tens to 100 km
are seen in the north, northeast,
and southeast sectors of the TC wave
(5 February 14:00 UT shown in
Figure 2), organized along the

concentric phase lines (for comparison, no such small-scale structures are seen in the west sector). The
sequence of the development of these smaller-scale structures and their association with the wavefronts are
most evident in the animation (see supporting information).

In the lower thermosphere, the horizontal wind perturbations become very large, with maximum zonal
wind larger than 160 m s−1 and meridional wind larger than 110 m s−1 in Figures 1e and 1f. Coherent GWs,
as well as smaller eddies, are seen in these plots of horizontal winds. They differ from the horizontal wind
structures in the stratosphere and troposphere, which are dominated by perturbations of planetary and/or
synoptic scales and with longer temporal scales. Such variation with altitude is represented in Figure 3a.
In middle to upper stratosphere (10 and 1 hPa), the power spectrum density of zonal wind in the zonal
direction follow a k−3 power law at wave numbers up to 10–20 and a somewhat shallower slope at larger
wave numbers. Above the stratopause and in the lower mesosphere (0.1 hPa), the range of the steep slope
extends only to about wave number 5. Between wave numbers 5 and 60, the spectral slope is −5/3. This
shallower slope further encompasses the spectral range between wave numbers 1 to ∼100 in the
mesosphere and mesopause (0.01 and 0.001 hPa). In the lower thermosphere (2.6 × 10−4 hPa), the −5/3
slope is seen between wave numbers 10 and 100, and the slope is shallower between 1 and 10. The
steeper spectrum at lower wave numbers in the stratosphere and lower mesosphere likely results from 2-D
geostrophic turbulence, and the shallower spectrum at high wave numbers corresponds to the wave and
3-D turbulence regime [e.g., Vallis, 2006]. At higher altitudes, the extension of spectral range with the shal-
lower slope to lower wave numbers again indicates the increasing dominance of GW over 2-D geostrophic
turbulence. This change also means the increasing relative importance of the smaller scales (as evident from
the spectral plot). This is consistent with previous findings by Koshyk et al. [1999]. The spectrum decreases
sharply at wave numbers between 100 and 200, and this implies that in this model GWs with horizontal
scales smaller than about 2.5◦ are strongly damped.

The height and latitudinal variation of temperature variance for perturbations with zonal wave numbers
larger than 6 is shown in Figure 3b. The cutoff wave number is chosen to be the same as the SABER
analysis [Ern et al., 2011]. It is noted that the time period used for the temperature variance analysis, as well
as the wave forcing and tidal analysis presented below, is 22 January to 3 February. This is prior to the peak
of the TC activity so that the analysis is closer to “climatology.” Above the tropopause, the temperature
variance generally increases with altitude, and peak values of temperature variance are seen in the
mesosphere where the vertical wind shear becomes larger prior to the reversal of the zonal winds: In
the SH, temperature variance of 15–20 dB (K2) displays an upward-poleward tilt along with the eastward
vertical shear between 70–90 km and 20–70◦S. In the NH, temperature variance of 10–15 dB (K2) displays an
upward-equatorward tilt along with the weaker westward vertical shear between 60–80 km and 70–30◦N.
In the stratosphere and stratopause, the structure of the temperature variance also coincides with the zonal
wind structure in both hemispheres, with variance values between 5 and 10 dB (K2). In the lower
thermosphere, the variance is ∼20 dB (K2) at most latitudes. These features of the temperature variance
agree well with those derived from SABER measurements [Ern et al., 2011].
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Figure 3. Height dependence of (a) the power spectral density (normalized by values at wave number 1) of zonal wind
over longitudes at 30◦N and (b) zonal mean temperature variance (in dB, wave numbers larger than 6). In Figure 3a
the two red lines are with slopes of −3 and −5/3. Zonal forcing (color contour) in (c) WACCM NE120 simulation by all
resolved waves with wave number larger than 4 and (d) WACCM DART by GW parameterization. The line contours in
Figures 3b–3d are zonal mean zonal wind (contour intervals: 10 m s−1).

Zonal mean zonal forcing by resolved waves with wave numbers larger than 4 is calculated from the
divergence of Eliassen-Palm flux and is shown in Figure 3c along with the zonal mean zonal wind. In the SH,
eastward forcing of 100–150 m s−1 d−1 is seen between 10−3 and 10−4 hPa, which is responsible for reversing
the zonal mean zonal wind from westward to eastward. Below that, the resolved waves produce an eastward
forcing of several tens of m s−1 d−1, which coincide with, and are thus likely responsible for, the eastward
wind shear. In the NH, the resolved waves drive a westward forcing around 50 m s−1 d−1 between 10−1 and
10−2 hPa, which slows down the winter stratospheric jet. Stronger westward forcing (≤150 m s−1 d−1) is
produced between 10−3 and 10−4 hPa. Compared with parameterized GW forcing from WACCM+DART (Data
Assimilation Research Testbed) [Pedatella et al., 2014a] that assimilates lower atmosphere as well as middle/
upper atmosphere observations for 20 January to 10 February 2007 time period (Figure 3d), the resolved
wave forcing is situated at higher altitudes in both hemispheres than the parameterized forcing. As a result,
the jet reversal levels from this WACCM-SE simulation are higher than those from the assimilation results. It
can thus be concluded that the resolved wave forcing is not sufficient to reverse the jet in this model. The
weaker GW forcing also leads to a warm/cold bias in the summer mesopause/winter stratopause.

As mentioned in section 1, GWs affect large-scale waves such as tides. In WACCM simulations with standard
resolution, tides are weak probably due to excessive drag from parameterized GW forcing. Here we evaluate
the tides with the presence of only resolved GWs in the simulation and three tidal components: migrating
diurnal (DW1), semidiurnal (SW2), and the nonmigrating diurnal eastward propagating component with
wave number 3 (DE3) are examined (Figure 4). DW1 zonal wind amplitudes are between 20 and 30 m s−1

around 0.001 hPa (∼92 km), with a maximum in the northern (winter) hemisphere. The SW2 zonal wind
reaches maximum at ∼2–3 × 10−4 hPa (∼100 km), with a primary peak of 45 m s−1 in the winter hemisphere
at 50◦N and secondary peak of 15 m s−1 in the summer hemisphere at 50◦S. Both the amplitudes and
the hemispheric/seasonal asymmetry of DW1 and SW2 are in good agreement with those deduced from
TIMED Doppler Interferometer (TIDI) observations [Wu et al., 2008a, 2011], and they are an improvement
over WACCM/WACCM-X simulations with the regular spatial resolution for January–February period [Liu
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Figure 4. The amplitudes of (a) DW1, (b) SW2, and (c) DE3 zonal wind tidal components (contour interval: 5 m s−1).

et al., 2010]. The maximum DE3 amplitude at 95 km is 10 m s−1, and this is stronger than the TIDI results
(4–8 m s−1) at this altitude [Wu et al., 2008b]. The peak heights of SW2 and DE3 are below 10−4 hPa and are
lower than the climatological heights. This likely results from the sponge layer damping.

4. Summary and Conclusions

Simulation results from the first mesoscale-resolving whole atmosphere GCM, WACCM-SE with horizontal
resolution of ∼0.25◦ and vertical resolution of 0.1 scale height, reveal complex and rich dynamics in
the middle and upper atmosphere. GWs become increasingly dominant with altitude, as evident from
perturbations in physical space and the spectral structures (Figures 1 and 3). The resolved GWs also display
a wide range of horizontal scales, from mesoscale to thousands of kilometers, consistent with observations
[e.g., Choi et al., 2012; Ern and Preusse, 2012]. Concentric GWs, likely excited by deep convection, are seen
at low to middle latitudes, with a broad range of spatial extent. The concentric GWs excited by a strong TC
span almost a third of the globe at MLT altitudes. Although the GW spectrum is likely affected by convective
parameterization and model resolution, Kim et al. [2009] found that the general stratospheric GW features
over a TC obtained from model simulations/reanalysis employing convective parameterizations are in good
agreement with Atmospheric Infrared Sounder measurement. At middle to high latitudes in the winter
hemisphere, the strongest wave perturbations above the stratosphere correspond to the stratospheric
winter polar jet, probably excited by the spontaneous adjustment of the jet; in the summer hemisphere, the
wave activities generally correspond to the easterly wind in the stratosphere and become especially strong
at latitudes/heights where the westerly shear is large. The magnitude of the wave activities, measured by
the temperature variance, and their latitudinal/height structures are in good agreement with SABER analysis
for zonal wave number larger than 6. Spectral analysis of the zonal wind suggests that waves down to about
zonal wave number 150 are properly resolved. It is noted that waves with higher wave numbers are
probably not well represented in SABER measurements either, since the SABER measurement and retrieval
are sensitive to waves with scales larger than ∼200 km.

It is found from the simulations that the zonal forcing by the resolved waves is not sufficient to close the
stratosphere/mesosphere jet at the right altitudes. Compared with parameterized GW forcing in assimilative
simulations, forcing by resolved waves is generally weak at a given altitude in the middle and upper
atmosphere. This suggests that mesoscale waves with zonal wave number larger than ∼150, which are
either overly damped or not represented at all, would contribute significantly to the momentum budget
in the middle and upper atmosphere. The amplitudes and latitudinal/height structures of the migrating
diurnal and semidiurnal tides in this simulation are in good agreement with observations. This is an
improvement over the standard WACCM, which generally underestimates the migrating tidal amplitudes
and misrepresents the latitudinal-seasonal structures of migrating semidiurnal tide. The parameterized GW
forcing may exert too much drag on the tidal winds.
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