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DATA: : Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2)

• MERRA-2 provides a multi-decadal reanalysis whereby aerosol and meteorological (satellite 
radiances, microwave temperature, ATOVs etc) observations are jointly assimilated

• MERRA-2 also includes several improvements to the representation of the stratosphere 
including ozone (total column, profiles from EOS Aura OMI)

• MERRA-2 makes possible an observationaly constrained examination of the stratosphere-
stratopause - mesosphere. That said the stratopause remains only partially observed.

The MERRA-2 Aerosol Reanalysis, 1980 Onward. Part I: System Description and Data Assimilation Evaluation
In Special Collection: Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2)
C. A. Randles; A. M. da Silva; V. Buchard; P. R. Colarco; A. Darmenov; R. Govindaraju; A. Smirnov; B. Holben; R. Ferrare; J. Hair ... 
J. Climate (2017) 30 (17): 6823–6850.
https://doi.org/10.1175/JCLI-D-16-0609.1

The MERRA-2 Aerosol Reanalysis, 1980 Onward. Part II: Evaluation and Case Studies
In Special Collection: Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2)
V. Buchard; C. A. Randles; A. M. da Silva; A. Darmenov; P. R. Colarco; R. Govindaraju; R. Ferrare; J. Hair; A. J. Beyersdorf; L. D. Ziemba 
... 
J. Climate (2017) 30 (17): 6851–6872.
https://doi.org/10.1175/JCLI-D-16-0613.1
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Quasi-Biennial & 
Semi-Annual
Oscillations
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Monthly averages of the U zonal winds averaged between 0-360 longitude and 5N-5S latitude. Black contour shows zero average of winds. April and 
October are indicated by the pink and cyan vertical lines respectively.
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Relationship between SAO & QBO
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Semi-Annual Oscillation

Holton (AMS 1975) proposed that: 

The westerly SAO results from the combined effects of a steady background source of 
westerly momentum due to Kelvin waves excited in the tropical troposphere with the 
downward propagation of the jet indicative of dissipation of vertically propagating 
waves near critical layers. 

In contrast, the easterly phase was hypothesised to arise from an oscillating source of 
easterly momentum due to vertically and equatorward propagating planetary waves of 
the winter hemisphere stratosphere being absorbed near the critical line in the tropics.
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Dunkerton (JAS 1979), showed that a Kelvin wave with sufficiently fast phase speed could 
propagate through the stratosphere with only modest attenuation and then be strongly 
absorbed in the region of very fast radiative damping near the stratopause.

Bergman & Salby (JAS 1994) analysed observed tropical convection to map the spatial and 
temporal distributions of equatorial heating where sufficiently fast Kelvin waves might be 
generated.

Sources of momentum

Global convective pattern based on the vertical component of frequency integrated absolute 
value of the E-P flux for equatorial waves with periods from satellite data 

> 5 days (<0.2 cpd) 2-5 days (0.2-0.5 cpd) < 2 days (>0.5 cpd)
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E-P flux and zonal winds
When the E-P flux vector
: points upward, the meridional heat flux dominates; 
:points in the meridional direction, the meridional flux of zonal momentum dominates. 

The divergence of the E-P flux is proportional to the eddy potential vorticity flux and 
when zero i.e. ▽ · F = 0, thermal wind balance is maintained 

.
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Figure 1. Monthly averages of the U zonal winds averaged between 0
�
-360

�
longitude and

5
�
N-5

�
S latitude. Black contour shows the critical line. April and October are indicated by the

pink and cyan vertical lines respectively.

its divergence in spherical coordinates are defined by the following equations213
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where a is the Earth’s radius, f is the Coriolis force, � is the latitude, the vertical217

coordinate z is the log pressure, ✓ is the potential temperature, (U, V ) the zonal and218

meridional velocities and ! the Lagrangian rate of change of pressure with time in219

units Pa s�1. Eddy flux terms are computed from the daily zonal anomalies and220

the product is zonally and then time averaged over the period 1980-2018. Overbars221

indicate zonal mean and primes denote departure from the zonal mean. For example222

✓ and U indicates zonal mean averages of the time mean ✓ and U values. When the223

E-P flux vector points upward, the meridional heat flux dominates; when the vector224

points in the meridional direction, the meridional flux of zonal momentum dominates.225

The divergence of the E-P flux is proportional to the eddy potential vorticity flux and226

when zero i.e. 5 · F = 0, thermal wind balance is maintained (Edmon et al., 1980).227

Climatological E-P fluxes were calculated using daily U, V, ! and ✓ data over228

the period 1980-2018 . In Figure 2 shading is the flux divergence with negative values229

(red) indicating absorption and positive (blue) shading indicative of the production230

of momentum. Black contours are the climatological winds whereas the critical line231

corresponds to the magenta contour line. Following Coy et al. (2017), all quantities232

(E-P fluxes and U zonal winds) have been normalised by the associated 1980-2018233

–6–

Equinoctal flux normalized by climatological 
(1980-2018) standard deviation at each latitude 
and level (vectors). Flux divergence (shading).
Contours indicate climatological winds (black) 
and critical line (magenta).

Monthly climatological (1980-2018) U winds 
zonally averaged (shading). Negative (positive) 
wind values indicate easterly (westerly) flow. 
Black contours are the corresponding 
standard-deviations in m/s.

Vortices only form in equinoctial seasons!



Vortex identification at 
the stratopause
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ISOSURFACES

For incompressible flows 𝑃 = −𝑆!! = 0 and then large nega`ve values of
Q are indica`ve of regions where the strain dominates the rota`on
whereas for large posi`ve values indicate rota`on dominates strain.
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EOFs of Q (April, October)

These structures are approx 3200km long (30 deg lon), span 1500km across (15 deg lat) and 40km in 
vertical (10 - 0.1 hPa).
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• Vortex structures manifest only during the SAO westerly phase and only 
where the westerly jet reaches speeds in excess of 35ms−1. Similar wind 
velocities are necessary to form the shear zones at the jets upper and 
lower boundary. 

• The vortices are most coherent during March-April and less evident during 
October. 

• Vortex structures manifest on particular dates with wave numbers 
between 4-7 but are typically wave 5, resembling the leading statistically 
stationary 3D-EOF Q patterns. 

• Our analysis indicates that the vortices are maintained by a combination of 
local (shear zones) and remote (vertically propagating tropical) sources of 
momentum. 

• The phase relationship between the QBO and SAO directly influences the 
strength of the shear zone at the lower boundary of the stratopause SAO 
during its westerly phase with consequences for the resulting Q vortices. 

• The vortex structures appear to be unique to the stratopause and the SAO. 

Vortex structures of the stratopause
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