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Abstract 

The stratospheric quasi-biennial oscillation (QBO) is the most prominent inter-

annual variability of zonal wind in the tropical lower stratosphere. The 

associated QBO momentum anomalies tend to move poleward and downward, 

affecting surface climate in a major way. Particularly, it is found that the surface 

temperature over East Asia in late winter is anomalously warm during the 

easterly phase of QBO. This temperature anomaly is roughly comparable in 

amplitude to the one associated with El Nin�o - Southern Oscillation (ENSO) in 

mid-winter.  

In order to explore how the QBO affects the North Pacific circulation, 

we examine the role of eddy-mean flow interactions and local Rossby wave 

sources over the North Pacific. It is found that the response to QBO is consistent 

with the fluctuation-dissipation theorem (FDT). When additional torques, 

associated with poleward propagation of QBO-induced zonal wind, are well 

projected onto annular mode pattern in the troposphere, the tropospheric 

circulation pattern is changed to annular-mode-like dipole patterns, as 

suggested by FDT. It is also found that the modulation of storm tracks along with 

jet shift induces convection anomalies, indicating that QBO-related 

tropospheric circulation changes may cause hydrological changes in the North 

Pacific.  
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1. Introduction 

The stratospheric quasi-biennial oscillation (QBO) is the tropical 

stratospheric zonal wind phenomenon, which alternates between easterlies 

and westerlies with a period of about 28 months (Baldwin et al. 2001). The 

zonal wind propagates steadily downwards into the tropopause by wave mean-

flow interaction mechanisms (Plumb 1977). Although the QBO is driven by 

equatorial waves, which propagate from the troposphere, and is mainly found 

in the lower stratosphere, its effect is not confined to the tropical stratosphere. 

It has been well known that the QBO affects the extratropical troposphere in the 

Northern Hemisphere (NH). The mechanisms of how the QBO affects the 

tropospheric circulation, however, have been still uncertain. 

There are at least two representative ways for QBO to influence on the 

tropospheric circulation in the boreal winter. One possible pathway is the 

Holton and Tan mechanism (HT mechanism), which explains why the wind 

change in the tropics modulates the polar vortex (Holton and Tan 1980; Baldwin 

et al. 2001). The phase of zonal wind in the equatorial lower stratosphere 

determines the area of vertically propagating planetary waves. In the easterly 

phase of QBO (EQBO), the waves break by themselves and propagate poleward, 

modulating the strength and position of the polar vortex. The weakened polar 

vortex is generally accompanied by a negative phase of Northern Annular Mode 

(NAM) at the surface (Thompson and Wallace 1998, 2000). Recent studies show 
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that the HT mechanism is uncertain. Watson and Gray (2014) implied that the 

total poleward EP flux depends not only on the zero wind line but on the change 

of zonal-mean zonal winds throughout the depth of the tropical stratosphere.  

The QBO-caused effect of the mean meridional circulation on the extratropical 

jets are more important than the critical line emphasized in the HT mechanism 

for the polar response to the QBO (Garfinkel et al. 2012; Naoe and Shibata 2010). 

Another possible way for QBO to affect the tropospheric circulation is eddy-

mean flow interactions. Baldwin et al. (2001) and Haigh et al. (2005) showed 

that the QBO affects zonal winds not only in the tropical stratosphere but also 

in the subtropical upper troposphere. The extratropical tropospheric eddies 

intensify the QBO-related subtropical zonal wind and make the zonal wind 

anomalies extended to the surface (Garfinkel and Hartmann 2011a, 2011b).  

It is important to note that such two mechanisms would occur only in 

the NH winter as the polar vortex is existent and wave-zonal mean flow 

interactions are strong. The QBO can directly affect tropical deep convection in 

NH summer. The height and magnitude of tropical deep convection are modified 

by the QBO phase (Collimore et al. 2003; Gray et al. 1992). The composite 

analysis of observational data and GCM experiments further showed a 

significant link between the QBO and deep convection over the western and 

central tropical Pacific (Collimore et al. 2003; Giorgetta et al. 1999; Liess and 

Geller 2012). In particular, the GCM experiments reveal a possibility of Rossby 
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wave train developing over the extratropical western North Pacific by the 

convective anomaly (Giorgetta et al. 1999). If such convective anomalies exist, 

they could affect the extratropics as well.  

As a portion of eddy-mean flow feedback, the fluctuation dissipation 

theorem (FDT) has been applied to explain the tropospheric circulation changes 

with the QBO in the North Pacific (NP) during boreal winter. The FDT explains 

that external forcing tends to trigger changes in the natural variability with the 

low-frequency time scale (Leith 1975). Its impact is well represented in the 

annular mode. The effect of additional forcing on the tropospheric annular 

mode has been examined by using the idealized dry model (Ring and Plumb 

2007, 2008). By imposing the stratospheric torque additionally in the idealized 

dry model and zonally symmetric model, Chen and Zurita-Gotor (2008) suggest 

that not only forcing latitude but also stratospheric eddies are important.  

The QBO and ENSO are interannual variability with a similar time 

period, and they affect each other. ENSO influences on the phase propagation of 

QBO signals (Taguchi 2010) and the impacts of the QBO on the troposphere. The 

phase of ENSO modulates the intensity of the HT effect – related changes in high 

latitudes (Wei et al. 2007). In warm ENSO phases, the downward propagation 

induced by the QBO tends to accelerate, and in turn the QBO effect in the 

extratropics is hard to remain until late winter (Calvo et al. 2009). It is also 

found that the QBO influences ENSO. Gray et al. (1992) suggests that tropical 
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deep convection induced by QBO modulates the ENSO variability through 

vertical wind shear. WQBO affects the strength of ENSO teleconnection over the 

North Pacific in the boreal winter (Garfinkel and Hartmann 2008, 2010). 

In Seo et al. (2013), the findings suggest that the wintertime QBO 

influences on the spring rainfall over the East Asia. It takes about 3 months for 

QBO to affect the tropospheric circulation, though a detailed mechanism needs 

to be further investigated. Ho et al. (2009) investigated changes in summertime 

tropical cyclone tracks in the western North Pacific Ocean. Studies about the 

QBO impacts on North Pacific, however, have not been enough.  

The main objectives of the current study are twofold: to investigate the 

contribution of QBO to  improvement of seasonal forecasts in East Asia in 

comparison with ENSO and to understand how the QBO affects the North Pacific 

circulation during the boreal winter by revisiting aforementioned mechanisms, 

such as eddy-mean flow interactions and localized Rossby wave sources (RWS).  

This paper is organized as follows: Section 2 explains the data and 

methods. The role of QBO in improving predictability over East Asia is described 

in Section 3. A detailed description on the mechanism how the QBO influences 

on East Asia is given in Section 4, including the tropospheric responses to the 

QBO in the boreal winter and dynamical processes that suggest the fluctuation 

dissipation theorem can explain the effects of the QBO and localized Rossby 

wave sources associated with convection do not elucidate the change in the 
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circulation. Summary is followed in Section 5. 
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2. Data and methodology 

2.1 Data 

We mainly used the Japanese 55 year Reanalysis data sets, which are the 

latest release. Only the last 54 years (1960-2013) of the reanalysis data are 

selected. The results are compared with those derived from short-term 

reanalysis data sets of the post-satellite era. The European Centre for Medium-

Range Weather Forecasts Interim Reanalysis (ERA interim) is also used for the 

period from January 1979 to December 2013. In order to match other 

convective variables, all the reanalysis data are interpolated into a 2.5°x2.5° grid 

before analysis. The zonal wind is mainly used in this study. We also include the 

analysis of meridional wind, vertical velocity, temperature, geopotential, stream 

function, and divergence. As proxies for deep convection, OLR and precipitation 

are used. OLR is derived from National Oceanic and Atmospheric 

Administration (NOAA) satellite observations of the brightness temperature at 

the cloud top level. OLR provides the height of tropical deep convection. The 

Global Precipitation Climatology Project (GPCP) data are also included. The 

GPCP data provide better information than the Center Merged Analysis of 

Precipitation (CMAP) data chosen in Yin et al. (2004).  

The QBO index is defined by the 50 hPa zonal wind anomaly averaged 

over 10°S-10°N (Holton and Tan 1980). It is possible to use a zonal wind at other 
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levels and a zonal wind shear between 50 hPa and 70 hPa (Huesmann and 

Hitchman 2001). It is also possible that the QBO is defined based on the phase 

propagation of zonal wind, not the direction, through the Empirical Orthogonal 

Function (EOF) analysis (Randel and Wu 1999; Wallace et al. 1993; Yuan et al. 

2014). Recently, the QBO variability extracted by the Ensemble Empirical Mode 

Decomposition (EEMD) define the QBO index (Huang et al. 2011). The simple 

zonal wind anomaly is set at 50 hPa during 1960-2013 as the index. Although 

not shown, the results are not shown sensitive to any level selection of the QBO 

definition. 

To show the clear effect of QBO, ENSO index is included in analysis. The 

ENSO index used in this study is area-averaged sea surface temperature (SST) 

anomalies for Nino 3.4 region (170°W-120°W, 5°S-5°N). The SST data set is 

provided by the NOAA Extended Reconstructed Sea Surface Temperature 

(ERSST V.3). 

 

2.2 Methodology 

In order to solve nonlinear problems between QBO and ENSO, we 

removed the portion of ENSO impacts using composite and linear regression 

methods.  With regard to the composite method, two indices respectively have 

standard deviations over 648 months from January 1960 to January 2013. A 

- 7 - 
 



month is considered to be a QBO or ENSO month if the ENSO/QBO index is 

above 0.5 standard deviation from the mean. The months of November through 

March are mainly used in the analysis. Figure 1 shows the QBO time series, 

describing how the QBO phase is defined. In the linear regression method, the 

portion linearly correlated with ENSO is eliminated in all response variables. 

The tropospheric response to the QBO is sensitive to the definition of the season. 

The modulations of the zonal wind with the QBO are different between early 

and late winter and mid-winter (Garfinkel and Hartmann 2011a, 2011b). In 

early and late winter, the mid latitude jet moves equatorward and poleward in 

each phase of the QBO, but the jet does not move in mid-winter. For this reason, 

2-month mean indices are made for each season from ON (October/November) 

to FM (February/March). If the seasonal mean QBO index is larger (smaller) 

than 0.5 σ (-0.5 σ), then the year is considered to be in WQBO (EQBO). For the 

time period 1960-2013, the numbers of WQBO and EQBO are 24 and 17, 

respectively. Table 1 presents the total number of each QBO phases in all 

seasons, showing that the number of WQBO is greater than EQBO. As the final 

step of the analysis, the ENSO-removed variables are compared between EQBO 

and WQBO using a composite method (in Section 3) and a regression method 

(in Section 4).  

We examine the impacts of the stratospheric QBO, based on differences 

between composite means for each phase of the QBO (EQBO minus WQBO). 
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Since the sample numbers for the two composite means are different, we adopt 

Welch’s t test to examine the statistical significance for the composite 

differences, following Inoue et al. (2011). 

 

 

 

 

 

Table 1. A number of each QBO phases in all seasons using JRA-55 and ERA 

interim 

JRA-55 WQBO EQBO ERAint WQBO EQBO 

JF 25 17 JF 16 10 

FM 24 17 FM 16 10 

MA 23 18 MA 15 11 

AM 22 17 AM 16 10 

MJ 21 16 MJ 14 9 

JJ 26 18 JJ 18 13 

JA 28 22 JA 18 14 

AS 28 22 AS 18 14 

SO 25 19 SO 18 12 

ON 25 19 ON 17 12 

ND 28 18 ND 18 11 

DJ 24 17 DJ 16 10 
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Figure 1. QBO index time series. Gray shading exhibits the period from 

November to March. 
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3. QBO impacts on surface climate 

We explore that the QBO can improve wintertime forecast in East Asia. 

The potential predictability in the surface is quantified by comparing the 

surface air temperature and the total occurrence frequency of cold days for 2 

months. We use the detrended surface temperature anomaly to consider global 

warming issues and seasonal variations. Cold days are defined as days when the 

detrended daily mean temperature is lower than 10th percentile. The definition 

is almost same as the TX10p index (Zhang et al. 2011), but we use daily mean 

temperatures instead of daily maximum temperatures. Seasonal variability is 

also removed in calculating the cold-day index. 

Figure 2 shows surface temperature and the number of cold-day 

changes from 1 month before to 5 months after the month that is defined as 

QBO. For clearer impacts, the months when the ENSO index is not involved in 

ENSO case and the QBO index is involved in QBO are used to investigate QBO 

impacts (Figure 1). Each color in Figure 2 means the months when QBO is 

defined. For instance, the blue line indicates 2-month averaged temperature 

changes from ND (November/December) to AM (April/May), when the QBO 

exists in December. In the EQBO phase and FM season, surface temperature is 

above 1° C higher than climatology and the value is statistically significant. In 

the opposite phase, there is no significant difference. The most important thing 

is that regardless of which season is used in the definition of QBO, surface  
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Figure 2. Changes of the difference in surface temperature anomalies (left 

column) and cold-days anomalies (right) between EQBO and climatology (top), 

WQBO and climatology (middle), and EQBO and WQBO (bottom). Each color 

means the month when QBO is defined. Closed circle means statistically 

significant with 90% confidence, and plus sign with 95% confidence. 
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temperature over East Asia is anomalously warm in EQBO and late winter. The 

number of cold days is consistent with temperature, having a lower occurrence 

frequency than climatology in EQBO.  

According to preceding research, the negative northern annular mode 

is dominant in wintertime easterly QBO, as explained by the Holton-Tan 

mechanism (Thompson and Wallace 1998, 2000).The surface temperature in 

January in East Asia is slightly lower than climatology in Fig. 3, as in Thompson 

et al. (2002). It is quite different with Figure 2. To verify Figure 2, the surface 

temperature pattern in early, mid and late winter is presented in Figure 3. In 

late winter (Figure 3c), most of the mid-high-latitude land-masses tend to be 

anomalously warm while those of extreme eastern Canada are anomalously 

cold, indicating the positive arctic oscillation pattern in EQBO. The response to 

EQBO in early winter is the opposite sign to that in late winter except western 

Russian region (Figure 3a). The temperature changes in mid winter are similar 

to those in Thompson et al. (2002), but it is uncertain that there exists an 

annular mode pattern. Observational studies have found that the Holton-Tan 

effect is most significant in early to mid winter and weaker in late winter 

(Dunkerton and Baldwin 1991; Lu et al. 2008). It seems that the QBO effect in 

late winter needs other mechanisms to explain the phenomenon.  

To determine the degree of the importance of QBO, we compared the 

impact of QBO with that of ENSO. In Figure 4, some figures from Figure 2 are 
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repeated for ENSO but not for QBO. Cold ENSO (CENSO) tends to make 

anomalously cold temperature over East Asia in midwinter. The maximum 

difference value is up to -1.5℃ in JF (January/February). The amplitude is 

similar to the one in EQBO and FM. The number of cold days is higher in CENSO, 

consistent with temperature. In conclusion, QBO influences temperature fields 

over East Asia in late winter, and ENSO does so in midwinter. The magnitude of 

the QBO effect is comparable to that of ENSO.  
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Figure 3. The difference in NH surface temperature anomalies between EQBO 

and WQBO in ON, DJ, and FM. Shading interval is 0.5 degree Celsius. Statistically 

significant areas with 95% confidence are hatched. 
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 Figure 4. Same as figure 2, but for ENSO.  

 

To eliminate the ENSO signal, composite analysis and regression 

analysis were used. The composite analysis is generally used in many studies 

while the regression analysis is not a commonly used technique. The number of 

low frequency oscillation events, however, is too small to get a reliable result. 

With a regression method, this problem can be resolved. Figure 5 shows the 
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surface temperature difference between EQBO and WQBO, where the portion of 

linearly correlated to ENSO is removed in the variable. The numbers of EQBO 

and WQBO events are respectively 20 and 28. When a regression analysis is 

used, the number of events is twice as large. Furthermore, even though the 

amplitude of temperature in Figure 5 is smaller than that in Figure 3, the spatial 

pattern is almost same. Figure 5 also shows that Eurasia has cold temperature 

in early winter and warm temperature in late winter. With regard to this result, 

the two methods do not show much difference. 
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Figure 5. Same as Figure 3, but for ENSO removed surface air temperature by 

regression analysis. 
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4. Potential mechanism of QBO-troposphere 

coupling 

In order to explain how East Asia responds to the QBO dynamically, 

we explore the upper tropospheric circulation response to the QBO over the 

NH in the entire seasons, and also the zonal-mean flow response over the 

North Pacific (NP). The properties of zonal wind changes by the QBO are also 

examined in several perspectives. All figures, unless otherwise specified, are 

presented in terms of difference between EQBO and WQBO. For all of the 

variables in analysis, the ENSO-related portion is eliminated through linear 

regression. 

 

4.1 Tropospheric response to QBO 

4.1.1 Global changes 

Figure 6 shows the difference in 200 hPa zonal wind anomaly between 

EQBO and WQBO. To observe the QBO impacts on the circulation in the NH in 

all seasons, we compare 2 months averaged zonal wind with QBO from early 

spring, FM to mid-winter, DJ. The results are statistically significant in the NP 

and Indian Ocean (IO) in early spring and in the NP and North Atlantic (NA) in 

autumn. The tropospheric response to QBO is the strongest in the NP in spring. 

Zonal winds get weak in the subtropics, strong in mid-latitudes, and weak in 
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high-latitudes in EQBO. The tri-pole pattern indicates that the Pacific jet moves 

poleward from climatological jet locations in EQBO and vice versa. A similar 

structure is also found in March–April (not shown). Seo et al. (2013) suggested 

that the wintertime QBO can affect the hydrological patterns in East Asia using 

observational data. The pattern and magnitude over the NP are similar to Figure 

3(c) of Seo et al. (2013). Although the QBO index is defined in a different season, 

the modulations of the tropospheric circulation due to QBO are quite robust and 

physically meaningful even in a longer time-series. It is however required to 

understand how the stratospheric QBO affects the NP circulation during spring 

for more in depth. 

We start with the climatological property in late winter. The 

climatological zonal wind at 200 hPa in Figure 7a indicates that the jets are 

located in the Pacific and Atlantic regions. Figures 7b shows the variance in the 

2-7 days band-pass filtered 200 hPa meridional velocity. The transient quantity 

is chosen to represent the storm track (Chang et al. 2002). Eddy amplitudes 

during the NH cold season are maximal over a band running across the 

midlatitudes, extending roughly from the western NP, across North America and 

the North Atlantic, to northern Europe as shown in Figure 7b. The storm tracks 

are the sites of active eddy-mean flow interactions with storm track transients 

that transport heat and momentum. As high-pass upgradient momentum fluxes 

are concentrated in the NH storm track exit regions, these storm tracks 
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naturally play a vital role in the maintenance of the extratropical westerlies 

against dissipation at the surface (Chang et al. 2002; Held 1975). It is notable 

that the eddy-mean flow feedback is vigorous over the western NP even in late 

winter. 
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Figure 6. Difference of 200 hPa zonal wind anomaly between EQBO and WQBO 

in (a) FM, (b) AM, (c) JJ, (d) AS, (e) ON, and (f) DJ. The area with over 99% 

confidence is shaded by deep blue and red colors. 95% confidence level is 

shaded by light colors. Green symbols are jet maxima. Gray contour indicates 

zero. 
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Figure 7. (a) 200 hPa zonal wind climatology (contour 30 m s-1), (b) Band-pass 

filtered 200 hPa meridional wind variance (contour 20 m2 s-2) in FM. 

 

4.1.2 Regional changes 

We focus on the impacts of the QBO on the NP circulation. The QBO on 

the tropospheric circulation in the Pacific has different effects in mid-winter and 

early and late winter, as found by Garfinkel and Hartmann (2011b). We 

reexamined the influence of the QBO over the Pacific region from early winter 

to late winter using the most recent reanalysis data. Figure 8 illustrates the 

difference of Pacific averaged zonal wind between EQBO and WQBO in ON, DJ, 

and FM. The middle and right panels in Fig. 8 respectively present the zonal 
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wind changes in two and four months after the QBO is defined. In late winter 

and early spring (MA, not shown), the equatorial stratospheric response 

reaches the surface, indicating a mixture of strong shifting and weak pulsing of 

the Pacific jet in the upper troposphere and the strong shift of the jet in the 

lower troposphere. The QBO-related zonal wind change in late winter is similar 

to Figure 2g of Garfinkel and Hartmann (2011a). On the other hand, there is no 

significant value in the troposphere in ON (Fig. 8a), and the result is inconsistent 

with Garfinkel and Hartmann (2011a). It seems that the impacts of QBO in early 

winter was overestimated in ERA-40 reanalysis data. More importantly, the 

difference in four months after ON (Fig. 8c) and in the two months after DJ (Fig. 

8e) closely resemble the response in FM (Fig. 8g). The three cases signify the 

changes in FM with different seasons for QBO index. Therefore, regardless of 

which season is used in the definition of QBO index, the changes of Pacific jet 

with QBO are found mostly in spring.  
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Figure 8. Cross section of zonal wind over the Pacific sector (170°E-140°W) 

associated with the QBO (EQBO-WQBO) in ON, DJ, and FM. Left panels exhibit 

the zonal wind response at lag 0. Middle and right panels exhibit the results at 

2 and 4 month time lag. Black contours are ±2, ±4, ±6, and ±8 m s-1. The area 

with over 99% confidence is shaded by deep blue and red colors. 95% 

confidence level is shaded by light colors. Gray color indicates the zero wind. 

Green symbols are jet maxima, and yellow lines are the approximate tropopause. 
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4.1.3 Poleward and downward propagation 

To better understand how the QBO modulates the NP circulation in the 

troposphere, we investigate the response to the QBO in detail. Left panels of 

Figure 9 illustrate changes in zonal winds over the Pacific area with time at 10, 

50, and 100 hPa. The lag indicates EQBO phases time from 7 months before to 

7 months after. The negative zonal wind anomalies in the subtropics and 

positive anomalies in high latitudes propagate poleward from 6 months before 

at 10 hPa level. Strong wind shears between 10 hPa and 50 hPa induce the 

positive anomalies in the subtropics to maintain thermal wind relationship. The 

zonal wind responses at 50 hPa also propagate poleward from the subtropics. 

This poleward propagation is explained by the combination of linear Rossby 

wave propagation, nonlinear wave breaking, and radiative relaxation, as 

suggested by Lee et al. (2007). Tropical zonal wind anomalies determine the 

Rossby wave propagation and wave breaking. The wave breaking redistributes 

the zonal wind anomalies, and further affects the latitude of subsequent wave 

breaking. It enables a continuation of the poleward propagation. 

Right panels of Figure 9 show the same as right panels but for vertical 

structure in the subtropics, extratropics, and high latitudes. The positive 

(negative) anomalies in the subtropical (extratropical) upper stratosphere are 

related with the secondary meridional circulation. The zonal wind changes 

propagates downward abruptly even into the surface on the lag 0. Section 4.2 
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explains the reason for the downward propagation from a perspective of the 

fluctuation-dissipation theorem.  

 

 

Figure 9. Pacific zonal wind changes associated with QBO (EQBO-WQBO) in FM 

with time at: (a) 10 hPa, (b) 50 hPa, and (c) 100 hPa. Same as left panels but at: 

(d) 20°-40°N, (e) 40°-60°N, and (f) 60°-90°N (contours at  ±1, ±2, ±4, ±6, and 

±8 m s-1).  
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4.1.4 Symmetry 

 To examine the symmetry between WQBO and EQBO, the zonal wind 

anomaly at each QBO phase is separately analyzed in Fig. 10. The analysis shows 

that the circulation responses to each QBO phase are symmetric. Zonal wind 

anomalies in subtropical troposphere are about twice stronger during EQBO 

than during WQBO. In the extratropics, the magnitude of anomalies are similar 

each other. For EQBO, strong negative anomalies over 0°-20°N in the lower 

stratosphere, positive anomalies over 40-60°N and negative anomalies over 60-

90°N between the troposphere and the stratosphere (Fig. 10b). The anomalies 

switch their sign during WQBO (Fig. 10a). The findings quantitatively suggest 

that EQBO affects the NP tropospheric circulations symmetrically and more 

greatly compared with WQBO. 
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Figure 10. Cross section of zonal wind anomalies over the Pacific region in (a) 

WQBO and (b) EQBO in February and March. Black contours are ±1, ±2, ±4, and 

±6 m s-1. 
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4.2. Possible mechanisms 

4.2.1 Eddy-mean flow interaction 

We now show that upper tropospheric eddies intensify the 

tropospheric internal variability. We start our discussion by using the variability 

and mean state of zonal winds averaged over the 2 months. Bottom panels of 

Figure 11 illustrate the leading EOF pattern of the zonal wind over the Pacific 

area and the axis of the jet. The EOFs are shown by regressing zonal wind 

anomalies onto the principle components of the vertical-averaged zonal wind, 

following Eichelberger and Hartmann (2007). In winter, the leading EOF is 

centered on the axis of the mid-latitude jet (Figs. 11e, 11f), representing 

pulsation of the jet. Meanwhile, the jet in the upper level is located in the center 

of the leading EOF, while the wind maximum in lower level is centered in a 

dipole pattern of the EOF. This describes a mixture of pulsing and shifting of the 

jet in late winter or early spring (Figs. 11g). The mid-latitude jet is centered on 

the dipole pattern of leading EOF in spring, indicating the subsequent shift of 

the jet axis. Eichelberger and Hartmann (2007) explained that the leading mode 

of variability depends on the distance between the eddy-driven jet and 

subtropical jet, based on a simple GCM experiment. 

The FDT has been applied to the response of an annular mode to 

external forcing. According to the FDT, the response to QBO forcing is strong 
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where the QBO related zonal wind change in upper troposphere projects most 

strongly onto the climate’s annular mode. We will examine whether the FDT 

qualitatively describes the response in the troposphere to the QBO forcing. As 

presented in Figure 7b, there are active eddy-mean flow interactions in the 

Pacific and Atlantic regions. We investigate the possible existence of the FDT in 

both regions, and compare their results. 

Top panels of Figure 11 show the difference in Pacific-mean zonal wind 

between EQBO and WQBO from mid-winter to mid-spring. QBO related zonal 

wind patterns in the stratosphere resemble each other: strong positive 

anomalies in subtropics, strong negative anomalies in mid-latitudes, and strong 

positive anomalies in high latitudes. On the other hand, the tropospheric zonal 

wind response during FM season is different from others, but is similar to the 

first EOF pattern. We can expect that during FM the poleward propagating zonal 

wind changes project strongly onto the annular mode, and the tropical zonal 

wind becomes an additional torque to the extratropical jet. Then, the zonal wind 

changes propagate downward, implying a barotropic structure.  

The Atlantic region is investigated further in order to support our result 

(Figure 12). The mid latitude jet over the Atlantic is more poleward than in 

Pacific. The dominant mode of variability is characterized by meridional shift of 

jet axis, regardless of the season (Bottom panels of Figure 12). The zonal wind 

responses to the QBO in Atlantic are different from those in Pacific. The changes 
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of the polar vortex are farther poleward, and there is no significant zonal wind 

change in the troposphere. Equatorial stratospheric zonal winds do not 

propagate poleward in contrast with the response in Pacific. The zonal wind 

therefore does not reinforce the variability of the tropospheric zonal wind. 

Although the polar vortex changes largely with QBO, the change in the high 

latitude is limited in the stratosphere, which can explain why the QBO does not 

modulate the zonal wind in Atlantic.  

 

 

 

 

 

- 33 - 
 



Figure 11. (Top panels) Cross section of Pacific region (170°E-140°W) zonal 

wind associated with the QBO (EQBO-WQBO). (Bottom panels) leading EOF of 

Pacific-mean zonal wind in DJ, JF, FM, and MA. 

Figure 12. Same as Fig. 7 but for Atlantic region (70°W-20°W). 
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4.2.2 Local Rossby wave source 

 Collimore et al. (2003) proposes that QBO can influence the 

development of tropical deep convection in NH summer. The convection 

anomalies can be a wave source, and the Rossby wave train is shown in western 

North Pacific by GCM experiments (Giorgetta et al. 1999). In this study, it is 

further investigated why the stratospheric QBO can interact with tropical 

convection in late winter, but not in summer. We first detect the Rossby wave 

source (RWS) and Rossby wave train. Figure 13a explains the difference of 200-

hPa RWS between EQBO and WQBO. Following Sardeshmukh and Hoskins 

(1988), the RWS is derived from the quasi-geostrophic vorticity equation as  

S = −𝐯𝐯𝛘𝛘 ∙ 𝛁𝛁ζ − ζD. 

The RWS consists of the advection of vorticity by the perturbation divergent 

wind and divergence.  

 The statistically significant changes of the RWS are found in the 

following two region: ~45°N and 180° and ~35°N and 160°W. The divergence 

term has a more important role to make the RWS than the advection of vorticity 

(not shown). The response of 200 hPa stream function to the QBO is presented 

in Figure 13b to identify the Rossby wave train. The Rossby wave train is 

developed from subtropical central North Pacific to high latitude western North 

America: positive anomaly at ~10°N and 180°, negative anomaly at ~40°N and 

180°, and positive anomaly at ~60°N and 150°W. The positive region in Figure 
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13b and the negative one in Figure 13a position in the same locations. The 

coincidence implies that the RWS may be meaningful. We argue that the mid-

latitude RWS can lead the NP wave pattern. In order to investigate their 

relationship, we calculate the regression of 200 hPa stream function onto the 

negatively significant area-mean RWS in Figure 13a, as shown in Figure 13c. The 

stream function in Figure 13c shows a larger magnitude and a broader 

significant area compared with Figure 13b. However, the wave train from 

subtropics to high latitude in the regression map is consistent with the pattern 

in the composite map. It is obvious that the mid-latitude RWS region is 

connected with the NP circulation. 

Figure 14 shows the difference of convection between EQBO and 

WQBO. It identifies the relationship between RWS and convection. We analyzed 

OLR (top), precipitation (middle), and 500 hPa vertical velocity (bottom) in 

Figure 14. The region where the QBO modulates the deep convection should 

have the statistically significant difference in Figure 14a, b, and c. The 

meaningful areas exhibit a positive anomaly at ~50°N and 170°E, a negative 

anomaly at ~40°N and 150°W, and a positive anomaly at ~15°N and 160°W in 

Fig. 14b. In particular, the negatively significant portion in extratropical NP is 

consistent with the 200 hPa RWS and the stream function. We can expect that 

the extratropical convective precipitation increases and then it can make the 

divergence in upper level in the westerly QBO phase. Extratropical convective  
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Figure 13. Difference of 200 hPa (a) Rossby wave source anomalies and (b) 

stream function anomalies between EQBO and WQBO in FM. Colored regions 

are statistically significant, and marked in same way with Fig. 6. Green symbols 

are jet maxima. (c) Regression of area-mean rossby wave source anomalies onto 

the stream function anomalies. Black contours are ±2x1010 and ±1x1010 s-1 in 

(a). In (b) and (c), the contours are ±4x106, and ±2x106 m2 s-1. 
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precipitation might be a RWS, and then Rossby wave propagates into the 

western North America. 

As shown in Figure 13a, however, the RWS is confined to an extremely 

small area. In addition, the extratropical RWS cannot explain the subtropical 

negative anomaly in the stream function (Figure 14b) because the Rossby wave 

does not propagate equatorward. Such strong deep convection in the tropical 

western Pacific does not develop in the extratropics. Therefore, it does not seem 

plausible that the QBO modulates the extratropical convection and develops a 

wave train during the boreal spring.  

 In order to understand why the RWS and convection respond to the 

phase of QBO, it is necessary to identify the climatology in NP circulation. The 

midlatitude jet is located near the East Asia. Divergence and convergence are 

positioned in the left and right rear of the jet, respectively, by the secondary 

circulation. Figure 15a shows the climatological divergence in late winter, and 

the divergence zone is formed in NP. In addition, storm tracks, where the eddy 

activity is strong, pass through the region, as already shown in Figure 7b. 

The QBO may modulates the divergence and storm tracks (Figure 15) 

because the QBO moves the mid latitude jet in early spring (Figs. 6 and 8) and 

the jet is connected with the divergence and storm tracks. In this result, 

divergence anomalies under the condition of EQBO make a strong negative RWS 

anomaly in the extratropical NP. In Figure 15b, the difference of the variance of 
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meridional wind anomalies between EQBO and WQBO is presented to explain 

the storm tracks changes. Strom tracks move not only equatorward and 

poleward, but also eastward and westward from the locations of climatological 

storm tracks in each phase of QBO. In conclusion, a systematic shift in storm 

activity leads to substantial precipitation anomalies (Figure 14). 
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Figure 14. Difference of (a) OLR, (b) precipitation, and (c) 500 hPa vertical 

velocity anomalies between EQBO and WQBO in FM. Colored regions are 

statistically significant, and marked in same way with Fig. 6. Green symbols are 

jet maxima. Black contours are ±3, ±6, ±9, and ±12 W m-2 in (a), ±0.5, ±1, and ±2 

mm day-1 in (b), and ±2x10-2 and ±1x10-2 Pa s-1 in (c).  
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Figure 15. (a) Climatology of 200 hPa divergence. Shading interval is 1x10-6 (b) 

Difference with QBO (EQBO-WQBO) of 200 hPa meridional wind variance in FM. 

Black contours are ±10, and ±5 m2 s-2. Colored regions are statistically 

significant, and marked in same way with Fig. 6.Green symbols are jet maxima. 
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4.3 Model experiments 

 This section aims at exploring how the QBO modulates the zonal wind 

in the Pacific region from a perspective of the fluctuation dissipation theorem. 

We examine the zonal wind response to the QBO using a ‘historical’ scenario 

with the state-of-the-art climate models from the CMIP5. Kim et al. (2013) 

evaluates the interannual variability of the temperature field near the cold-

point tropopause through comparing the ERA interim reanalysis data. They 

suggest that both HadGEM2-CC and MPI-ESM-MR induce a realistic QBO. GFDL-

CM3 also shows a descending structure in a longer period than the reanalysis 

(3-4 years). We use these three models to identify whether the Pacific zonal 

wind is modulated by the QBO in boreal late winter. 

Figure 16 exhibits the difference of the zonal wind in Pacific regions 

between EQBO and WQBO using MPI-ESM-MR. In the tropics, the negative 

(positive) zonal wind difference is located in the lower (upper) stratosphere. 

The positive anomalies in the upper stratosphere propagate poleward and 

downward to the lower stratosphere. Polar vortex also changes with the QBO in 

early and mid-winter, but it is limited in the stratosphere. In the MPI-ESM-MR 

model, the signal that the QBO affects the troposphere is not found, although the 

zonal winds change in mid-winter. The tropospheric modulation during mid-

winter has the opposite sign to the reanalysis (Figure 8). The consistent signals 

with Figure 8 is also not found in the rest of the models. According to Figure 6 
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of Kim et al. (2013), the zonal wind does not descend into the tropopause and 

its magnitude is small, compared to ERA interim data sets.  

 

 
Figure 16. Same as Figure 8 but for MPI-ESM-MR. 
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5. Summary and discussion 

In this study, we investigate the stratospheric QBO can improve the 

seasonal predictability over East Asia. When lower stratospheric wind is 

easterly, the surface temperature is anomalously cold in early winter, and on the 

other hand it is warm in late winter. The occurrence of Cold-days also increases 

and decreases in each season. It is important that surface temperature is warm 

regardless of the month, when QBO is defined. The tropospheric cold ENSO 

tends to decrease temperature over East Asia in mid-winter. The amplitude of 

QBO impact is as large as that of ENSO. The NH surface temperature distribution 

in late winter is different from the findings in previous research, indicating a 

positive AO pattern. This result suggests that we need to elucidate how QBO 

influences East Asia in different ways.  

In order to investigate the dynamics of the phenomenon, we analyzed 

the circulation field using the reanalysis data. Winds are significantly weaker 

near and north of the climatological jet position in the subtropical North Pacific 

during the easterly phase of the QBO, relative to its westerly phase. The effect of 

the QBO is particularly the strongest in February, March, and April when Pacific 

jet variability is more characterized by meridional movements. The upper level 

zonal winds associated with the QBO curve downward into the lower 

troposphere from subtropics to extratropics. In order to understand why the 

QBO may have such influence, we examine two mechanisms: eddy-mean flow 
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interactions and local Rossby wave sources.  

The most dominant variability in the tropospheric mid latitude is the 

shifting and pulsing of the jet in the North Pacific circulation. The zonal winds 

in the equatorial lower stratosphere propagate poleward and downward. When 

the upper tropospheric zonal wind perturbation projects strongly onto the 

tropospheric natural variability, EQBO (WQBO) results in a poleward 

(equatorward) -shifted jet from its climatological position. Such behavior in jets 

is well-represented in the annular mode, suggested by the fluctuation-

dissipation theorem. In particular, the upper tropospheric winds are projected 

well on the variability of the Pacific jet in late winter or early spring, which can 

explain why the zonal wind moves poleward and equatorward with the QBO 

during the period. We verify our result by using CMIP5 model data. However, 

the model data is still incomplete to estimate the realistic QBO. Unfortunately, 

the QBO-related zonal wind variability is not well-represented in model 

experiments. Thus, further research on the relationship between QBO and jets 

is required. 

  In the perspective of the connection between tropospheric convection 

and QBO, the convective anomalies and patterns similar to the Rossby wave are 

found. The Rossby wave source, however, is limited to a small extratropical 

region, and it is hard to illustrate that the QBO links to convection during boreal 

late winter. We expect that the modulation of the jet axis with QBO may alter the 
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storm tracks. The mid-latitude storm tracks influence on the hydrological 

pattern over the North Pacific. Our approaches and conclusions are briefly 

shown by a simple schematic diagram (Figure 17).  

The findings in this study is that QBO has an important role in 

improving predictability over East Asia in late winter or early spring. The 

contribution of QBO is as large as that of ENSO. In late winter, the tropospheric 

NP circulation also especially responds to the QBO. Even though model 

experiments need to improve, the QBO-related circulation changes might be 

explained by the fluctuation dissipation theorem. The surface temperature in 

East Asia has something in common with NP circulation. Firstly, the easterly 

phase of QBO has a larger impact on the North Pacific circulation and East Asia 

than the westerly phase of QBO. Secondly, the wintertime QBO has significant 

effects only in late winter. The direct connection between them is not yet found, 

and further studies are needed.   
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Figure 17. Schematic diagram for summary.  
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초록 

성층권 준2년주기진동의 
북태평양 대류권 순환에 

미치는 영향과 예측성 향상 기여도 
임 유 나 

지구환경과학부 
석사과정 

서울대학교 
 

준2년주기진동은 성층권의 대표적인 장주기 자연변동성으로써, 열대 

성층권 동서바람의 방향이 동풍에서 서풍으로 번갈아 나타나는 현상이다. 

성층권 장주기 변동성과 관련된 모멘텀은 고위도로 이동하면서, 아열대 

대류권으로 내려가는 특성이 있어서 지표면 기후까지 영향을 줄 수 있다. 

본 연구에서는 특히 늦겨울에 동아시아 지역의 지표기온이 준2년주기진

동이 동풍일 때 평년보다 따뜻한 특징이 있음을 발견하였다. 준2년주기

진동과 관련된 기온 변화는 한겨울에 엘니뇨 남방진동이 동아시아에 미

치는 영향과 비슷하다. 

준2년주기진동이 북태평양순환에 어떻게 영향을 주는지 알아보기 위

해서, 에디-평균장 되먹임현상과 준2년주기진동-대류활동의 상호작용

과 관련된 로스비파 트레인이 발달하는 현상을 바탕으로 열대 성층권 동

서바람의 방향에 따른 대류권 순환장의 변화 메커니즘에 대해서 알아보
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고자 한다. 준2년주기진동과 관련된 열대성층권 동서바람은 파동-평균

장 상호작용에 의해서 고위도로 전파하는 특징이 있다. 중위도 이상의 

위도대에서 가장 뚜렷한 자연변동성은 제트의 변동성으로, 북태평양 지

역은 특히 제트의 이동과 강도변화가 동시에 발생하는 자연변동성을 갖

는 지역이다. 변동-소산 이론에 의해서, 열대 성층권에서 고위도 성층권

으로 전파된 동서바람이 대류권의 자연변동성 패턴에 잘 접합될 때, 성

층권 바람은 외부에서 추가된 토크의 역할을 하여, 증폭된 제트의 변동

성이 준2년주기진동의 반응으로 나타나는 것을 설명할 수 있다. 본 연구

에서는 위와 같은 방법으로 늦겨울에 준2년주기진동과 관련된 태평양 

제트의 남북방향이동에 대해서 설명하고자 하며, 이는 스톰트랙의 이동

을 유도하고, 대류 현상에 영향을 주어, 준2년주기진동과 관련된 대류권 

순환의 변화가 북태평양지역의 수문학적 변화의 원인이 될 수 있음을 알 

수 있다. 

 

주요어: 준2년변동성, 성층권-대류권 상호작용, 변동-소산 이론, 동아시

아 계절 예측성, 북태평양 순환 
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