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* NCAR’s Community Atmosphere Model (CAM), Version 5
« CAMS5 dynamical cores (Neale et al. 2010)
- SLD spectral transform semi-Lagrangian -
« EUL spectral transform Eulerian
« FV Finite Volume
« SE Spectral Element, cubed-sphere grid
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Sudden Stratospheric Warming

Held-Suarez Williamson Forcing Williamson et al. (1998)
Modified stratosphere
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‘ 1. Introduction |

The Quasi-Biennial Oscillation (QBO) in the tropics and Sud-
den Stratospheric Warmings (SSWs) in the polar regions are the
two major dynamic phenomena in the stratosphere. The QBO is
mainly generated and influenced by tropical waves, which consist
of large-scale equatorially-trapped Kelvin waves, mixed Rossby-
gravity waves, inertio-gravity waves and small- scale gravity waves.
SSWs are generated by large-scale planetary waves. These waves
are generated in the troposphere, propagate upwards and deposit
their momentum in the upper atmosphere once they break. The abil-
ity of a General Circulation Model (GCM), and in particular their dy-
namical cores, to simulate the waves and the corresponding wave-
mean flow interactions is very important in simulating the QBO and
SSWs. This ability varies with the chosen vertical and horizontal
resolutions, but it is also dependent on the details of the numerical
schemes, the strengths of explicit vertical or horizontal diffusion,
and the characteristics of the sponge layer near the model top. We
discuss the curious result that both QBO-like oscillations and SSWs
can already be simulated without moisture or topographic effects
which are generally believed to be the main wave triggering mecha-
nisms.

‘ 2. ldealized Simulation |

The QBO and SSWs are simulated with version 5 of the NCAR/DOE
Community Atmosphere Model (CAM 5) with a high model top at 0.1
hPa and 55 levels. The QBO and SSWs are modeled with four dy-
namical cores.

M Semi-Lagrangian (SLD): two-time-level, semi-implicit semi-
Lagrangian spectral transform model, Gaussian grid, T63 trian-
gular truncation (about 200 km grid spacing), no explicit diffusion
Is used.

M Finite-Volume (FV): default dycore in CAM 5 - 5.2 , grid-point-
based finite-volume discretization, explicit time-stepping scheme,
latitude-longitude grid, 2°x2°

M Eulerian (EUL): three-time-level, semi-implicit Eulerian spectral
transform dycore, Gaussian grid, T63 triangular truncation, uses
4th-order hyper-diffusion K, = 5 x 10> m* s~..

M Spectral Element (SE): new default dycore (CAM 5.3), based
on continuous Galerkin spectral finite element method, de-
sighed for fully unstructured quadrilateral meshes (cubed-sphere
grid), locally energy- and mass-conserving, explicit time-stepping
scheme, ne16 resolution (about 2°x2° or 200 x 200 km grid spac-
ing), uses 4th-order hyper-diffusion K, = 5 x 10> m* s™..

Idealized Physics The simulations are driven by the Held and Suarez
(1994) forcing (HS)(with modifications by Williamson et al. (1998)
(HSW)) The HS is isothermal in the stratosphere, therefore has no
typical stratospheric structures. The HSW forcing has the same set
up as the HS forcing, only with a different equilibrium temperature
profile in the stratosphere.

M Dry flat earth without moisture
M Rayleigh damping near the surface and model top (1-0.1 hPa)

M Prescribed Newtonian temperature relaxation

These mimic the effects of radiation, boundary-layer friction, and ad-
ditional sponge layer dissipation at the model top.
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| 3. QBO simulation with HS forcing |
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Figure 1: Monthly-mean zonal-mean zonal wind at the equator from different dy-
namical cores, averaged between +2°, in m s—'. a) SLD, b) FV, ¢) EUL and d) SE.

The SLD dycore shows an oscillation that is closest to observa-
tion. However, the period of the QBO-like oscillation is on average
43.5 months, which is longer than observation. The simulation with
the EUL and SE dycore both show QBO-like oscillations with pe-
riods longer than 13 years. The oscillation regimes are higher in
altitude compared to observations, which has been a common is-
sue in most QBO simulations . The FV dycore does not sustain
the oscillation. (Yao and Jablonowski, 2013, 2014 (in preparation))
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Figure 2: Wavenumber-frequency analysis of the 22 hPa temperature field (raw
power spectrum, log-scale) for different dycores between 10S-10N. Left to right
are SLD, FV, EUL and SE. The top row is the anti-symmetric, the bottom row is the
symmetric component. Solid lines are dispersion curves with 0 m/s background
wind and equivalent depths of 12, 50, and 200 m (increasing towards higher fre-
quency). Dashed lines are Doppler-shifted dispersion curves with the same equiv-
alent depths, using a background wind of -7 m s~ .
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Figure 3: Pressure-latitude cross section of monthly-mean zonal-mean zonal
wind from different dynamical cores with HS forcing. a) SLD, b) FV, c) EUL and
d) SE. Blue lines indicates the tropopause position of each simulation. FV devel-
ops very strong easterly jests near 30S/N which are not present in other dycores.
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Figure 4: 30 day mean kinetic energy spectra for four dycores at 250 hPa, the
black line shows theoretical n—> kinetic energy decaying rate with wave numbers.
SE has the steepest slope and is the most diffusive

| 4. SSW simulation with HSW forcing |
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Figure 5: 10 years of 6-hourly simulation data for the SE, FV, EUL and SLD dy-
core. a) zonal-mean temperature gradient from North Pole to the 60°N at 10 hPa.
b) zonal-mean zonal wind at 60°N 10 hPa. Although the temperature reversal is
frequent for all dycores, only selected events are accompanied by a wind rever-
sal. Events with wind reversals are defined as major warmings, events with only
temperature reversal are defined as minor warmings. SLD exhibits the most SSW
events among the four dycores.
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Figure 6: Pressure-latitude cross section of monthly-mean zonal-mean zonal
wind (first row) and temperature (second row) from different dynamical cores with
HSW forcing. the HSW forcing leads to polar vortices, that are weakest in SLD,
SSW events can more easily be triggered.
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Figure 7: SSW composites of the annular mode in SLD. Normalized time series
from Empirical Orthogonal Function analysis of geopotential height. 15 events
are detected from a 20-year 6-hourly data. SSWs have downward impact on the
troposphere.

| 5. Summary and Conclusion |

M Three out of four CAM dycores show spontaneous QBO-like oscil-

lations, with different periods.

M The wavenumber-frequency analysis for the FV dycore simulation

shows much weaker wave power than the analysis of the other
three dycores.

M All dynamical cores develop spontaneous minor SSW events with-

out orographically generated planetary waves, only SLD and SE
develop major SSW events.

M The frequencies of the SSW events are different for the dynamical

cores, the SLD has the most SSW event. The SSW characteristics
are very sensitive to the numerical design.
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