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Stratospheric	
  Winds	
  and	
  Regional	
  Climate	
  

The	
  NAO	
  is	
  highly	
  
predictable	
  months	
  
ahead	
  [Scaife	
  et	
  al.,	
  
2014]	
  

Skill	
  requires	
  deep	
  
atmosphere	
  coupling	
  
with	
  ocean	
  &	
  sea	
  ice.	
  

Stratospheric	
  Quasi-­‐
biennial	
  Oscilla6on	
  
(QBO)	
  is	
  an	
  important	
  
source	
  of	
  skill.	
  

ENSO	
  teleconnec9on	
  
has	
  a	
  stratospheric	
  
pathway.	
  

Scaife	
  et	
  al.	
  [2014]	
   hPa	
  

Skillful	
  long-­‐range	
  predic9on	
  of	
  the	
  North	
  Atlan9c	
  Oscilla9on	
  



QBO	
  &	
  Tropical	
  Cyclone	
  Ac6vity	
  

Camargo	
  and	
  Sobel	
  [2010]	
  

•  QBO	
  wind	
  correlated	
  with	
  Tropical	
  
Cyclones	
  1953-­‐82	
  

•  Possible	
  mechanism:	
  tropopause	
  wind	
  
shear	
  disrupts	
  cyclone	
  intensifica9on	
  

•  Correla9on	
  not	
  significant	
  in	
  recent	
  
decades	
  

1953-­‐1982	
  

30-­‐yr	
  Correla9ons	
  



QBO	
  Changes	
  with	
  Climate?	
  
Evidence	
  the	
  QBO	
  may	
  be	
  changing	
  with	
  warming	
  climate	
  

	
  	
  Kawatani	
  and	
  Hamilton	
  [2013]:	
  

•  Evidence	
  that	
  QBO	
  winds	
  near	
  tropopause	
  have	
  grown	
  weaker	
  with	
  9me	
  
•  Consistent	
  with	
  model	
  predic9ons	
  that	
  the	
  Brewer-­‐Dobson	
  circula9on	
  is	
  

growing	
  stronger,	
  and	
  may	
  con9nue	
  to	
  do	
  so	
  in	
  the	
  future.	
  
•  Models	
  also	
  tend	
  to	
  predict	
  the	
  QBO	
  period	
  will	
  get	
  longer	
  in	
  the	
  future.	
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Richter	
  et	
  al	
  [2015]	
  :	
  QBO	
  in	
  the	
  NCAR	
  60-­‐Level	
  CAM5	
  Model	
  

QBO	
  in	
  Models	
  

20-­‐years	
  of	
  winds	
  observed	
  at	
  Singapore	
  1979-­‐1999	
  showing	
  the	
  QBO	
  

Tropical	
  QBO	
  winds	
  in	
  CAM5	
  experiment	
  with	
  fine	
  Δz	
  and	
  
parameterized	
  gravity	
  waves	
  from	
  convec6on.	
  

70hPa	
  

70hPa	
  

Time	
  (months)	
  



Gravity	
  Waves	
  and	
  the	
  QBO	
  

6. The QBO simulated with T106 resolution

In this section, the roles of internal gravity waves with
107 # s # 213 in the QBO in the lower stratosphere are
discussed. The realistic lowermost level of the westward
wind phase of the QBO (;80 hPa) was well simulated in
the T213L256 AGCM (Fig. 1a), whereas it was not sim-
ulated by the same AGCM with T106L60 resolution
(1.1258 horizontal grid; Kawatani et al. 2005, 2009) or by
the Geophysical Fluid Dynamics Laboratory (GFDL)
‘‘SKIHI’’ AGCM with N90L80 resolution [1.28–18 reso-
lution on a longitude–latitude grid, Hamilton et al.
(2001)]. Because the vertical resolution of T106L60 is
about 550 m in the stratosphere, the comparison between
the T213L256 and T106L60 AGCM simulations includes
the effect of different vertical resolutions. Therefore, an
experiment using T106 with the same vertical resolution
of 300 m was conducted. The top boundary was set at
about 1 hPa (;50 km; i.e., L152 levels), which is different
from T213L256. However, a T106L152 AGCM would be
sufficient for investigating the reproducibility of the QBO
in the lower stratosphere.

Figure 9 is as in Fig. 1a but for T106L152 for 3 years.
The absolute values of EP flux divergence are smaller
than those in T213L256, but they are comparable to
those with 1 # s # 106 in the T213L256 AGCM (not
shown). The w* in the T106L152 run is approximately
half that in the real atmosphere (not shown) as in
T213L256 (Fig. 3). As a result, the QBO with a period
of approximately 2 years is seen. The most important
result in Fig. 9 is that westward wave forcing around
45 hPa is much smaller than that in T213 (Fig. 1a), and
the lowermost level of the westward wind phase of the
QBO is located around 40–50 hPa. These results strongly
support the conclusion that very small scale internal
gravity waves (lx # ;370 km) play crucial roles in the
westward wind shear phase of the QBO in the lower
stratosphere.

7. Summary and concluding remarks

This study has investigated the roles of EQWs and
internal gravity waves in driving the QBO using an
AGCM with resolution of T213L256 integrated for

three years. The model, which does not use a gravity wave
drag parameterization, simulates QBO (QBO-like oscil-
lation) and SSAO. The simulated QBO has a shorter
period than the QBO of the real atmosphere, which
would result from underestimation of mean ascent mo-
tions (w*) in the tropics. The amplitude and lowermost
levels of the QBO are realistically simulated.

The model well simulated convectively coupled EQWs,
which are important for representing EQW activity in the
stratosphere (Kawatani et al. 2009). The choice and tuning
of cumulus convective parameterization could affect the
results. The EP flux divergences of all wave components
indicate that spontaneously generated waves resolved
in the model drive the QBO. The zonal wavenumber–
frequency spectra of EP flux divergence illustrate that
wave forcing with smaller horizontal scale and faster Cx

dominated in the westward wind shear phase compared to
that in the eastward wind shear phase.

EQWs with equivalent depths in the range of 2–90 m
from the n 5 21 mode to n 5 2 mode were extracted
separately in the range of s # 11. Fluctuations with s $ 12
are analyzed as internal gravity waves. In the eastward
wind shear of the QBO, eastward EQWs contribute up
to 25%–50% for driving the QBO. The peaks of east-
ward wave forcing associated with EQWs and internal
gravity waves occur at nearly the same time at the same
altitude. On the other hand, westward propagating
EQWs (i.e., MRG waves, n 5 1 and n 5 2 WIGWs, and
equatorial Rossby waves) contribute up to 10% for

FIG. 9. As in Fig. 1a but showing the result of the T106L152 AGCM
integrated for three years.

TABLE 1. Relative contributions of zonal wave forcing during the eastward wind and westward wind shear phases of the QBO
at 108S–108N.

Wind shear EQWs
Internal inertia–gravity

waves
Rossby waves from the

winter hemisphere

Eastward ;25%–50% ;50%–75%
Westward Up to 10% during weak

westward wind phase
lx & 1000 km main

wave forcing
;10%–25%; larger in

the upper level
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*	
  
*Some additional contribution 
from extratropical Rossby waves 

Kawatani	
  et	
  al.	
  [2010]:	
  Analysis	
  of	
  T213	
  spectral	
  model	
  with	
  300m	
  
ver9cal	
  resolu9on	
  and	
  no	
  gravity	
  wave	
  parameteriza9on	
  	
  

to driving the QBO during the westward wind shear
phase.

Figures 7a and 7b show the time variation of zonal-
mean zonal wind, its tendency [ut; the left side of Eq.
(4)], the EP flux divergence due to all wave components,
eastward EQWs, westward EQWs, internal gravity
waves, and forcing due to residual circulation [the
first plus second terms of the right side of Eq. (4)] at
30 hPa averaged from 108S to 108S. The tendency of the
zonal-mean zonal wind proceeds to the variation of the
zonal-mean zonal wind. Generally, forcing due to re-
sidual circulation is opposite to the total wave forcing,
and its absolute value is smaller than that of total wave
forcing.

In the eastward wind shear phase, eastward wave forcing
due to eastward EQWs is up to 2.5 3 1021 m s21 day21,
whereas that by internal gravity waves is up to 5.0 3
1021 m s21 day21. The peaks of both eastward wave forc-
ings occur at nearly the same time. The eastward EQWs
during three peaks of strong eastward wave forcing (i.e.,
June of the first year, September of the second year, and
October of the third year) contribute ;53%, 27%, and
43% of total wave forcing, respectively.

Westward wave forcing due to internal gravity waves is
up to 25.0 3 1021 m s21 day21, and that due to west-
ward EQWs is up to 20.5 3 1021 m s21 day21. West-
ward EQWs contribute up to 10% to QBO driving during
the weak westward wind phase, but their contribution is

FIG. 7. Time variation of (a) zonal-mean zonal wind and its tendency; (b) monthly mean EP
flux divergence due to all waves (black), eastward EQWs (blue), westward EQWs (green),
internal gravity waves (red), and forcing due to residual circulation (yellow) at 30 hPa averaged
from 108S to 108S; and (c) EP flux divergence due to s # 11 (black), eastward EQWs (blue),
westward EQWs (green), and large-scale non-EQWs (yellow). Note that the range of the
ordinate axis of (c) is different from that of (a) and (b).
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•  Subtle	
  changes	
  in	
  the	
  gravity	
  wave	
  parameteriza9on	
  details	
  gave	
  different	
  
predic9ons	
  for	
  changes	
  in	
  the	
  QBO	
  in	
  a	
  warmer	
  climate.	
  

•  Different	
  cases	
  have	
  almost	
  the	
  same	
  average	
  momentum	
  flux	
  spectrum,	
  
but	
  assume	
  either	
  frequent	
  weak	
  waves	
  or	
  intermi]ent	
  stronger	
  waves.	
  

Schirber	
  et	
  al	
  [2014]	
  

Effects	
  of	
  changes	
  to	
  the	
  model’s	
  gravity	
  
wave	
  scheme	
  on	
  the	
  simulated	
  QBO.	
  

QBO	
  Changes	
  with	
  Climate?	
  



Observa9ons	
  and	
  Specula9ons	
  	
  
in	
  the	
  Literature	
  

•  Taguchi	
  [2010]:	
  Evidence	
  that	
  	
  	
  	
  	
  
1.	
  QBO	
  period	
  shorter	
  El	
  Nino	
  
and	
  longer	
  La	
  Nina.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2.	
  QBO	
  wind	
  amplitude	
  10%	
  
stronger	
  La	
  Nina.	
  

•  Geller	
  et	
  al.	
  [2016]	
  suggest:	
  
1.	
  GW	
  momentum	
  flux	
  is	
  
higher	
  during	
  El	
  Nino	
  than	
  La	
  
Nina,	
  but	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2.	
  The	
  phase	
  speed	
  spectrum	
  
is	
  broader	
  during	
  La	
  Nina	
  
than	
  El	
  Nino.	
  

Composites	
  [Taguchi,	
  2010]	
  
La	
  Nina	
  

El	
  Nino	
  

LAG	
  (months)	
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observed	
  precipita9on	
  rates	
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  winds	
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constrained	
  to	
  MERRA	
  reanalysis	
  



Model	
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HIRDLS	
  has	
  best	
  coverage	
  and	
  
resolu9on	
  in	
  lower	
  stratosphere.	
  
Method	
  is	
  limited	
  to	
  a	
  “2D”	
  
approach	
  due	
  to	
  the	
  satellite	
  
sampling	
  pa]ern.	
  

HIRDLS	
  “2D”	
  Gravity	
  Wave	
  Momentum	
  Flux	
  

mPa	
  

Need	
  “3D”	
  informa9on	
  
off	
  the	
  measurement	
  
track	
  to	
  correct	
  the	
  
major	
  known	
  bias	
  in	
  

these	
  momentum	
  fluxes	
  

HIRDLS	
  “2D”	
  Momentum	
  Flux	
  



3D	
  Method:	
  Combines	
  GPS	
  and	
  HIRDLS	
  

HIRDLS	
  vs	
  COSMIC	
  
ver6cal	
  wavenumber	
  

HIRDLS	
  vs	
  COSMIC	
  	
  	
  	
  T	
  ‘(k)	
  

•  Previous	
  analysis	
  compared	
  amplitudes	
  of	
  largest	
  wave	
  components	
  of	
  co-­‐
located	
  profiles,	
  suggested	
  HIRDLS	
  &	
  COSMIC	
  RO	
  temperatures	
  have	
  
approximately	
  same	
  ver9cal	
  resolu9on	
  [Gille	
  et	
  al	
  2008;	
  Barne]	
  et	
  al	
  2008].	
  	
  

•  Wright	
  et	
  al.	
  (2011):	
  	
  HIRDLS	
  resolu9on	
  =	
  1	
  km,	
  COSMIC	
  slightly	
  be]er,	
  and	
  
COSMIC	
  amplitudes	
  slightly	
  larger.	
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Combined	
  GPS	
  and	
  HIRDLS	
  
Distribu6ons	
  of	
  Horizontal	
  Wavelength	
  and	
  Momentum	
  Flux	
  

Median	
  horizontal	
  wavelength	
  change	
  is	
  small:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  270	
  km	
  à	
  250	
  km	
  
Mean	
  wavelength	
  decreases	
  substan9ally:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  888	
  km	
  à	
  354	
  km	
  

Mean	
  absolute	
  momentum	
  flux	
  
increases	
  by	
  a	
  factor	
  of	
  3.7:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  1.7	
  mPa	
  à	
  6.4	
  mPa	
  
•  Amplitudes	
  display	
  long	
  large-­‐

amplitude	
  tails.	
  

Alexander	
  [2015]	
  

2D	
  =	
  HIRDLS-­‐only	
   3D	
  =	
  HIRDLS+COSMIC	
  



occur near the tropopause. Polar stratospheric clouds
may also be important at polar winter latitudes. Last,
the spectral window width, which is fixed for HIRDLS2
but varies with vertical wavelength for HIRDLS1,
may cause errors at different latitudes in the wave re-
trievals near the upper and lower boundaries of the data
coverage.
Zonal-mean absolute momentum fluxes versus lati-

tude derived from the two methods HIRDLS1 and
HIRDLS2 are shown in Fig. 1 with black and green lines,
respectively. The left column shows January 2006, and

the right column shows July 2006. The two HIRDLS
methods show very similar seasonal patterns. They also
show very similar interannual variability (shown later).
The largest fluxes occur at Southern Hemisphere winter
latitudes, maximizing just south of 508S. Note that these
are the latitudes where the HIRDLS measurement
track turns toward an east–west orientation and where
stratospheric zonal winds are at a maximum. Here, the
zonal sampling is optimal for observing short hori-
zontal wavelength waves propagating in the zonal di-
rection, including mountain waves, and many waves

FIG. 1. Comparison of absolute gravity wave momentum fluxes at altitudes of 20, 30,
40, and 50 km derived from two different methods using HIRDLS data, one method using
SABER data, and Vorcore data for (left) January and (right) July 2006. Note that the
January Vorcore data are only available at 20-km altitude, and SABER data is only available at
altitudes $ 30km.
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Tropical	
  Wave	
  Model	
  Descrip6on	
  
•  Dry	
  global	
  primi9ve	
  

equa9on	
  model	
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  et	
  al	
  2011]	
  

	
  

•  Waves	
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•  Variable	
  hea9ng:	
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  Δt=30min	
  

	
  

•  T120,	
  Δz=500m	
  
resolu9on	
  designed	
  
to	
  simulate	
  waves	
  
observed	
  with	
  
HIRDLS+GPS	
  method	
  

•  Hea6ng	
  derived	
  from	
  CMORPH	
  rain	
  observa6ons	
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  et	
  al.	
  2004]	
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Model	
  Comparisons:	
  Dec	
  2006	
  vs	
  Dec	
  2007	
  

El	
  Nino	
  

La	
  Nina	
  

El	
  Nino	
  Case	
  
	
  

Dec	
  2006	
  
	
  

QBO	
  Period	
  	
  
=	
  20.9	
  mo	
  

	
  

QBO	
  Amplitude	
  
=	
  0.90	
  

La	
  Nina	
  Case	
  
	
  

Dec	
  2007	
  
	
  

QBO	
  Period	
  
=	
  25.1	
  mo	
  

	
  

QBO	
  Amplitude	
  
=	
  1.49	
  

Yuan	
  et	
  al.	
  [2013]:	
  

El	
  Nino	
  Mean	
  
	
  

QBO	
  Period	
  	
  
=	
  25.0	
  mo	
  

	
  

QBO	
  Amplitude	
  
=	
  1.15	
  

La	
  Nina	
  Mean	
  
	
  

QBO	
  Period	
  
=	
  31.8	
  mo	
  

	
  

QBO	
  Amplitude	
  
=	
  1.24	
  

•  The	
  El	
  Nino	
  year	
  has	
  significantly	
  
shorter	
  QBO	
  period	
  	
  	
  
	
  à	
  	
  larger	
  gravity	
  wave	
  fluxes	
  

•  The	
  La	
  Nina	
  year	
  has	
  significantly	
  
larger	
  QBO	
  amplitude	
  	
  
	
  à	
  broader	
  phase	
  speed	
  spectrum	
  

à	
  Geller	
  et	
  al.	
  [2016]	
  hypotheses	
  



Flux	
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Flux	
  at	
  17	
  km:	
  Azimuth	
  (W-­‐S-­‐E-­‐N-­‐W)/	
  Phase	
  Speed	
  (0-­‐32	
  m/s)	
  

Mean	
  Zonal	
  Wind	
  (m/s)	
  at	
  95	
  hPa	
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Compare	
  Model	
  &	
  Observa6ons	
  

20oS—20oN	
  	
  
	
  

Zonal	
  mean	
  flux	
  Dec	
  2007	
  
	
  	
  

Frac9on	
  zonal	
  flux	
  Dec	
  2007	
  

Model	
  
	
  

2.6	
  mPa	
  
	
  

76%	
  

GPS/HIRDLS	
  
	
  

3.4	
  mPa	
  
	
  

75%	
  

HIRDLS-­‐only	
  
	
  

0.8	
  mPa	
  
	
  

N/A	
  

Gravity	
  wave	
  momentum	
  fluxes	
  at	
  20km:	
  

Zonal	
  mean	
  flux	
  Mar-­‐May	
  2010	
  PreConcordiasi	
  balloons:	
  	
  3.9	
  –	
  5.4	
  mPa*	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (balloons	
  include	
  a	
  broader	
  spectrum	
  of	
  waves)	
  

*[Jewtoukoff	
  et	
  al.,	
  2013]	
  



Model	
  Results:	
  Force	
  on	
  the	
  Flow	
  
December	
  2006	
  

Difference	
  
between	
  the	
  
black	
  and	
  red	
  
curves	
  show	
  
the	
  gravity	
  
wave	
  forcing	
  



Model	
  Results:	
  Force	
  on	
  the	
  Flow	
  
December	
  2007	
  

Difference	
  
between	
  the	
  
black	
  and	
  red	
  
curves	
  show	
  
the	
  gravity	
  
wave	
  forcing	
  



Model	
  Results:	
  Force	
  on	
  the	
  Flow	
  

Dec	
  
2006	
  

Dec	
  
2007	
  

Black	
  curves	
  
include	
  high-­‐
frequency,	
  
short-­‐scale	
  
gravity	
  waves	
  



Zonal	
  Mean	
  Momentum	
  Flux	
  
Average	
  of	
  all	
  longitudes,	
  and	
  al9tudes	
  15-­‐18	
  km	
  

Wavelengths	
  <	
  3000	
  km,	
  Periods	
  <	
  1	
  day	
  

El	
  Nino	
  Case	
   La	
  Nina	
  Case	
  

•  La	
  Nina	
  Flux	
  >	
  El	
  Nino	
  Flux	
  
•  No	
  obvious	
  differences	
  in	
  spectral	
  widths	
  
•  No	
  confirma9on	
  of	
  Geller	
  et	
  al	
  [2016]	
  hypothesis	
  



Zonal	
  Flux	
  Comparison	
  
Average	
  of	
  all	
  the	
  longitudes,	
  at	
  z=16	
  km	
  

Notes	
  on	
  these	
  results:	
  
•  Zonal	
  mean	
  fluxes	
  are	
  8.5mPa	
  (El	
  Nino),	
  9.4mPa	
  (La	
  Nina)	
  
•  El	
  Nino	
  year	
  fluxes	
  are	
  10-­‐20%	
  larger	
  only	
  for	
  westward	
  waves	
  -­‐5	
  to	
  -­‐30m/s	
  

and	
  for	
  eastward	
  waves	
  with	
  phase	
  speeds	
  >35	
  m/s.	
  
•  La	
  Nina	
  fluxes	
  are	
  15-­‐30%	
  larger	
  for	
  eastward	
  phase	
  speeds	
  <	
  30	
  m/s	
  and	
  10%	
  

larger	
  for	
  westward	
  waves	
  <	
  -­‐40m/s.	
  
à	
  Overall,	
  this	
  limited	
  sample	
  does	
  not	
  support	
  the	
  Geller	
  et	
  al.	
  [2016]	
  hypothesis.	
  



Momentum	
  Flux	
  Distribu6ons	
  

2006	
  El	
  Nino	
   2007	
  La	
  Nina	
  

PreConcordiasi	
  
Balloon	
  1	
  
Balloon	
  2	
  

•  Long	
  dura9on	
  balloon	
  observa9ons	
  
in	
  the	
  tropics	
  (red	
  and	
  black)	
  show	
  
log-­‐normal	
  distribu9ons	
  	
  à	
  

	
  
•  Model	
  fluxes	
  display	
  same	
  lognormal	
  

shape,	
  although	
  fewer	
  large	
  values	
  
near	
  the	
  balloon	
  al9tude	
  (20km).	
  	
  

•  2007	
  La	
  Nina	
  >	
  2006	
  El	
  Nino	
  



•  Combined	
  HIRDLS	
  +	
  COSMIC	
  give	
  3D	
  momentum	
  flux	
  
correc6ons	
  ~	
  5x	
  in	
  the	
  tropics.	
  	
  Sampling	
  pa]ern	
  of	
  
HIRDLS	
  combined	
  with	
  wave	
  propaga9on	
  direc9ons	
  means	
  
tradi9onal	
  2D	
  methods	
  have	
  large	
  errors	
  in	
  tropics.	
  

•  Observa9onally	
  constrained	
  model	
  study	
  comparing	
  Dec	
  
2006	
  (El	
  Nino)	
  to	
  Dec	
  2007	
  (La	
  Nina)	
  condi9ons	
  does	
  not	
  
confirm	
  previously	
  hypothesized	
  differences	
  in	
  the	
  gravity	
  
wave	
  spectrum.	
  

•  Gravity	
  waves	
  in	
  climate	
  models	
  are	
  too	
  uniform:	
  Missing	
  
large	
  amplitude	
  waves	
  that	
  will	
  break	
  in	
  the	
  lower	
  
stratosphere	
  affec9ng	
  QBO	
  wind	
  shears	
  including	
  lower	
  
levels	
  most	
  important	
  for	
  weather	
  and	
  climate	
  effects.	
  

Conclusions	
  


