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Importance of Stratosphere in Climate Modelling

Control	  Run
(500-‐hPa	  Z)

Weak	  Diffusion	  
in	  Stratosphere Difference

Stratosphere	  influences	  tropospheric	  circula>ons	  significantly	  
(Boville,	  1984).
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Importance of Stratosphere in Climate Modelling

L23	  -‐	  model	  top	  0.002hPa
(NAM	  index)

The NAM-index trend is captured only in climate models 
that include a realistic representation of the stratosphere	  

(Shindell	  et	  al.,	  1999).
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increasing mid-latitude SLP in the stratospheric models (SG, SO;

Fig. 2b) that mirrors the rise in globally-averaged model tempera-

ture (Fig. 1) and which resembles the observed SLP trends of recent

decades. Following Thompson and Wallace
2
, we define the time

series corresponding to the leading EOF (Fig. 2b) as the ‘index’ of

the model’s AO. A linear fit to the AO index has a slope significantly

different from zero (Table 1), and the magnitude of the trend

(�0.8 mbar per decade over 50 years, starting after 20 years of

forcing) resembles the observed value (�1 mbar per decade over the

past 30 years). Interdecadal variability is large, and the AO trend

might be overlooked were the simulation not extended beyond the

initial few decades. The AO index exhibits little additional increase

in the final decades of the simulation, despite the continued increase

in greenhouse forcing and surface air temperature.

We find that the observed wintertime SLP trend is reproduced

only by models that resolve stratospheric dynamics (Fig. 2b). In

contrast, models lacking a dynamical stratosphere (including T8G

and T4G) uniformly fail to simulate the observed trend in the AO,
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Figure 2 Northern Hemisphere wintertime climate trends. Shown are the leading

EOF (left panel) and principal component (PC; right panel) of wintertime

(November–April) Northern Hemisphere sea-level pressure (SLP) for a, the

observations2, b, the stratospheric model SG (with similar results for SO), c, the

tropospheric model T8G, and d, the leading EOF and PC of wintertime (November–

April) Northern Hemisphere 30-mbar geopotential height (m) for the stratospheric

model SG. EOFs are a representation of a data set by a number of fixed spatial

patterns, each multiplied by a time-varying amplitude (the PC). The patterns are

derived by maximizing the variance corresponding to the pattern multiplied by its

PC18,30. In each case, the leading mode is statistically well-separated from

succeeding modes whether or not SLP is first detrended. Whereas EOFs and

PCs are calculated using the individual months, the PC is plotted as a wintertime

average. The PCs are scaled to have units of mbar and the spatial pattern has unit

amplitude poleward of 60� N. The red curve represents smoothing of the PC by a

10-year tapered running mean. The first EOF in each case explains 22% (a),13%

(b), 9% (c), and 53% (d) of the variance. © 1999 Macmillan Magazines Ltd

increasing mid-latitude SLP in the stratospheric models (SG, SO;

Fig. 2b) that mirrors the rise in globally-averaged model tempera-
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observations2, b, the stratospheric model SG (with similar results for SO), c, the

tropospheric model T8G, and d, the leading EOF and PC of wintertime (November–

April) Northern Hemisphere 30-mbar geopotential height (m) for the stratospheric

model SG. EOFs are a representation of a data set by a number of fixed spatial

patterns, each multiplied by a time-varying amplitude (the PC). The patterns are

derived by maximizing the variance corresponding to the pattern multiplied by its

PC18,30. In each case, the leading mode is statistically well-separated from

succeeding modes whether or not SLP is first detrended. Whereas EOFs and

PCs are calculated using the individual months, the PC is plotted as a wintertime

average. The PCs are scaled to have units of mbar and the spatial pattern has unit
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10-year tapered running mean. The first EOF in each case explains 22% (a),13%

(b), 9% (c), and 53% (d) of the variance.

L9	  -‐	  model	  top	  10hPa
(NAM	  index)
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Importance of Stratosphere in Extended Forecast

L40	  top	  at	  0.4	  hPa	  

Stratospheric	  processes	  are	  
important	  for	  a	  medium-‐range	  
weather	  forecast	  (Kuroda	  2008).

In fact, by changing the initial time of the prediction, it is
found that the predictable period becomes shorter in the
troposphere if the time between the initial time and the
occurrence of the major SSW is increased. For example, for
the prediction started from an initial time of 06Z January 1
to 00Z January 6, the significant predictable period is
reduced to just 5 days in the troposphere (not shown).
[13] Next, we examined the numerical prediction for the

winter of 2003/04 when the activity of the PJO was very
large. Figure 3 (top) shows the observed features of the
NAM variability. It is found that the polar vortex in the
stratosphere became weaker from mid-December, and had a
peak around January 9 when the major SSW took place and
the weaker polar vortex lasted until the end of February. The
polar vortex then became stronger after March. Such a long-
lasting weaker vortex tends to propagate downward. Hence
deep low frequency variability was more dominant in this
winter compared with the winter of 2002/03, as seen in
Figure 1. The weaker vortex signal in the stratosphere
tended to propagate downward with time. Though the
NAM signal in the troposphere was negative throughout,
after the occurrence of the SSW, the signal fluctuated and
sometimes turned positive.
[14] Figure 3 (bottom) shows the result of the prediction

performed using initial times from 06Z December 27 to 00Z
January 1, just before the occurrence of the major SSW. It is
interesting to note that the significance of this prediction is
very high, and captures rather nicely the real time evolution

of the zonal wind. In fact, the predictability in the strato-
sphere is extremely high, and the period of predictability is
almost three months. The slow downward propagation of
the zonal wind is also well captured although short-term
fluctuations cannot be captured by the model. Furthermore
it is noteworthy that the predictability in the troposphere is
also very high and has a predictable time scale of about two
months. It is interesting to note that although the prediction
cannot capture well the occasional positive NAM signals, it
does capture well the strong downward signals appearing
around January 7, the end of January, mid-February, and the
end of February. With an increase in the lead time from the
initial time to the time of the major SSW, the predicted
stratospheric and tropospheric signals tend to be weaker, but
a positive AO-like signal is still predicted in the surface
throughout the winter even if the prediction is started as
early as December 15 (not shown).
[15] To examine the role of the stratosphere on the pre-

dictability for the winter of 2003/04, we performed the same
numerical prediction using a model without the stratosphere
included. The model used was the same except that the top
of the model was set to be 40-hPa, so that 29 vertical layers
remained after removing the upper (stratospheric) levels of
the original model. In this model, we have included the
Newtonian cooling toward the global mean temperature
with time scales of 10 to 20 days for levels above
110-hPa to reduce the bias of stronger zonal wind. We used
the same initial times, and Figure 4 (top) shows the results.

Figure 3. Same as Figure 2 except from December 1, 2003
to April 1, 2004. Figure 3 (bottom) indicates the prediction
using initial times from 06Z December 27 to 00Z January 1.

Figure 4. Forecasts by the model (top) without the
stratosphere included and (bottom) using the initial value
of the climatological lower boundary condition. Otherwise
the same as Figure 3 (bottom).
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tended to propagate downward with time. Though the
NAM signal in the troposphere was negative throughout,
after the occurrence of the SSW, the signal fluctuated and
sometimes turned positive.
[14] Figure 3 (bottom) shows the result of the prediction
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January 1, just before the occurrence of the major SSW. It is
interesting to note that the significance of this prediction is
very high, and captures rather nicely the real time evolution

of the zonal wind. In fact, the predictability in the strato-
sphere is extremely high, and the period of predictability is
almost three months. The slow downward propagation of
the zonal wind is also well captured although short-term
fluctuations cannot be captured by the model. Furthermore
it is noteworthy that the predictability in the troposphere is
also very high and has a predictable time scale of about two
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cannot capture well the occasional positive NAM signals, it
does capture well the strong downward signals appearing
around January 7, the end of January, mid-February, and the
end of February. With an increase in the lead time from the
initial time to the time of the major SSW, the predicted
stratospheric and tropospheric signals tend to be weaker, but
a positive AO-like signal is still predicted in the surface
throughout the winter even if the prediction is started as
early as December 15 (not shown).
[15] To examine the role of the stratosphere on the pre-

dictability for the winter of 2003/04, we performed the same
numerical prediction using a model without the stratosphere
included. The model used was the same except that the top
of the model was set to be 40-hPa, so that 29 vertical layers
remained after removing the upper (stratospheric) levels of
the original model. In this model, we have included the
Newtonian cooling toward the global mean temperature
with time scales of 10 to 20 days for levels above
110-hPa to reduce the bias of stronger zonal wind. We used
the same initial times, and Figure 4 (top) shows the results.

Figure 3. Same as Figure 2 except from December 1, 2003
to April 1, 2004. Figure 3 (bottom) indicates the prediction
using initial times from 06Z December 27 to 00Z January 1.

Figure 4. Forecasts by the model (top) without the
stratosphere included and (bottom) using the initial value
of the climatological lower boundary condition. Otherwise
the same as Figure 3 (bottom).
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L29	  top	  at	  40	  hPa	  
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Dominant Variability in the Stratosphere

Intra-‐seasonal	  >me	  scale:	  Sudden	  
Stratospheric	  Warming	  (SSW)

Inter-‐annual	  variability:	  Quasi-‐Biennial	  
Oscilla>on	  (QBO)	  &	  Ozone	  Hole	  

Intra-‐seasonal	  >me	  scale:	  Sudden	  
Stratospheric	  Warming	  (SSW)

Inter-‐annual	  variability:	  Quasi-‐Biennial	  
Oscilla>on	  (QBO)	  &	  Ozone	  Hole	  
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SSW: Phenomena and Robustness 
among Data Sets

with	  P.	  Mar>neau
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SSW: Polar Cap 10-hPa [T] during 2009-2010 

klimatbalans.info
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SSW: Two Types of SSW

are described, separately, in the following subsections.
The discussion is somewhat technical in nature and is
included here for the sake of completeness and repro-
ducibility. Some readers may wish to skip directly to the
next section, where we present the results obtained by
applying the algorithm to the NCEP–NCAR and ERA-
40 datasets.

a. Identifying sudden warming events

We have decided to follow the WMO definition (An-
drews et al. 1985, p. 259), also used for the widely
known STRATALERT messages (Labitzke and Nau-
jokat 2000) in order to detect the occurrence of the
SSWs: a major midwinter warming occurs when the
zonal mean zonal winds at 60°N and 10 hPa become
easterly during winter, defined here as November–
March (NDJFM). Note that our definition differs from
that used by Labitzke and others in several studies in
that we do not attempt to exclude Canadian warmings
from our definition and that we also include events in
March that would be rejected by some authors. The
first day on which the daily mean zonal mean zonal
wind at 60°N and 10 hPa is easterly is defined as the
central date of the warming. Note that this definition

differs from that of LIM04, who identify warmings by
reduction in strength of a stratospheric zonal index,
based on the first empirical orthogonal function of 50-
hPa geopotential height.

We note that the WMO definition, in addition to the
reversal of the winds at 60°N and 10 hPa, requires that
the 10-hPa zonal mean temperature gradient between
60° and 90°N be positive (Kruger et al. 2005) for an
event to be designated as a major midwinter warming.
Including this additional constraint makes only a small
difference to the number of SSWs identified (only three
events in the NCEP–NCAR dataset and one in the
ERA-40 dataset do not meet this criterion). Thus, to
avoid unnecessary complexity, we have not included
the temperature gradient criterion1 in our algorithm.

Once a warming is identified, no day within 20 days
of the central date can be defined as an SSW. The
length of the interval is chosen to approximately equal
two radiative time scales at 10 hPa (Newman and

1 There also appears to be some ambiguity as to the exact speci-
fication of the temperature gradient criterion for defining major
stratospheric warmings. Contrast, for instance, Limpasuvan et al.
(2004, p. 2587) with Kruger et al. (2005, p. 603).

FIG. 1. Polar stereographic plot of geopotential height (contours) on the 10-hPa pressure surface. Contour
interval is 0.4 km, and shading shows potential vorticity greater than 4.0 ! 10"6 K kg"1 m2 s"1. (a) A vortex
displacement type warming that occurred in February 1984. (b) A vortex splitting type warming that occurred in
February 1979.

1 FEBRUARY 2007 C H A R L T O N A N D P O L V A N I 451

Charlton	  and	  Polvani	  (2007)

Vortex	  Displacement

Vortex	  Split
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SSW: Frequency of SSW

tion. Figure 2 shows, by month, the seasonal distribu-
tion of all SSWs, vortex displacements, and vortex
splits, in both datasets. SSWs in the NCEP–NCAR
dataset are shown by gray bars, and SSWs from the
ERA-40 dataset are shown by black bars. In both
datasets the bars are normalized by dividing by the total
number of SSWs, so that the abscissa shows the relative
frequency of SSWs.

From the distribution of all SSWs (Fig. 2a) one may
conclude that, typically, most SSWs occur during mid-
to late winter (January–February), with only a few
SSWs occurring in November and December, and no
midwinter warmings after March. While the distribu-
tion of the vortex displacements does not appear to
have a significant seasonality (Fig. 2b), it is clear that
the distribution of vortex splits is peaked in January
and February (Fig. 2c), when the vortex is radiatively
strongest. SSWs at the start of winter are generally re-
ferred to as Canadian warmings (Labitzke 1981), and
all but two in the NCEP–NCAR dataset and one in the
ERA-40 dataset are vortex displacements (see Fig. 2b).
The amplitude of SSWs (Fig. 2d) is largely constant
throughout midwinter, November to February, but is
markedly reduced in March. The mean amplitude of
SSWs in March is approximately half that in December
and January.

Figure 3 shows the yearly distribution of SSWs over
the 1958–2002 period, grouped in 5-yr bins. Little trend
is apparent either in the total number of SSWs or in the
number of SSWs of a particular type. An apparent
trend toward a reduction in SSW activity during the
mid-1990s (Pawson and Naukojat 1999) has not contin-
ued in the early years of the twenty-first century. In
fact, the five years between 1998 and 2002 were one of
the most active periods of the last 50 yr, only surpassed
in number of SSWs by the late 1960s/early 1970s. Re-
cent work by Manney et al. (2005) has shown that the
period between 1998 and 2004 has the highest SSW
activity of any period on record.

Most of the interannual variability in the number of
SSWs appears to be in the number of vortex displace-
ments, while the number of vortex splits is relatively
constant. There is a slight increase in the amplitude of
SSWs (Fig. 3d), at least in the NCEP–NCAR reanaly-
sis, in the 1980s and 1990s. We speculate that this trend
might, at least partially, be due to the increased amount
of observations of the stratosphere from satellite plat-
forms over the second half of the dataset. In the NCEP–
NCAR reanalysis the mean amplitude for SSWs occur-
ring before 1979 is 5.5 K while the mean amplitude for
SSWs occurring in or after 1979 is 9.2 K. This difference
(3.7 K) should be compared to the standard deviation
for SSWs before 1979 of 3.5 K, and after 1979 of 4.2 K.

FIG. 2. Distribution of stratospheric warmings by month in
NCEP–NCAR reanalysis (gray bars) and ERA-40 datasets (black
bars): (a) all SSWs, (b) vortex displacements, (c) vortex splits, and
(d) mean area-weighted polar cap (90°–50°N) temperature
anomaly at 10 hPa, !5 days from the central warming date.
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5. Dynamical differences between vortex
displacements and splits.

Having discussed the time distribution of SSWs, we
now address the question of whether the two types of
events, vortex displacement and vortex splitting, exhibit
important dynamical differences. For this purpose we
consider, in turn, the evolution of temperature, zonal
wind, and eddy fluxes, in each of the following subsec-
tions. For the sake of brevity we restrict our analysis to
the NCEP–NCAR dataset. In the following section
anomalies or anomaly refers to the difference between
a given quantity and its climatology. Because of the
difference in seasonality of the vortex displacement and
vortex splitting events, we also recalculated all the di-
agnostics in this section for SSWs that occur in NDJF
only. There was no qualitative difference in the results
when SSWs that occur in March were excluded.

a. Polar temperature

Figure 4a shows composites of the evolution, during
SSWs, of area-weighted polar cap temperature anoma-
lies at 10 hPa. The composite anomaly for vortex dis-
placements is shown by the solid line, and for vortex
splits by the dashed line. Shaded regions show where
the polar cap temperature anomaly is significantly dif-
ferent between the two types of SSWs, at the 0.10 con-
fidence level. Statistical significance is calculated using
a standard t test (Wilks 1995).

As expected, the SSW is concurrent with a large in-
crease in the temperature of the polar cap in the middle
stratosphere, distributed almost symmetrically about
the central date, for both vortex displacements and vor-
tex splits. However, there appears to be no significant
difference between the peak polar cap temperature
anomaly for vortex displacements and vortex splits.
This confirms the result in Table 2, where the tempera-
ture anomaly for vortex splits was found to be only
about one degree larger than that for vortex displace-
ments. This is counter to our expectation that vortex
splits would produce larger temperature anomalies in
the middle stratosphere, as they are accompanied by a
more substantial disturbance of the flow required to
split the vortex. Small patches of significant difference
between the vortex displacement and splitting compos-
ites occur in the growth and decay phases of the SSW
when polar cap temperatures are anomalously cold.
Most markedly the decay phase of the SSW in the vor-
tex splitting composite shows much larger cold anoma-
lies, which last longer than the vortex displacement
composite.

To examine the structure of the SSWs in the lower
stratosphere, we plot similar composites of polar cap

FIG. 3. Distribution of stratospheric warmings by winter season
in NCEP–NCAR reanalysis (gray bars) and ERA-40 datasets
(black bars). Diagnostic shows number of SSWs in 5-yr bins. (a)
All SSWs, (b) vortex displacements, and (c) vortex splits. Solid
line in (a), (b), and (c) shows mean number of SSWs in 5-yr period
(NCEP–NCAR and ERA-40 combined). (d) Mean area-weighted
polar cap (90°–50°N) temperature anomaly at 10 hPa, !5 days
from the central warming date.

456 J O U R N A L O F C L I M A T E VOLUME 20

Grey-‐NCEP1	  &	  Black-‐ERA40	  from	  Charlton	  and	  Polvani	  (2007)

SSW occurs once about every other years. It occurs 
mostly in the NH winter
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SSW: Dynamical Mechanisms

Wave-‐Mean	  Flow	  Interac>on	  (e.g.,	  Matsuno	  1971)
• Ver>cally	  propaga>ng	  planetary	  scale	  waves	  (wave	  number	  1	  or	  2)	  
break	  in	  the	  stratosphere,	  altering	  the	  large-‐scale	  circula>on	  there	  

• It	  is	  not	  well	  understood	  what	  generates	  the	  planetary	  scale	  waves	  
in	  the	  troposphere	  which	  result	  in	  the	  SSW.

Internal	  Dynamics	  (e.g.,	  ScoW	  and	  Polvani	  2006)
• Stratosphere	  only	  model	  oYen	  generates	  the	  SSW.	  In	  this	  case,	  the	  
ver>cal	  wind	  shear	  in	  the	  stratosphere	  plays	  an	  important	  role
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SSW: Impacts on the Troposphere

Stratospheric and tropospheric annular
mode variations are sometimes independent of
each other, but (on average) strong anomalies
just above the tropopause appear to favor tro-
pospheric anomalies of the same sign. Oppos-
ing anomalies as in December 1998 (Fig. 1) are
possible, but anomalies of the same sign dom-
inate the average (Fig. 2).

To examine the tropospheric circulation
after these extreme events, we define weak
and strong vortex “regimes” as the 60-day
periods after the dates on which the !3.0 and
"1.5 thresholds were crossed. Our results are
not sensitive to the exact range of days used
and do not depend on the first few days after
the “events.” We focus on the average behav-
ior during these “weak vortex regimes” and

“strong vortex regimes,” as characterized by
the normalized AO index (22). The average
value (1080 days) during weak vortex re-
gimes is !0.44, and "0.35 for strong vortex
regimes (1800 days). The large sample sizes
contribute to the high statistical significance
of these averages (23). During the weak and
strong vortex regimes the average surface
pressure anomalies (Fig. 3) are markedly like
opposite phases of the AO (11) or NAO (14),
with the largest effect on pressure gradients
in the North Atlantic and Northern Europe.

The probability density functions (PDFs) of
the daily normalized AO and NAO indices (24)
during weak and strong vortex regimes are
compared in Fig. 4. More pronounced than the
shift in means are differences in the shapes of

the PDFs, especially between the tails of the
curves. Values of AO or NAO index greater
than 1.0 are three to four times as likely during
strong vortex regimes than weak vortex re-
gimes. Similarly, index values less than !1.0
are three to four times as likely during weak
vortex regimes than strong vortex regimes. Val-
ues of the daily AO index greater than 1.0 and
less than !1.0 are associated with statistically
significant changes in the probabilities of
weather extremes such as cold air outbreaks,
snow, and high winds across Europe, Asia, and
North America (25). The observed circulation
changes during weak and strong vortex regimes
are substantial from a meteorological viewpoint
and can be anticipated by observing the strato-
sphere. These results imply a measure of pre-
dictability, up to 2 months in advance, for AO/
NAO variations in northern winter, particularly
for extreme values that are associated with un-
usual weather events having the greatest impact
on society.

Since the NAO and AO are known to mod-
ulate the position of surface cyclones across the
Atlantic and Europe, we examine the tracks of
surface cyclones with central pressure less than
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Fig. 1. Time-height development of the northern annular mode during the winter of 1998–1999.
The indices have daily resolution and are nondimensional. Blue corresponds to positive values
(strong polar vortex), and red corresponds to negative values (weak polar vortex). The contour
interval is 0.5, with values between !0.5 and 0.5 unshaded. The thin horizontal line indicates the
approximate boundary between the troposphere and the stratosphere.
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Fig. 2. Composites of time-height development of the northern annular mode for (A) 18 weak
vortex events and (B) 30 strong vortex events. The events are determined by the dates on which
the 10-hPa annular mode values cross –3.0 and"1.5, respectively. The indices are nondimensional;
the contour interval for the color shading is 0.25, and 0.5 for the white contours. Values between
!0.25 and 0.25 are unshaded. The thin horizontal lines indicate the approximate boundary
between the troposphere and the stratosphere.
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Stratospheric and tropospheric annular
mode variations are sometimes independent of
each other, but (on average) strong anomalies
just above the tropopause appear to favor tro-
pospheric anomalies of the same sign. Oppos-
ing anomalies as in December 1998 (Fig. 1) are
possible, but anomalies of the same sign dom-
inate the average (Fig. 2).

To examine the tropospheric circulation
after these extreme events, we define weak
and strong vortex “regimes” as the 60-day
periods after the dates on which the !3.0 and
"1.5 thresholds were crossed. Our results are
not sensitive to the exact range of days used
and do not depend on the first few days after
the “events.” We focus on the average behav-
ior during these “weak vortex regimes” and

“strong vortex regimes,” as characterized by
the normalized AO index (22). The average
value (1080 days) during weak vortex re-
gimes is !0.44, and "0.35 for strong vortex
regimes (1800 days). The large sample sizes
contribute to the high statistical significance
of these averages (23). During the weak and
strong vortex regimes the average surface
pressure anomalies (Fig. 3) are markedly like
opposite phases of the AO (11) or NAO (14),
with the largest effect on pressure gradients
in the North Atlantic and Northern Europe.

The probability density functions (PDFs) of
the daily normalized AO and NAO indices (24)
during weak and strong vortex regimes are
compared in Fig. 4. More pronounced than the
shift in means are differences in the shapes of

the PDFs, especially between the tails of the
curves. Values of AO or NAO index greater
than 1.0 are three to four times as likely during
strong vortex regimes than weak vortex re-
gimes. Similarly, index values less than !1.0
are three to four times as likely during weak
vortex regimes than strong vortex regimes. Val-
ues of the daily AO index greater than 1.0 and
less than !1.0 are associated with statistically
significant changes in the probabilities of
weather extremes such as cold air outbreaks,
snow, and high winds across Europe, Asia, and
North America (25). The observed circulation
changes during weak and strong vortex regimes
are substantial from a meteorological viewpoint
and can be anticipated by observing the strato-
sphere. These results imply a measure of pre-
dictability, up to 2 months in advance, for AO/
NAO variations in northern winter, particularly
for extreme values that are associated with un-
usual weather events having the greatest impact
on society.

Since the NAO and AO are known to mod-
ulate the position of surface cyclones across the
Atlantic and Europe, we examine the tracks of
surface cyclones with central pressure less than
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Fig. 1. Time-height development of the northern annular mode during the winter of 1998–1999.
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interval is 0.5, with values between !0.5 and 0.5 unshaded. The thin horizontal line indicates the
approximate boundary between the troposphere and the stratosphere.
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the 10-hPa annular mode values cross –3.0 and"1.5, respectively. The indices are nondimensional;
the contour interval for the color shading is 0.25, and 0.5 for the white contours. Values between
!0.25 and 0.25 are unshaded. The thin horizontal lines indicate the approximate boundary
between the troposphere and the stratosphere.
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Northern Annular Mode Sea Level Pressure

Baldwin	  and	  Dunkerton	  (2001)

SSW
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Researches at McGill
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Researches at McGill

How robust are the SSW and the associated downward propagation 
in the reanalysis data?

• Inter-comparison between observation (COSMIC GPS RO measurements) 
and reanalysis data: case study of the 2009 SSW event.

• Inter-comparison among NCEP-NCAR, NCEP-DOE, ERA40 (ERA-Intrim), 
JRA25 and MERRA in term of polar climate variability.

Under what conditions does 
downward propagation 
occur?

Stratospheric and tropospheric annular
mode variations are sometimes independent of
each other, but (on average) strong anomalies
just above the tropopause appear to favor tro-
pospheric anomalies of the same sign. Oppos-
ing anomalies as in December 1998 (Fig. 1) are
possible, but anomalies of the same sign dom-
inate the average (Fig. 2).

To examine the tropospheric circulation
after these extreme events, we define weak
and strong vortex “regimes” as the 60-day
periods after the dates on which the !3.0 and
"1.5 thresholds were crossed. Our results are
not sensitive to the exact range of days used
and do not depend on the first few days after
the “events.” We focus on the average behav-
ior during these “weak vortex regimes” and

“strong vortex regimes,” as characterized by
the normalized AO index (22). The average
value (1080 days) during weak vortex re-
gimes is !0.44, and "0.35 for strong vortex
regimes (1800 days). The large sample sizes
contribute to the high statistical significance
of these averages (23). During the weak and
strong vortex regimes the average surface
pressure anomalies (Fig. 3) are markedly like
opposite phases of the AO (11) or NAO (14),
with the largest effect on pressure gradients
in the North Atlantic and Northern Europe.

The probability density functions (PDFs) of
the daily normalized AO and NAO indices (24)
during weak and strong vortex regimes are
compared in Fig. 4. More pronounced than the
shift in means are differences in the shapes of

the PDFs, especially between the tails of the
curves. Values of AO or NAO index greater
than 1.0 are three to four times as likely during
strong vortex regimes than weak vortex re-
gimes. Similarly, index values less than !1.0
are three to four times as likely during weak
vortex regimes than strong vortex regimes. Val-
ues of the daily AO index greater than 1.0 and
less than !1.0 are associated with statistically
significant changes in the probabilities of
weather extremes such as cold air outbreaks,
snow, and high winds across Europe, Asia, and
North America (25). The observed circulation
changes during weak and strong vortex regimes
are substantial from a meteorological viewpoint
and can be anticipated by observing the strato-
sphere. These results imply a measure of pre-
dictability, up to 2 months in advance, for AO/
NAO variations in northern winter, particularly
for extreme values that are associated with un-
usual weather events having the greatest impact
on society.

Since the NAO and AO are known to mod-
ulate the position of surface cyclones across the
Atlantic and Europe, we examine the tracks of
surface cyclones with central pressure less than
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Fig. 1. Time-height development of the northern annular mode during the winter of 1998–1999.
The indices have daily resolution and are nondimensional. Blue corresponds to positive values
(strong polar vortex), and red corresponds to negative values (weak polar vortex). The contour
interval is 0.5, with values between !0.5 and 0.5 unshaded. The thin horizontal line indicates the
approximate boundary between the troposphere and the stratosphere.
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Fig. 2. Composites of time-height development of the northern annular mode for (A) 18 weak
vortex events and (B) 30 strong vortex events. The events are determined by the dates on which
the 10-hPa annular mode values cross –3.0 and"1.5, respectively. The indices are nondimensional;
the contour interval for the color shading is 0.25, and 0.5 for the white contours. Values between
!0.25 and 0.25 are unshaded. The thin horizontal lines indicate the approximate boundary
between the troposphere and the stratosphere.
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(hPa) for (A) the 1080 days during weak vortex
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SSW 2009: COSMIC GPS RO Observations
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Daily Z at 10 hPa

SSW 2009: COSMIC GPS RO Observations
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All	  data	  except	  
the	  JRA-‐25	  show	  
reasonably	  
small	  biases
(Mar>neau	  and	  
Son	  2010).
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SSW 2009: Biases of Reanalyses

CMC	  analysis	  is	  even	  
beWer	  than	  the	  JRA-‐25	  
and	  NCEP/DOE.

10-‐hPa	  Polar-‐Cap	  Poten>al	  Temperature

(CMC	  data	  from	  Mar>n	  Charron)
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SSW 2009: Prediction of GEM-Strato

The	  10-‐day	  forecast	  
captures	  the	  SSW.	  
With	  6-‐day	  lead,	  it	  
captures	  even	  the	  
amplitude	  of	  the	  SSW.
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Figure 7: Comparison of GEM-Strato model output to COSMIC GPS RO observations for the stratospheric

sudden warming of 2009. The potential temperature averaged north of 65◦N at 10 hPa is displayed as a function

of time. Model runs are identified by their lead times to the 2009 event : the number of days separating the

time of their initialization and the maximum warming of the event: e.g., ”10 day lead” denotes model run which

starts 10 days before the SSW onset.
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10-‐hPa	  Polar-‐Cap	  Poten>al	  Temperature

(GEM-‐Strato	  data	  from	  Mar>n	  Charron)
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Composite Analysis: SLP Anomalies
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Preliminary Conclusions

• Downward propagation is robustly found in all reanalysis data although 
the JRA-25 showed delayed SSW during 2009.

• The 2009 SSW event is quantitatively well captured by the CMC 
analysis. This event is very well predicted by the GEM-Strato with 6-day 
lead.  

• Dynamical mechanism(s) of the downward propagation associated with 
the SSW and SVI  is under investigation.
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QBO: Impact on the Northern Hemisphere 
Summer Climate

with	  H.-‐S.	  Kim	  and	  H.	  Lin
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QBO: Tropical Stratospheric Phenomena

• The	  zonal	  wind	  over	  the	  equator	  
changes	  its	  sign	  with	  a	  period	  of	  
~28	  months.

• It	  propagates	  downward	  from	  ~10	  
hPa	  to	  ~100	  hPa	  (~1	  km/month)	  
with	  a	  decreasing	  magnitude.

• The	  westerly	  and	  easterly	  phases	  
are	  not	  symmetry:	  e.g.,	  westerlies	  
are	  generally	  weaker,	  propagate	  
more	  rapidly,	  and	  persist	  longer	  
near	  the	  tropopause.

Time-‐height	  sec>on	  of	  monthly	  mean	  zonal	  winds	  (CI=10	  
m/s)	  at	  the	  3	  equatorial	  radiosonde	  sta>ons.	  Updated	  from	  
Naujokat	  (1986)	  by	  Freie	  Universitat	  (hfp://www.geo.fu-‐
berlin.de/en/met/ag/strat/produkte/qbo/).	  

[u]	  at	  the	  equator	  (radiosonde)
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Courtesy	  of	  Hai	  Lin

QBO: QBO in GEM-Strato
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QBO: Extratropical Stratospheric Response

Holton-‐Tan	  effect	  (Holton	  and	  Tan,	  
1980):	  The	  QBO	  can	  change	  the	  wave	  
propaga>on	  in	  the	  NH	  stratosphere:	  
equatorward	  propaga>on	  during	  the	  
WQBO,	  resul>ng	  in	  stronger	  westerly	  
in	  the	  extratropical	  stratosphere	  or	  
posi>ve	  NAM	  index.

From	  Anstey	  and	  Shepherd	  (2008)

Nov.-‐Dec.	  [u]	  anomaly	  (ERA40)
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QBO: Tropospheric Response
From

	  Thom
pson	  et	  al.	  (2002)	  

January	  SAT	  anomaliesStratospheric	  Path
• QBO	  modifies	  the	  polar	  vortex	  
(Holton-‐Tan	  effect).	  The	  associated	  
anomalies	  propagate	  downward	  to	  
the	  surface.

• It	  could	  occur	  only	  in	  the	  NH	  winter.

EQBO	  at	  50	  hPa	  -‐>	  Weak	  
polar	  vortex	  -‐>	  Nega>ve	  
NAM	  index
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Tropospheric	  Path	  (?)
• QBO	  could	  modify	  deep	  convec>on	  in	  the	  tropics	  (Giorgefa	  et	  al.	  1999;	  
Collimore	  et	  al.	  2003).	  The	  associated	  hea>ng	  may	  generate	  Rossby	  wave	  
train,	  affec>ng	  the	  NH	  summer	  circula>on.	  Gray	  (1984)	  and	  Chan	  (1995)	  
suggested	  that	  Hurricane/Typhoon	  ac>vi>es	  are	  modulated	  by	  the	  QBO.	  

QBO	  -‐>	  Tropical	  convec>on	  -‐>	  Rossby	  wave	  trains/	  Hurricanes

AGCM	  integra>ons	  with	  prescribing	  EQBO	  and	  WQBO	  winds	  in	  the	  tropics	  (Giorgefa	  et	  al.	  1999)	  

JJA	  OLR	  (EQBO-‐WQBO) JJA	  500-‐hPa	  U	  (EQBO-‐WQBO)

AGCM	  experiments

QBO: Tropospheric Response
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Researches at McGill
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• Does	  the	  QBO	  influence	  the	  NH	  summer	  circula>on	  in	  the	  real	  
atmosphere?	  We	  examine	  the	  QBO-‐related	  circula>on	  change	  in	  the	  
ERA40	  reanalysis	  data.

• Is	  the	  QBO-‐induced	  circula>on	  changes	  associated	  with	  tropical	  
convec>on?	  If	  it	  is,	  how	  does	  the	  QBO	  modify	  tropical	  convec>ons?	  
We	  extend	  numerical	  analyses	  of	  Giorgefa	  et	  al.	  (1999)	  and	  Collimore	  
et	  al.	  (2003)	  by	  using	  the	  OLR,	  precipita>on	  and	  ERA40	  data.

• Does	  the	  QBO	  affect	  Typhoon	  ac>vi>es?	  We	  revisit	  QBO-‐Hurricane	  
rela>onship	  which	  has	  been	  discarded	  in	  90s’.

Researches at McGill

30



Data

ERA40
• Monthly	  mean	  data	  from	  1958	  to	  2002

• Only	  June-‐October	  (JJASO),	  Hurricane/Typhoon	  season,	  are	  used.

ORL	  and	  SST
• NOAA	  OLR	  from	  1974	  to	  2002,	  except	  1978	  when	  data	  is	  not	  available

• ERSSTv3	  SST	  from	  1974	  to	  2002,	  except	  1978

Precipita>on
• CMAP	  precipita>on	  from	  1979	  to	  2002	  
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Data

• QBO index = [u]50hPa - [u]70hPa (Huesmann and Hitchman, 2001)
• Exclude ENSO years by picking the months of |NINO3.4| < 0.5 std
• WQBO = QBO index anomaly > 0.5 std. (32 months)
• EQBO = QBO index anomaly < -0.5 std. (28 months)
• Differences, WQBO-EQBO, are shown with shading for significant values.

!!"#$%&'(%)*+,$-.+,$/%
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Results: QBO vs. Extratopical Circulations
Q. Does	  the	  QBO	  influence	  the	  NH	  summer	  circula>ons?

JJA	  U500	  (EQBO-‐WQBO)	  AGCM

G
iorgef

a	  et	  al.	  (1999)	  

Yes.	  The	  QBO-‐induced	  circula>on	  in	  the	  ERA40	  is	  very	  similar	  to	  that	  in	  the	  
AGCM	  experiments	  by	  GiorgeWa	  et	  al.	  (1999)
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Rossby	  Wave	  Source	  (RWS)

OLR

Results: QBO vs. Extratopical Circulations

Q. Is	  the	  QBO-‐induced	  circula>on	  changes	  associated	  with	  the	  
convec>on?	  

34



Precipita9on

Yes.	  Rossby	  wave	  train	  is	  
associated	  with	  tropical	  deep	  
convec>ons.

SST

OLR

Results: QBO vs. Extratopical Circulations

Q. Is	  the	  QBO-‐induced	  circula>on	  changes	  associated	  with	  the	  
convec>on?	  

35



• A	  series	  of	  simple	  model	  experiments,	  essen>ally	  same	  to	  Jin	  and	  
Hoskins	  (1995),	  are	  performed	  with	  a	  primi>ve	  equa>on	  model	  of	  
T31L10	  (Lin,	  2010):	  e.g.,	  A	  gaussian-‐shaped	  hea>ng	  is	  turned	  on	  at	  
10N	  170E	  for	  a	  JJASO	  background	  flow.

• Model	  is	  integrated	  up	  to	  20	  days.	  The	  result,	  which	  is	  essen>ally	  a	  
linear	  response	  to	  the	  hea>ng,	  shows	  strong	  similarity	  to	  the	  
observa>ons

Z200’	  at	  day	  15

• It	  further	  confirms	  that	  the	  
QBO-‐related	  Z200	  
anomalies	  are	  largely	  
driven	  by	  tropical	  
convec>on.

Results: QBO vs. Extratopical Circulations

Q. Is	  the	  QBO-‐induced	  circula>on	  changes	  associated	  with	  the	  
convec>on?	  

36



Results: QBO vs. Tropical Convection

Q. How	  does	  the	  QBO	  modify	  tropical	  deep	  convec>on	  (at	  10°N	  170°E)?	  

• Lower	  Tropopause	  height	  (or	  higher	  
tropopause	  pressure)	  could	  lead	  to	  
weaker	  deep	  convec>on	  (Reid	  and	  
Gage	  1985;	  Gray	  et	  al.	  1992)

• Warm	  tropopause	  and	  associated	  
increase	  in	  sta>c	  stability	  could	  lead	  
to	  weaker	  deep	  convec>on	  (Gray	  et	  
al.	  1992)

• Weaker	  absolute	  ver>cal	  wind	  
shear	  in	  the	  UTLS	  could	  lead	  to	  
stronger	  deep	  convec>on	  (Gray	  et	  
al.	  1992;	  Collimore	  et	  al.	  2003)

• Stronger	  horizontal	  vor>city	  (or	  
weaker	  an>cyclonic	  vor>city)	  in	  the	  
UTLS	  could	  lead	  to	  weaker	  deep	  
convec>on	  (Collimore	  et	  al.	  2003)

From	  Collimore	  et	  al.	  (2003)
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Results: QBO vs. Tropical Convection

TRP	  
Pressure

TRP	  
Temp.

N2	  at	  
100	  hPa

Enhanced	  Convec>on
(WQBO-‐EQBO)
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Results: QBO vs. Tropical Convection

Wind
Shear
70-‐150hPa

Wind
Shear
at	  10N
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Results: QBO vs. Tropical Convection

Absolute
Vor>city
at	  100hPa

Absolute
Vor>city
at	  10N
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Results: QBO vs. Tropical Convection

Q. How	  does	  the	  QBO	  modify	  tropical	  deep	  convec>on	  (at	  10°N	  170°E)?	  

• Lower	  Tropopause	  height	  (or	  higher	  
tropopause	  pressure)	  could	  lead	  to	  
weaker	  deep	  convec>on	  (Reid	  and	  
Gage	  1985;	  Gray	  et	  al.	  1992)

• Warm	  tropopause	  and	  associated	  
increase	  in	  sta>c	  stability	  could	  lead	  
to	  weaker	  deep	  convec>on	  (Gray	  et	  
al.	  1992)

• Stronger	  horizontal	  vor>city	  (or	  
weaker	  an>cyclonic	  vor>city)	  in	  the	  
UTLS	  could	  lead	  to	  weaker	  deep	  
convec>on	  (Collimore	  et	  al.	  2003)

Weakened	  ver>cal	  wind	  shear	  
likely	  leads	  to	  stronger	  deep	  
convec>on	  (Gray	  et	  al.	  1992;	  
Collimore	  et	  al.	  2003).
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Results: QBO vs. Typhoon
Q. Does	  the	  QBO	  affect	  Typhoon	  ac>vi>es?

each QBO phase, composite analyses are performed for the
TC tracks, outgoing longwave radiation (OLR), and back-
ground circulations. The OLR and background flows have
been obtained from the National Oceanic and Atmospheric
Administration [Liebmann and Smith, 1996] and the NCEP-
NCAR reanalysis data [Kalnay et al., 1996], respectively.
[7] The statistical significance for the TC passage is tested

by using the non-parametric Mann-WhitneyU test [Mann and
Whitney, 1947]. The Mann-Whitney U test is particularly
chosen in this study because the number of TC shows a non-
Gaussian distribution [Chu and Chen, 2005; Ho et al., 2006].
Although not shown, the significant areas in all composite
fields determined by using this test are somewhat smaller than
those obtained by using the bootstrap test.

3. Results

[8] Figures 1a and 1b show the spatial distribution of TC
tracks in the WNP during the two QBO phases. To reduce
confusion of many TC tracks, the contour map for the mean
number of TCs for 5! ! 5! grid box is overlapped in
Figures 1a and 1b. It can be seen that more TCs occur over
the East China Sea during the W-QBO (Figure 1a); on the
other hand, during the E-QBO, more TCs occur over the
eastern offshore of Japan (Figure 1b). This difference is
more evident in Figure 1c, which shows the difference in
the number of TCs between the W-QBO and the E-QBO for
each 5! ! 5! grid box. Two regions are especially found to
have large differences, again indicating that more TCs
approach the East China Sea (125!E–135!E, 25!N–35!N)
during the W-QBO and the eastern offshore of Japan
(150!E–160!E, 25!N–35!N) during the E-QBO. Consid-
ering the climatological mean number of TCs (about 2–3
for each 5! ! 5! grid box), the difference between the
numbers of TCs passing over these two regions is consid-
erable and statistically significant at the 95% confidence
level, as shown by the shaded region in Figure 1c.
[9] Composite analyses, however, do not necessarily

isolate the QBO influence. For instance, the seesaw-like
pattern shown in Figure 1c might also be related with the El
Nino-Southern Oscillation (ENSO), which has been known
to affect TC tracks. To filter out the possible influence of the
ENSO, the same analyses were carried out by ignoring the
ENSO years. It is found that although the total number of
TCs is more closely related to the QBO if the ENSO years
are omitted, the QBO-TC track relationship is essentially
unchanged (figure not shown). This negligible influence of
the ENSO on the QBO-TC track relationship is presumably
because the QBO and ENSO indices are not correlated with
each other for the analysis time period (correlation coeffi-
cient of 0.08 for the summer mean indices).
[10] The interannual variability of the number of TCs

throughout the WNP, over the East China Sea, and over the
eastern offshore of Japan is shown in Figure 2. The East
China Sea and the eastern offshore of Japan are shown in
dashed boxes in Figure 1c. It can be seen that the sum of the

numbers of TCs over these two regions and the total number
of TCs throughout the WNP do not correlate with the QBO
index: the correlation coefficients are 0.04 and 0.03, respec-
tively. These values are much smaller than those provided
by Chan [1995], who has suggested an increase in the WNP
TCs during the W-QBO and a decrease during the E-QBO.
This discrepancy may arise from the different analysis
periods considered in the two studies—1958–1988 in
Chan’s study and 1976–2007 in the present study. Although
it is beyond the scope of this study, we notice that a similar
disagreement has also been found in the North Atlantic
basin; the QBO-TC relationship proposed by Gray [1984] is
no longer valid and the QBO index is not utilized for
seasonal forecasts of North Atlantic hurricanes any more

Table 1. QBO Years Selected in This Study

Years Selected

Westerly QBO years 1978, 1980, 1985, 1988, 1990, 1995, 1997, 1999, 2002, 2004, 2006
Easterly QBO years 1977, 1979, 1984, 1992, 1994, 1996, 1998, 2001, 2003, 2005, 2007

Figure 1. TC trajectories (gray lines) and the mean
number of TCs for each 5! ! 5! grid box (contour) during
the (a) W-QBO and (b) E-QBO. (c) The difference in the
number of TCs between the W-QBO and the E-QBO for
each 5! ! 5! grid box. The zero line is omitted. Unit is
year"1.
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NCAR reanalysis data [Kalnay et al., 1996], respectively.
[7] The statistical significance for the TC passage is tested

by using the non-parametric Mann-WhitneyU test [Mann and
Whitney, 1947]. The Mann-Whitney U test is particularly
chosen in this study because the number of TC shows a non-
Gaussian distribution [Chu and Chen, 2005; Ho et al., 2006].
Although not shown, the significant areas in all composite
fields determined by using this test are somewhat smaller than
those obtained by using the bootstrap test.

3. Results

[8] Figures 1a and 1b show the spatial distribution of TC
tracks in the WNP during the two QBO phases. To reduce
confusion of many TC tracks, the contour map for the mean
number of TCs for 5! ! 5! grid box is overlapped in
Figures 1a and 1b. It can be seen that more TCs occur over
the East China Sea during the W-QBO (Figure 1a); on the
other hand, during the E-QBO, more TCs occur over the
eastern offshore of Japan (Figure 1b). This difference is
more evident in Figure 1c, which shows the difference in
the number of TCs between the W-QBO and the E-QBO for
each 5! ! 5! grid box. Two regions are especially found to
have large differences, again indicating that more TCs
approach the East China Sea (125!E–135!E, 25!N–35!N)
during the W-QBO and the eastern offshore of Japan
(150!E–160!E, 25!N–35!N) during the E-QBO. Consid-
ering the climatological mean number of TCs (about 2–3
for each 5! ! 5! grid box), the difference between the
numbers of TCs passing over these two regions is consid-
erable and statistically significant at the 95% confidence
level, as shown by the shaded region in Figure 1c.
[9] Composite analyses, however, do not necessarily

isolate the QBO influence. For instance, the seesaw-like
pattern shown in Figure 1c might also be related with the El
Nino-Southern Oscillation (ENSO), which has been known
to affect TC tracks. To filter out the possible influence of the
ENSO, the same analyses were carried out by ignoring the
ENSO years. It is found that although the total number of
TCs is more closely related to the QBO if the ENSO years
are omitted, the QBO-TC track relationship is essentially
unchanged (figure not shown). This negligible influence of
the ENSO on the QBO-TC track relationship is presumably
because the QBO and ENSO indices are not correlated with
each other for the analysis time period (correlation coeffi-
cient of 0.08 for the summer mean indices).
[10] The interannual variability of the number of TCs

throughout the WNP, over the East China Sea, and over the
eastern offshore of Japan is shown in Figure 2. The East
China Sea and the eastern offshore of Japan are shown in
dashed boxes in Figure 1c. It can be seen that the sum of the

numbers of TCs over these two regions and the total number
of TCs throughout the WNP do not correlate with the QBO
index: the correlation coefficients are 0.04 and 0.03, respec-
tively. These values are much smaller than those provided
by Chan [1995], who has suggested an increase in the WNP
TCs during the W-QBO and a decrease during the E-QBO.
This discrepancy may arise from the different analysis
periods considered in the two studies—1958–1988 in
Chan’s study and 1976–2007 in the present study. Although
it is beyond the scope of this study, we notice that a similar
disagreement has also been found in the North Atlantic
basin; the QBO-TC relationship proposed by Gray [1984] is
no longer valid and the QBO index is not utilized for
seasonal forecasts of North Atlantic hurricanes any more
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Figure 1. TC trajectories (gray lines) and the mean
number of TCs for each 5! ! 5! grid box (contour) during
the (a) W-QBO and (b) E-QBO. (c) The difference in the
number of TCs between the W-QBO and the E-QBO for
each 5! ! 5! grid box. The zero line is omitted. Unit is
year"1.
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each QBO phase, composite analyses are performed for the
TC tracks, outgoing longwave radiation (OLR), and back-
ground circulations. The OLR and background flows have
been obtained from the National Oceanic and Atmospheric
Administration [Liebmann and Smith, 1996] and the NCEP-
NCAR reanalysis data [Kalnay et al., 1996], respectively.
[7] The statistical significance for the TC passage is tested

by using the non-parametric Mann-WhitneyU test [Mann and
Whitney, 1947]. The Mann-Whitney U test is particularly
chosen in this study because the number of TC shows a non-
Gaussian distribution [Chu and Chen, 2005; Ho et al., 2006].
Although not shown, the significant areas in all composite
fields determined by using this test are somewhat smaller than
those obtained by using the bootstrap test.

3. Results

[8] Figures 1a and 1b show the spatial distribution of TC
tracks in the WNP during the two QBO phases. To reduce
confusion of many TC tracks, the contour map for the mean
number of TCs for 5! ! 5! grid box is overlapped in
Figures 1a and 1b. It can be seen that more TCs occur over
the East China Sea during the W-QBO (Figure 1a); on the
other hand, during the E-QBO, more TCs occur over the
eastern offshore of Japan (Figure 1b). This difference is
more evident in Figure 1c, which shows the difference in
the number of TCs between the W-QBO and the E-QBO for
each 5! ! 5! grid box. Two regions are especially found to
have large differences, again indicating that more TCs
approach the East China Sea (125!E–135!E, 25!N–35!N)
during the W-QBO and the eastern offshore of Japan
(150!E–160!E, 25!N–35!N) during the E-QBO. Consid-
ering the climatological mean number of TCs (about 2–3
for each 5! ! 5! grid box), the difference between the
numbers of TCs passing over these two regions is consid-
erable and statistically significant at the 95% confidence
level, as shown by the shaded region in Figure 1c.
[9] Composite analyses, however, do not necessarily

isolate the QBO influence. For instance, the seesaw-like
pattern shown in Figure 1c might also be related with the El
Nino-Southern Oscillation (ENSO), which has been known
to affect TC tracks. To filter out the possible influence of the
ENSO, the same analyses were carried out by ignoring the
ENSO years. It is found that although the total number of
TCs is more closely related to the QBO if the ENSO years
are omitted, the QBO-TC track relationship is essentially
unchanged (figure not shown). This negligible influence of
the ENSO on the QBO-TC track relationship is presumably
because the QBO and ENSO indices are not correlated with
each other for the analysis time period (correlation coeffi-
cient of 0.08 for the summer mean indices).
[10] The interannual variability of the number of TCs

throughout the WNP, over the East China Sea, and over the
eastern offshore of Japan is shown in Figure 2. The East
China Sea and the eastern offshore of Japan are shown in
dashed boxes in Figure 1c. It can be seen that the sum of the

numbers of TCs over these two regions and the total number
of TCs throughout the WNP do not correlate with the QBO
index: the correlation coefficients are 0.04 and 0.03, respec-
tively. These values are much smaller than those provided
by Chan [1995], who has suggested an increase in the WNP
TCs during the W-QBO and a decrease during the E-QBO.
This discrepancy may arise from the different analysis
periods considered in the two studies—1958–1988 in
Chan’s study and 1976–2007 in the present study. Although
it is beyond the scope of this study, we notice that a similar
disagreement has also been found in the North Atlantic
basin; the QBO-TC relationship proposed by Gray [1984] is
no longer valid and the QBO index is not utilized for
seasonal forecasts of North Atlantic hurricanes any more

Table 1. QBO Years Selected in This Study

Years Selected

Westerly QBO years 1978, 1980, 1985, 1988, 1990, 1995, 1997, 1999, 2002, 2004, 2006
Easterly QBO years 1977, 1979, 1984, 1992, 1994, 1996, 1998, 2001, 2003, 2005, 2007

Figure 1. TC trajectories (gray lines) and the mean
number of TCs for each 5! ! 5! grid box (contour) during
the (a) W-QBO and (b) E-QBO. (c) The difference in the
number of TCs between the W-QBO and the E-QBO for
each 5! ! 5! grid box. The zero line is omitted. Unit is
year"1.

L06702 HO ET AL.: INFLUENCE OF QBO ON TC TRACK IN THE WNP L06702

2 of 4

Yes.	  the	  QBO	  can	  change	  the	  Typhoon	  track	  over	  the	  Western	  North	  Pacific.

From
	  H
o	  et	  al.	  (2009)

Z500

42



Results: QBO vs. Typhoon

WQBO-‐EQBO:	  NH	  JJAS	  and	  SH	  DJFM	  hurricane	  passage	  numbers

11-‐year	  moving	  
correla>on	  between	  
Hurricane	  genesis	  and	  
QBO	  index	  correla>on	  
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Conclusions

• Does	  the	  QBO	  influence	  the	  NH	  summer	  circula>on	  in	  the	  real	  
atmosphere?	  Yes,	  the	  NH	  circula>on	  shows	  quasi-‐barotropic	  response	  
with	  Rossby-‐wave	  train	  pafern.

• Is	  the	  QBO-‐induced	  circula>on	  changes	  associated	  with	  tropical	  
convec>on?	  Yes,	  enhanced	  convec>on	  at	  10N	  170E	  is	  responsible	  for	  
wave	  train	  pafern.	  If	  it	  is,	  how	  does	  the	  QBO	  modify	  tropical	  
convec>ons?	  Presumably	  by	  weakening	  ver>cal	  wind	  shear	  in	  the	  
UTLS.	  The	  detailed	  inves>ga>ons,	  using	  numerical	  models	  such	  as	  
cloud-‐resolving	  models,	  are	  needed	  to	  quan>ta>vely	  evaluate	  the	  
mechanism.	  

• Does	  the	  QBO	  affect	  typhoon	  ac>vi>es?	  Yes,	  the	  QBO	  affects	  the	  
Northwestern	  Pacific	  typhoon	  tracks.	  No	  impact	  however	  is	  found	  to	  
the	  North	  Atlan>c	  hurricane	  ac>vi>es.
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Ozone Hole: visit my personal website
http://www.meteo.mcgill.ca/~swson/

Thank	  You!
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Results: QBO vs. Tropical Convection

Q. How	  does	  the	  QBO	  modify	  tropical	  deep	  convec>on	  (at	  10°N	  170°E)?	  

• Other	  possibility?:	  localized	  high	  PV	  in	  the	  UTLS	  could	  lead	  to	  stronger	  
updraY	  and	  stronger	  convec>on	  on	  its	  east	  side	  in	  the	  presence	  of	  
posi>ve	  wind	  shear	  (Hoskins	  et	  al.	  1985).
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