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Abstract The quasi-biennial oscillation (QBO) is the dominant mode of variability in the tropical
stratosphere, which is in large part driven by upward propagating atmospheric waves. For over three
decades researchers have investigated an extratropical impact due to the vacillation of the tropical winds.
The choice of a single altitude to define the QBO introduces an ambiguity into the analysis of correlations
between the tropical and extratropical manifestations of this wave-driven phenomenon. It has been
previously demonstrated that using empirical orthogonal functions, this ambiguity can be resolved, by
calculating the phase of the QBO from the first two principal components of the stratospheric zonal
mean wind. As general circulation models begin to simulate the QBO, a standard and objective means of
comparing simulations with observations should be adopted. This objective analysis of the extratropical
QBO is presented for the ERA-Interim reanalysis and a version of the Community Atmosphere Model, version
5, which exhibits a spontaneously generated QBO.

1. Introduction

The quasi-biennial oscillation (QBO) is a dramatic variation of the tropical stratospheric wind, between 20 km
and 40 km, exhibiting easterlies in excess of 40 m s−1 that give way to westerly winds of up to 20 m s−1.
This principal mode of variation in the tropical stratospheric wind is completely absent in the majority of
general circulation models (GCMs) used to simulate the climate. The QBO is understood to be driven by
upward propagating atmospheric waves that deposit their momentum in the stratosphere, causing the
descent of shear layers with a period of approximately 28.1 months [Andrews and McIntyre, 1976; Baldwin
and Dunkerton, 2001; Lindzen and Holton, 1968]. The tropical QBO could provide a source of predictability on
interannual to decadal timescales, if the mechanism linking this quasiperiodic phenomenon to extratropical
variability was better understood.

The extratropical QBO was first investigated by Holton and Tan [1980], using 16 years of gridded 50 hPa
geopotential height fields. By compositing the monthly mean values of geopotential height with respect
to the phase of the tropical 50 hPa zonal winds, a statistically significant difference between the east and
west phases of the QBO was detected. Their study employed a relatively short record of atmospheric obser-
vations, and subsequent analyses by other authors have not all supported the conclusions of this seminal
paper. In particular, Holton and Tan [1980] posited a dynamical mechanism wherein the propagation of
planetary waves from the extratropics is modulated by variations in the location of subtropical critical lines
associated with the tropical QBO. This perspective was largely supported by the study of Dunkerton and
Baldwin [1991], who found consistency between planetary wave flux anomalies and extratropical circulation
anomalies that correlated with the tropical QBO. A more recent study [Garfinkel et al., 2012] suggested that
variations in the strength of the polar circulation, associated with the QBO, are more related to the residual
circulation induced by anomalous planetary wave convergence than to the location of subtropical critical
lines. Other authors have pointed out that additional factors play into the variability of the polar vortex, such
as solar cycles [Labitzke and Kunze, 2009], the El Niño–Southern Oscillation [Mitchell et al., 2011], and upper
stratospheric winds [Gray, 2003], which could affect the interpretation of an extratropical QBO.

One source of confusion about the extratropical QBO is the definition of the tropical QBO itself. The tropical
QBO is evident through a deep layer of the stratosphere. At any particular altitude the phase and period
of the QBO can be assessed; however, the choice of a single altitude introduces a subjective aspect to
the analysis of any correlation with other atmospheric variables. This ambiguity has been discussed
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by Baldwin and Dunkerton [1989] and Anstey and Shepherd [2013] who note that some authors have cho-
sen the altitude used to define the QBO a posteriori in order to maximize the correlation with extratropical
variables. To underscore the consequences of this ambiguity, note that the phase of the QBO varies 180◦

between 50 hPa and 10 hPa, meaning that the choice of one of these two levels will interchange the per-
ceived east and west phases of the QBO. This is evident in the analysis of Dunkerton and Baldwin [1991] and
Garfinkel et al. [2012], who both discuss the phase structure of the QBO with height.

Previous studies have noted that an unambiguous phase of the QBO, incorporating its full vertical structure,
can be defined using empirical orthogonal functions (EOFs) of the tropical zonal wind [Fraedrich et al., 1993;
Wallace et al., 1993; Hamilton and Hsieh, 2002; Anstey et al., 2010]. Wallace et al. [1993] demonstrated that an
objective phase of the QBO can be defined using the first two EOFs and that the rate of phase progression
could be hindcast with a linear prediction model. Fraedrich et al. [1993] confirm that the first two EOFs of
the tropical winds define a “clean oscillation with a well-defined peak near 28 months” and go on to show
that the nonlinearity evident in the QBO can be attributed to higher-order EOFs. These two studies as well
as a later study by Hamilton and Hsieh [2002] employed the same station data [Naujokat, 1986], leaving the
possibility that this signal is not robust across data sets. The later study by Hamilton and Hsieh [2002] used
a continuation of the Naujokat data set spanning the 1990s and a nonlinear principal component analysis
(NLPCA.cir), that is, better able to reproduce the raw observations than the EOF approach employed in this
study. However, in their study Hamilton and Hsieh [2002] found that for application to the Holton-Tan mech-
anism “this linear PC approach yields identical results to the NLPCA.cir approach,” so we use the simpler,
conventional, linear EOF method here.

The recent work by Anstey et al. [2010] employed the EOF method, applying it to both the ERA-40 reanaly-
sis and the Canadian Middle Atmosphere Model (CMAM). In this study we demonstrate that the same phase
relationship in the tropical winds is evident in the newer ERA-Interim reanalysis [Dee et al., 2011] from the
European Centre for Medium-Range Weather Forecasts, using 33 years of data from 1979 to 2011. Further-
more, we show that this continuous measure of the phase of the QBO can be used to analyze the temporal
progression of stratospheric velocity and geopotential height anomalies throughout the course of a full
cycle of phase, instead of only considering the difference between extreme states of phase.

Perhaps the most novel aspect of this work is the demonstration that a general circulation model (GCM)
can also faithfully reproduce both the vertical structure and oscillatory nature of the QBO, as depicted
through EOF analysis. Until recently, few GCMs have been able to simulate the tropical QBO [Anstey and
Shepherd, 2013], exhibiting little variability in the tropical stratosphere. The lack of a useful dynamical model
has impeded the investigation of an underlying mechanism coupling the tropical stratosphere with the
remote extratropics. Recent advances in atmospheric modeling have produced GCMs capable of sponta-
neously generating a QBO [Giorgetta et al., 2002; Anstey et al., 2010]. To date, only Anstey et al. [2010] have
analyzed the extratropical QBO in a GCM; however, the CMAM QBO has an unrealistic vertical wavelength
and period, so the EOF method was found to be crucial for making meaningful comparisons with reanaly-
sis. In this study, a new version of the Community Atmosphere Model, version 5 (CAM5), which exhibits a
spontaneously generated QBO [Richter et al., 2014a], is compared with observations from the ERA-Interim
reanalysis. As more GCMs begin to resolve the QBO, a standard, objective means for comparing them with
observations should be adopted.

In the next section the data and model used in this study will be clarified. Section 3 presents the statistical
analysis applied to the tropical winds. The final section proposes a method for the objective analysis of the
extratropical QBO in reanalysis and model simulation.

2. Data and Model

The data employed for this study come from the ERA-Interim reanalysis [Dee et al., 2011] for the period
1979–2011. Using 4 times daily wind, temperature, and geopotential height data on 37 pressure surfaces
from 1000 hPa to 1 hPa, the monthly mean zonal mean zonal wind, geopotential height anomaly, and
quasi-geostrophic Eliassen-Palm flux (E-P flux) have been calculated. Figure 1 (top) shows the evolution of
the zonal wind averaged between 3◦N and 3◦S latitude, upon which the later analysis will be based.

Model developments documented in Richter et al. [2014a] have demonstrated that CAM5 is capable of
spontaneously producing a QBO. CAM5 uses the spectral element dynamical core [Dennis et al., 2012] with
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Figure 1. Monthly mean, zonal mean zonal winds averaged between 3◦S and 3◦N from (top) ERA-Interim and (bottom) 60LcamGW for the period 1979–1999.

approximate horizontal resolution of 100 km. The version of CAM5 used here has 60 vertical levels, with ver-
tical resolution in the free troposphere and lower stratosphere of 500 m and model lid near 2 hPa. The model
uses the Zhang and McFarlane [1995] parameterization for convection, and it includes a parameterization of
frontally and convectively generated gravity waves following Richter et al. [2010]. The simulation analyzed
here was forced with monthly mean sea surface boundary conditions from the global Hadley Centre Sea Ice
and Sea Surface Temperature data set from 1952 to 1981 and the Smith/Reynolds EOF data set from 1982 to
2005 [Hurrell et al., 2008]. A more detailed model description can be found in Richter et al. [2014a].

We will refer to this version of CAM5 as 60LcamGW to be consistent with the nomenclature introduced in
Richter et al. [2014a] and Richter et al. [2014b]. As seen in Figure 1 (bottom), the modeled QBO has a quali-
tatively comparable vertical structure and period of oscillation to that seen in the reanalysis. The modeled
QBO has stronger westerlies at 20 km and a weaker easterly phase, underscoring the need for an objective
means of comparing two such complex quasiperiodic phenomena.

3. Objective Analysis of Phase

As demonstrated by Wallace et al. [1993] and Fraedrich et al. [1993], the first two EOFs of the tropical zonal
winds can be used to define the phase of the QBO. The first two EOFs represent a large portion of the total
variance of the tropical winds in both ERA-Interim (45.2% and 30.8%) and 60LcamGW (43.1% and 25.2%).
The higher-order modes are well separated from these first two according to North’s rule of thumb [North
et al., 1982], accounting for the high degree of autocorrelation in this quasiperiodic signal. The vertical struc-
tures of these two modes are plotted in Figures 2a and 2c, revealing very comparable modes for ERA-Interim
(black) and 60LcamGW (blue). The first mode reflects a westerly over easterly pattern, exhibiting maxima at
28 km and 20 km. The second mode has an easterly over westerly structure, with maximum at 25 km.

The principal components associated with these first two EOFs each have a quasi-biennial periodicity and
are in quadrature with one another, as can be seen in Figures 2b and 2d. Consequently, the graphs of
(PC1,PC2) seen in Figure 2e, for both ERA-Interim (black) and 60LcamGW (blue), trace orbits that are fairly
circular. The location of each point in the (PC1,PC2) plane can be transformed into cylindrical polar coor-
dinates (r, 𝜃) defining the amplitude (r) and phase (𝜃) of the tropical QBO. As defined, the orbits are
counterclockwise in the (PC1,PC2) plane, and we define the phase as increasing with time. The January
phases of the QBO derived from ERA-Interim for 1979–1986 are indicated by red squares in Figure 2e,
demonstrating the approximate 𝜋 radians of phase progression between consecutive years as well as the
variability resulting in January phases located in each quadrant of the (PC1,PC2) plane.
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Figure 2. The (a) first EOF and (c) second EOF of the tropical zonal winds, calculated from ERA-Interim (black) and 60LcamGW (blue), are plotted with their
(b and d) corresponding PCs. (e) PC1 and PC2 are plotted against one another with January values from ERA-Interim 1979–1986 labeled with red squares.
(f ) The number of cycles completed as a function of time, with the best fit for each plotted as a dashed line and a perfect oscillation of 1 cycle/28.1 months
plotted in red.

The progression of phase is plotted in Figure 2f, in terms of the number of cycles completed as a function of
time, with a perfect oscillation of 1 cycle per 28.1 months plotted in red for comparison. We see that both
the observed and modeled QBO phases are fairly linear functions of time, with nearly perfect agreement
from 1979 to 1989 after which the modeled QBO’s rate of phase progression slightly slackens. Over longer
periods of time, the observed QBO phase progression is also seen to vary somewhat, but consistent with
Wallace et al. [1993] and Fraedrich et al. [1993], the oscillation is quite linear. The period of each oscillation
can be estimated from the slope of the line that best fits the phase progression, in a least squares sense. This
results in a QBO period of 27.98 months from these 33 years of ERA-Interim and a period of 29.08 months for
the 60LcamGW QBO.

4. The Extratropical QBO

Given the phase of the tropical QBO as a function of time, an objective analysis of its extratropical con-
nection is possible. Since we wish to assess the Holton-Tan mechanism, which has been shown to be most
robust during early Northern Hemisphere winter [Anstey et al., 2010; Baldwin and Dunkerton, 2001; Holton
and Tan, 1980], we will only analyze November–December composites. Here we simply divide the data set
into four subsets based on the phase observed in each month. The quadrants of phase selected are centered
on 𝜃 = −𝜋,−𝜋∕2, 0, and 𝜋∕2, which we will refer to as Phases 1 through 4. The resulting composites, con-
sisting of 14 to 18 months of data each, for mean zonal wind (left) and geopotential height anomalies (right)
from ERA-Interim are plotted in Figure 3. To interpret these composites in terms of the EOFs discussed in
the previous section, consider that the tropical zonal winds during Phase 1 (Figure 3a) exhibit strong easter-
lies at 30 km, overlying weak westerlies with a node near 25 km, reflecting a large negative projection onto
EOF1. Similarly, Phase 2 (Figure 3c) exhibits maximum easterly winds at 25 km corresponding with a large
negative projection onto EOF2.

These composites of the zonal wind clearly depict the downward progression of tropical easterlies with
increasing QBO phase. Since these are November–December composites, strong westerlies are seen
throughout the Northern Hemisphere stratosphere in each phase quadrant (Figures 3a, 3c, 3e, and 3g).
Additionally, each phase quadrant exhibits at least one region of equatorial westerly winds that descend
in concert with the region of equatorial easterlies. For instance, in Phase 1 (Figure 3a) westerly winds are
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Figure 3. Each row depicts a November–December composite for one quadrant of the tropical QBO calculated from 33 years ERA-Interim reanalysis, spanning
1979–2011. (a, c, e, and g) The zonal mean zonal wind in the height-latitude plane, with mean Eliassen-Palm flux vectors overlaid. (b, d, f, and h) The mean geopo-
tential height anomalies in the height-latitude plane with the anomalous E-P flux vectors overlaid. The zero wind line has been plotted as a heavy black contour
both on the right and left columns. Three pressure levels at 50, 10, and 2 hPa are marked by black lines. Regions of statistically significant geopotential height
anomaly (90% and 95% confidence) are indicated by white contours.

observed at 50 hPa as well as 2 hPa. The fact that multiple altitudes may simultaneously exhibit equatorial
westerlies during a single phase of the QBO underscores the ambiguity associated with compositing based
on the sign of the zonal mean wind at a single vertical level.

Figures 3b, 3d, 3f, and 3h show the November–December geopotential height anomalies composited by
QBO phase. These values have been deseasonalized, detrended as well as removing the mean QBO, by sub-
tracting the long-term monthly means and linear trends in each month then subtracting the mean averaged
over the phase of the QBO. This final term is a small residual when averaged over the 15 cycles of the QBO
sampled in this record but allows us to interpret these anomalies as directly related to the phase of the QBO.
The linear trend must be removed, because there has been a cooling trend in the stratosphere over the
course of this record, unrelated to the QBO, which results in a large secular trend of decreasing geopoten-
tial heights at upper altitudes. The significance of these phase-averaged geopotential height anomalies has
been established by a two-sided Student’s t test.

In Figure 3 it can be seen that above the equator there is a direct correlation between negative geopotential
height anomalies and easterly winds (e.g., Figures 3c and 3d). This negative equatorial geopotential height
anomaly is associated with both a vertical dipole and a meridional dipole extending to 40◦N, which descend
through the stratosphere with increasing phase. This is suggestive of the quadruple pattern of geopoten-
tial height anomalies discussed by Garfinkel et al. [2012], in the context of a meridional residual circulation
associated with the QBO.

The original hypothesis of Holton and Tan [1980] stated that the position of subtropical critical lines, which
oscillate with the QBO, was responsible for modulating the flux of wave activity out of the midlatitudes,
thereby inducing an extratropical teleconnection. In each panel of Figure 3 the zero wind line has been
overlaid (heavy black contour) to approximate the critical line for the stationary planetary waves thought
to be most relevant in the stratosphere. Figures 3b, 3d, 3f, and 3h show that there are enhanced E-P fluxes
into the region of equatorial westerly winds in each phase. For instance, in Phase 1 (Figures 3a and 3b)
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Figure 4. Same as Figure 3 but calculated from the 54 years of the 60LcamGW simulation.

equatorial westerly winds at 2 hPa are associated with enhanced, equatorward E-P fluxes south of 30◦N and
reduced E-P fluxes poleward of 40◦N. Similarly, the region of strongest, equatorial easterly winds is associ-
ated with suppressed E-P fluxes at low latitudes during each phase, such as those observed between 50 hPa
and 10 hPa in Figure 3b. This is clear evidence of the modulation of E-P fluxes by the location of subtropical
critical lines, in accordance with the Holton-Tan mechanism.

However, the modulation of the weak wave fluxes at low latitudes does not appear to be a sufficient
condition for the generation of significant extratropical teleconnections. This is evidenced by the lack of
geopotential height anomalies during Phase 1 (Figure 3b). During Phase 2 and Phase 3 (Figures 3d and 3f),
there are statistically significant, positive, polar cap geopotential height anomalies at 10 hPa. These anoma-
lies reflect a projection onto the northern annular mode (NAM), as discussed by Baldwin and Dunkerton
[2001]. They are also consistent with the mechanism proposed by Garfinkel et al. [2012].

Phase 4 (Figures 3g and 3h) exhibits the strongest equatorial westerlies at 50 hPa, the altitude of observa-
tions employed in the original study of Holton and Tan [1980]. In this case, significant, negative geopotential
height anomalies are seen over the polar cap, as predicted by the Holton-Tan mechanism. However, there
is no evidence of anomalous E-P fluxes near the equatorial critical line at 50 hPa, and the region of signifi-
cant geopotential height anomalies is seen only at higher altitudes. There is a region of enhanced E-P flux
at 2 hPa, where equatorial westerlies are also observed (Figure 3h). The anomalously weak E-P flux north of
40◦N at upper levels, despite minimal tropospheric flux anomalies, suggests that modulation by the QBO
can have a significant impact on the extratropical stratosphere.

Finally, Figure 4 examines whether 60LcamGW is able to reproduce comparable zonal wind and geopoten-
tial height composites, based on the phase of its own tropical QBO. As in Figure 3, November–December
composites for each phase quadrant are constructed from the 25 cycles of the modeled QBO. In Figures 4a,
4c, 4e, and 4g, mean wind and E-P flux vectors compare well with the observed winter circulation, although
the polar vortex is slightly weaker and the model top is lower than ERA-Interim. As in the reanalysis, regions
of easterly and westerly equatorial zonal wind are seen to descend with increasing QBO phase. The verti-
cal pattern of alternating wind is nearly identical in every phase quadrant to that depicted by ERA-Interim.
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There is a difference in the magnitude of the equatorial wind; the equatorial easterlies are weaker and the
westerlies are stronger than those in ERA-Interim. Also, equatorial easterlies are seen at upper levels in
Phase 3 of the modeled QBO; however, with the model top below 2 hPa, the altitude of strongest easterly
wind in the reanalysis is not captured by the simulation. The importance of simulating the full vertical extent
of the QBO will be addressed in future work.

The geopotential height anomalies plotted in Figures 4a, 4c, 4e, and 4g show some similarities to those in
ERA-Interim; however, it must be noted that none of these anomalies are statistically significant. Although
the modeled geopotential height anomalies have comparable magnitude to those seen in the reanalysis,
the variability in the model is greater, resulting in lower confidence that these anomalies can be distin-
guished from the mean. Given the similarity of the tropical winds, it is not surprising that the descending
dipole patterns of geopotential height anomalies are also very comparable between model and reanalysis.
As in Phase 2 (Figure 4d) where positive anomalies over the equator above 10 hPa correspond with westerly
winds and a negative anomaly at the same altitude is centered at 40◦N. The equatorial negative anomaly
between 50 hPa and 10 hPa in Phase 2 is not as large as that seen in ERA-Interim, consistent with the weaker
QBO easterlies simulated by the model.

The similarity between Phases 2 and 4 in the model and reanalysis (Figures 4d, 4h, 3d, and 3h) suggests
that modulation of wave fluxes above 10 hPa may be a crucial aspect of the Holton-Tan mechanism. These
two phase quadrants of the QBO exhibit the largest geopotential height anomalies at low latitudes above
50 hPa and polar cap anomalies consistent with the mechanism discussed in Garfinkel et al. [2012]. Although
not statistically significant, it is worth noting that the negative polar cap anomaly in Phase 4 (Figure 4h)
would not be expected based on the enhanced upward flux out of the troposphere and clearly indicates
that modulation of fluxes within the stratosphere can affect the polar circulation.

The general pattern of oppositely signed anomalies poleward of 60◦N to those at midlatitudes above 50 hPa
is very pronounced in Figures 4b, 4d, 4f, and 4h. This pattern has been discussed by Baldwin and Dunkerton
[2001] and Garfinkel et al. [2012], so it is encouraging that the model is able to reproduce this feature,
despite the fact that these anomalies cannot be considered statistically robust. The model also reproduces
the low-latitude E-P flux anomalies associated with the location of subtropical critical lines. It remains
unclear whether the modeled polar cap geopotential height anomalies can be attributed to the Holton-Tan
mechanism, since they are not statistically significant nor do they match those of ERA-Interim in
every phase.

5. Conclusions

As more GCMs become capable of simulating a QBO, this objective definition of its phase will be crucial for
comparison with observations as well as model intercomparisons. The small number of models that have
currently demonstrated a QBO each exhibits distinct vertical structure and period, some with very large bias
relative to observations. Additionally, a decomposition of the tropical QBO into quadrants of phase was pre-
sented, instead of the east-west definition employed in previous studies. When applied to ERA-Interim, this
new framework for analysis revealed the progression of the low-latitude circulation with the phase of the
QBO and statistically significant anomalies at high latitudes that could not be established with confidence
by the standard east-west compositing method.

The version of CAM5 analyzed here represents a major advancement in our capability to model the QBO
with the Community Earth System Model, which is one of the most prominent global climate modeling
tools. We have shown that the tropical winds in our simulation exhibit excellent fidelity to those seen in
ERA-Interim. EOF analysis of the vertical structure of these modeled stratospheric winds revealed that the
first two modes exhibit precisely the same altitudes of peaks and nodes as the reanalysis. The progression of
phase permitted by this analysis demonstrates that there is less than 4% discrepancy in the modeled period
of the QBO relative to reanalysis. Slight differences in the relative magnitudes of easterlies and westerlies
may have an impact on teleconnections to the extratropical atmosphere. The extratropical response to the
QBO in CAM5 exhibited consistency (e.g., Phases 2 and 4) but still presents some major shortcomings (such
as Phase 3 anomalies and the lack of statistical significance). Since the observational record is too short to
disentangle the many confounding influences on the extratropical circulation, we must rely on models that
can be run for hundreds of years.
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