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Possible solar modulation of the equatorial 
quasi-biennial oscillation: Additional statistical evidence 

Boris E. Soukharev 1 and Lon L. Hood 

Lunar and Planetary Laboratory, University of Arizona, Tucson, Arizona 

Abstract. Although the quasi-biennial oscillation (QBO) in the equatorial zonal 
wind is dominantly driven by wave forcing originating in the troposphere, a recent 
study suggests that certain properties of the QBO may vary slightly on the l 1-year 
solar cycle timescale [Salby and Callaghan, 2000]. Here we report further statistical 
investigation using both equatorial wind data for levels from 50 to i hPa and long- 
term proxy solar ultraviolet flux time series (10.7-cm solar radio flux and sunspot 
numbers). Spectral analysis of the solar time series yields evidence for a significant 
spectral peak at periods between 25 and 30 months, approximately equivalent to the 
mean QBO period, as had also been noted by earlier authors [Shapiro and Ward, 
1962]. Cross-spectral analysis of the 10.7-cm solar radio flux and equatorial zonal 
wind time series shows significant coherency at the QBO period at all available 
pressure levels. The phase lag of the wind data relative to the solar flux at the QBO 
period ranges from 0-1 months near the stratopause (1 hPa) to 20-24 months in the 
lower stratosphere (50 hPa). The nearly inphase relationship near the stratopause 
suggests a possible modulation of the QBO at this level by the radiative and 
photochemical effects of solar ultraviolet variations. The amplitudes of the solar 
variations at the QBO period tend to be larger under solar maximum than under 
solar minimum conditions. Composite analysis of the westerly and easterly phases 
of the equatorial zonal wind shows subtle but consistent differences in the durations 
of the westerlies and easterlies between solar maximum and minimum conditions. 

1. Introduction 

Labitzk½ [1987] and Labitzk½ and van Loon [1988] orig- 
inally discovered a signature of the l 1-year solar cycle 
in polar stratospheric temperatures stratified accord- 
ing to the easterly or westerly phase of the equato- 
rial quasi-biennial oscillation (QBO). Since that time 
this possible solar-QBO-stratosphere/troposphere rela- 
tionship has been intensively investigated in numer- 
ous observational and modeling studies [e.g., Baldwin 
and Dunkerton, 1989; Hamilton, 1990; Kodera, 1993; 
Haigh, 1994; Rind and Balachandran, 1995; Naito and 
Hirota, 1997; Shindell et al., 1999; Soukharev, 1999; 
van Loon and Labitzk½, 2001]. Results show that un- 
der solar minimum conditions the stratospheric polar 
vortex is weaker and warmer during the easterly QBO 
phase than during the westerly QBO phase, because 
of favorable dynamical conditions for planetary waves 
to propagate poleward and disturb the vortex from its 
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radiative equilibrum. This is in agreement with the 
dynamical theory of the equatorial QBO [Holton and 
Tan, 1980, 1982; O'Sullivan and Salby, 1990; Tung and 
Yang, 1994]. However, in contrast to this theory, under 
solar maximum conditions the polar vortex tends to be 
weaker and warmer during QBO westerlies than during 
QBO easterlies. 

To date, no completely viable physical mechanism 
has been proposed which can satisfactorily explain the 
observed "switch" of sign of the relationship between 
the equatorial QBO and the extratropical stratosphere 
from solar minimum to maximum. As originally spec- 
ulated by Hines [1974], one possible mechanism for 
transmission of solar-induced perturbations in the zonal 
mean dynamics from the upper stratosphere downward 
is a modification of properties of upwardly propagat- 
ing planetary waves. Indeed, recent general circulation 
model (GCM) experiments [e.g., Haigh, 1994; Shindell 
et al., 1999] show that UV absorption changes the up- 
per stratospheric zonal wind, which in turn affects plan- 
etary wave propagation and hence circulation in both 
the stratosphere and troposphere. However, the ampli- 
tudes of the modeled variations in both the upper and 
lower stratosphere were significantly less than those es- 
timated observationally. Similarly, although GCM ex- 
periments involving a simulated equatorial QBO, con- 
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ducted by Balachandran and Rind [1995] and Rind and 
Balachandran [1995], were able to show significant con- 
sequences of solar-induced changes in the upper strato- 
spheric zonal wind extending down to the troposphere, 
these experiments employed unrealistically large solar 
UV forcing as compared to the observed l 1-year solar 
cycle. Nevertheless, these GCM experiments demon- 
strated that the equatorial QBO might have played a 
significant role in modulating the impact of solar vari- 
ability on the stratosphere and troposphere. 

In a recent paper, Salby and Callaghan [2000] sug- 
gest that the observed solar signature in stratospheric 
records grouped according to QBO phase may be caused, 
at least in part, by an l 1-year solar cycle modulation 
of the equatorial QBO itself. In particular, they find 
that the duration of the westerly QBO phase in the 
middle stratosphere varies with a systematic pattern re- 
sembling the curve of the l 1-year solar cycle. Because 
of the major role of the QBO in determining interan- 
nual variability of the stratosphere, such a modulation, 
if present, could significantly assist in explaining the un- 
expectedly large amplitudes of apparent solar cycle vari- 
ations in the equatorial stratosphere [Hood et al., 1993; 
Chandra and McPeters, 1994; McCormack and Hood, 
1996; Hood, 1997] as well as the polar stratospheric sig- 
nal discovered by Labitzke and van Loon [1988]. 

In the present study, we apply cross-spectral analysis 
to the solar and equatorial zonal wind data and report 
new statistical evidence for a decadal modulation of the 

equatorial QBO. In particular, we show that long-term 
proxies for solar ultraviolet flux contain a significant os- 
cillation at periods between 25 and 30 months, approx- 
imately equivalent to the mean QBO period, and that 
the amplitude of this solar spectral component tends to 
be larger under solar maximum than under solar min- 
imum conditions. We also report cross-spectral analy- 
ses demonstrat ;'•'• •;g'•;•-•'• coherency between the so- 
lar flux and equatorial zonal wind time series over the 
1957-1999 time period. In section 2 we describe the 
data and spectral analysis method used. In section 3 
we discuss the observed decadal variability of the equa- 
torial QBO. In section 4 we investigate the presence of a 
25-30-month spectral peak in different solar flux proxy 
records. In section 5, the mean squared coherency and 
phase lags between the solar flux and equatorial zonal 
wind time series are calculated. Finally, in section 6 a 
composite analysis of the equatorial zonal wind is per- 
formed for the case of possible 11-year solar forcing. We 
demonstrate that mean vertical profiles of the equato- 
rial westerlies and easterlies are different between solar 

minimum and maximum conditions. 

2. Data and Method of Analysis 

We use monthly mean data of the equatorial zonal 
wind at 50, 40, 30, 20, and 10 hPa from the Free Uni- 
versity of Berlin (B. Naujokat, personal communication, 
2000), for the period from January 1957 to December 
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Figure 1. Autospectrum of the 40-hPa equatorial 
zonal wind. Data for the period from January 1957 
to December 1999 are used for the calculation. The 

number of degrees of freedom (DOF) is 19. The 95% 
confidence limits are [0.57, 2.10], multiplied by an au- 
tospectral estimate. The spectral peak is significant at 
the 95% confidence limit. Read 2.E + 04 as 2 x 10 4. 

1999, obtained from radiosonde data at Canton (1956- 
1967), Gan (1968-1975), and Singapore (1976-1999). 
For example, Figure 1 represents an autospectral es- 
timate of the equatorial zonal wind at 40 hPa. The 
spectrum exhibits a relatively wide peak at frequencies 
corresponding to a period of-•27-29 months, with the 
highest value of spectral density observed at the periods 
between 28 and 29 months. It is noteworthy that when 
the equatorial QBO was discovered by Ebdon [1960] and 
Reed et al. [1961], it was believed to be an oscillation 
with a dominant period of-•26 months. Later analyses 
of longer time records showed that the QBO period ac- 
tually varies from 22 to 34 months, with an average of 
slightly more than 28 months [Baldwin et al., 2001]. 

On the basis of monthly geopotential height data at 
5, 2, and i hPa from the National Center for Environ- 
mental Prediction (NCEP) (S. Zhou, personal commu- 
nication, 1999) we have also calculated equatorial zonal 
wind at these levels for the period from January 1980 to 
December 1997, using a curvature approximation of the 
gradient wind equation [e.g., Randel, 1992]. Power spec- 
tra for these upper levels (not given here) also exhibit 
prominent peaks near the QBO period, although at 1 
and 2 hPa the variance corresponding to the annual and 
especially to the semiannual oscillations becomes even 
larger than that corresponding to the QBO period. 

The solar data used in this study are monthly mean 
values of the 10.7-cm solar radio flux (in 10-22 W m -2 
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Hz -•) for the period from February 1949 to Decem- 
ber 1999, received from the World Data Center for 
Solar-Terrestrial Physics in Boulder, Colorado. In addi- 
tion, monthly mean data of Zurich sunspot numbers for 
the period from 1800 to 1999, received from the same 
source, are used. As is well known, these time series, 
especially the 10.7-cm flux, correlate closely with so- 
lar ultraviolet variations at wavelengths important for 
ozone photochemistry and radiative heating in the up- 
per stratosphere. 

As a tool for the investigation, we use cross-spectral 
analysis carried out according to Jenkins and Watts 
[1968]. Spectra of different kinds (autospectra, cross 
spectra, coherency spectra, and phase spectra) have 
been estimated. For the smoothing of spectral estimates 

the Parzen spectral window was used, as this window 
yields a minimum variance as compared to other widely 
used spectral windows [Jenkins and Watts, 1968]. Use 
of the Parzen window leads to a spectral bandwidth of 
b = 1.86/L m-•, where L is the lag (in months) chosen 
for autospectral and cross-spectral estimates. When a 
time series contains N monthly values, degrees of free- 
dom DOF = 2bN are associated with the spectral es- 
timate. The confidence limit of the squared coherency 
estimate, 1( 2 , has been obtained from the confidence 
limit of arctanh(IKI), given by c = -t-r/DOF •/2 (r = 
1.96 for the 95% confidence limit). The 95% confidence 
limits for autospectral and phase estimates have been 
obtained from the corresponding diagrams after Jenkins 
and Watts [1968]. 
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Figure 2. Time-dependent power (squared speed) of the band-pass-filtered (frequency bounds 
corresponding to periods of 39 and 20 months) equatorial zonal wind at (a) 10 hPa, (b) 20 hPa,(c) 
30 hPa, (d) 40 hPa, and (e) 50 hPa. (f) The 10.7-cm solar radio flux. 
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3. Decadal Modulation of the QBO in 
the Equatorial Zonal Wind 

Salby and Callaghan 's [2000] analysis of the filtered 
record of the equatorial zonal wind containing only the 
variance at periods in the range beween 35.3 and 19.3 
months has yielded evidence for a decadal modulation 
of the equatorial zonal wind near 45 hPa. The range be- 
tween 35.3 and 19.3 months was chosen because the pe- 
riodogram calculated on the data of the 45-hPa equato- 
rial zonal wind for the period from 1956 to 1996 showed 
a maximum variance in this range [Salby and Callaghan, 
2000, Figure lb]. 

In our study, in accordance with Figure i demon- 
strating that most of the variance in the equatorial 
zonal wind data occurs at periods between •39 and 20 
months, we use a band-pass filter with corresponding 
frequency bounds in order to isolate variability associ-- 
ated with the QBO. Such a filtering procedure leads 
to a suppression of periodicities >39 months and <20 
months, whereas the quasi-biennial periodicity between 
25 and 30 months remains unchanged. Periods in the 
vicinity of the chosen frequency bounds, i.e. 33-39 
months and 20-24 months, are also slightly suppressed. 

Figure 2 shows plots of time-dependent power (squared 
speed) of the band-pass-filtered equatorial zonal wind 
for levels between 10 and 50 hPa and a plot of the 
10.7-cm solar radio flux. At all of these levels some 

signs of decadal variation are visible, but the decadal 
variation at 40 and 50 hPa tends to correlate approx- 
imately with extrema of the solar cycle, with about 
a 1-2-year phase lag after the solar extrema, except 
during the last decade. This is the result achieved by 
$alby and Callaghan [2000], who obtained evidence for 
an inphase correspondence between the time-dependent 
power of the 45-hPa zonal wind and the l 1-year so- 
lar cycle. Subsampling the band-pass-filtered record by 
only January- February data, they also noticed that the 
corresponding January-February QBO power reached a 
maximum 1-2 years after each solar maximum, except 
during the last decade. 

One should mention, however, that our experiments, 
with slightly different frequency bounds of the band- 
pass filter used, have shown that the position (i.e., the 
shift along the time axis) of extrema of the power for all 
levels is sensitive to even small changes of the frequency 
bounds (e.g., the use of 35 and 22 months instead of 39 
and 20 months). Therefore care must be taken when in- 
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Figure 3. Duration of equatorial (a) westerlies and (b) easterlies at 40 hPa as a function of year 
compared with (c) the 10.7-cm solar flux. 
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Figure 4. Autospectral estimates of monthly Zurich 
sunspot numbers for the periods from (a) January 1800 
to December 1999 (b) January 1800 to December 1899, 
and (c) January 1900 to December 1999, after subtract- 
ing a moving average with a window width equal to 41 
months. The number of degrees of freedom is 35 in 
Figure 4a and 17 in Figures 4b and 4c. The 95% con- 
fidence limits are [0.65; 1.70] in Figure 4a and [0.57; 

ß L}D , 111UlbllOll•U b cgli d, UUUDIJ•L,- z in r]gures anu 4c y 
tral estimate. All three spectral peaks corresponding to 
the 25-29-month periodicity are significant at the 95% 
confidence level. 

terpreting the correspondence between extrema of the 
power of the equatorial zonal wind and of the solar cy- 
cle. One may say only that there is a tendency for such 
a correspondence. Regardless of the choice of frequency 
bounds applied for the filtering procedure, a decadal- 

scale modulation of the equatorial zonal wind is seen in 
all experiments. 

Figure 3 shows line graphs of the duration of equa- 
torial westerlies and easterlies at 40 hPa. In agreement 
with the results of Salby and Callaghan [2000] it is seen 
that the duration of equatorial westerlies appears to 
vary approximately inversely with the solar cycle. As 
compared with their analysis, in the present study we 
find a decadal variation of westerlies over an extended 

period up to the end of 1999. As seen in Figure 3b, the 
duration of easterlies at 40 hPa does not show a good 
correspondence with the solar cycle. 

4. Solar Variability on the QBO 
Timescale 

During the early 1960s, Shapiro and Ward [1962] re- 
ported a possible peak in the solar activity spectrum 
corresponding to a period of •25 months. Their study 
was based on an analysis of a 200-year (1756-1955) 
record of monthly Zurich relative sunspot numbers. 
Statistical tests showed this 25-month spectral peak to 
be significant at the 95% confidence level. When the 
record was divided into two series of 100-years length 
each (1756-1855 and 1856-1955), a significant spectral 
peak corresponding to the 25-month periodicity was 
found in both series. The paper by Shapiro and Ward 
appeared just after the reports about discovery of the 
QBO in the equatorial stratospheric zonal wind [Ebdon, 
1960; Reed el al., 1961], and the authors speculated that 
periodic variations of solar output might be responsi- 
ble for driving the QBO itself. Since that time it has 
been shown by many studies that the equatorial QBO 
is an internal oscillation driven from the troposphere 
[e.g., Lindzcn and Holton, 1968; Holton and Lindzcn, 
1972; Plumb, 1977; Lindzcn, 1987]. Nevertheless, the 
existence of a solar oscillation with a period approxi- 
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Figure 5. Autospectral estimates of the monthly 10.7- 
cm solar radio flux for the period from February 1947 
to December 1999 after subtracting a moving average 
with a window width equal to 41 months. The number 
of degrees of freedom is 22. The 95% confidence limits 
are [0.59; 1.98], multiplied by an autospectral estimate. 



14,860 SOUKHAREV AND HOOD' POSSIBLE SOLAR MODULATION OF THE QBO 

1900 1910 1920 1930 1940 

200 ' :•:[i • ' ' 
160 "'• 

, ,, • ß 
't' ' ,-' 

12o '."½ '".i :• ;: ' ""' :.,, , •.,, ,• ,• ';"" 
' t;,;', 

,. ,:.,. 

•..,s I• 5, 01 •5• ,? I I ':•i': I 
1950 1960 1970 1980 1990 

20 

3OO 

250 

200 

150 

lOO 

50 

20 

-30 • 

.-- 

-80 

1957 1967 1977 Years 1987 1997 

Figure 6. Raw (dashed line) and band-pass-filtered (with frequency bounds [0.0256; 0.051)(solid 
line) sunspot number time series for the periods from (a) January 1900 to December 1949 and 
from (b) January 1950 to December 1999 and the (c) 10.7-cm solar radio flux for the period from 
January 1957 to December 1999. 

mately equal to that of the equatorial QBO is of in- 
terest, especially in light of the recent finding by Salby 
and Callaghan [2000] that the equatorial QBO may vary 
slightly with the l 1-year solar cycle. 

In the present study we analyze both monthly data 
of the Zurich relative sunspot numbers for the last 200 
years and of the 10.7-cm solar radio flux for the period 
since 1949, when the radio flux data became available. 
Figure 4 shows the autospectral estimates of sunspot 
numbers, obtained after subtracting a moving average 
with a window width of 41 months. After removal of the 

predominant l 1-year periodicity the residual spectrum 
of sunspot numbers contains a few other secondary pe- 
riodicities (their amplitudes are •2 orders of magnitude 
less than that of the l 1-year solar oscillation) in the fre- 
quency range between 0.01 and 0.10 month -•. Among 
these are the 5-6-year oscillation (which is likely the 
second harmonic of the 11-year solar cycle), the 40- 
50-month oscillation, and the 25-29-month periodicity. 
The latter spectral peak is significant at the 95% confi- 
dence level for all three time intervals shown in Figure 

4. Comparison of Figures 4b and 4c shows that the 
mean period of this spectral peak is near 25 months in 
the nineteenth century and shifts to •29 months in the 
twentieth century. Analysis of the full 200-year record 
of sunspot numbers yields a mean spectral peak at a 
period of •27 months. 

The 10.7-cm solar radio flux is known to be a use- 

ful proxy for solar ultraviolet variability at wavelengths 
important for ozone formation and radiative heating in 
the upper stratosphere. Figure 5 represents autospec- 
tral estimates of the 10.7-cm solar radio flux calculated 
from the available data since 1949. The estimates in 

Figure 5 are more smoothed than in Figure 4c because 
of the smaller length of the time series analyzed and, 
consequently, lower spectral resolution. Nevertheless, 
Figure 5 also exhibits a significant spectral peak cen- 
tered at a period of •29-30 months. In addition to 
statistical criteria of significance, similarity of the pat- 
terns in Figures 4c and 5 can be an additional argument 
in favor of the existence of a 25-30-month periodicity 
in the 10.7-cm flux time series. 
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compares time series of the raw and band-pass-filtered 
sunspot number data, the filtered time series exhibit 
a decadal modulation such that the amplitude of the 
filtered time series is larger under solar maximum con- 
ditions than under solar minimum conditions. On the 

average, at solar minimum the.25-30-month solar oscil- 
lation is weak or even almost nonexistent, as in the cases 
of the 1910-1914, 1932-1936, 1962-1966, and 1994- 
1999 intervals. On the contrary, at solar maximum the 
25-30-month solar oscillation is usually strong, some- 
times with a slight phase lag after maximum of the 11- 
year solar cycle, as in the case of 1970-1974. 

5. Possible Interaction Between Solar 

Variability and Equatorial Zonal Wind 
on the Timescale of the QBO 
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In section 4, evidence was obtained for a 25-30-month 
secondary spectral peak in two different proxy records 
of solar ultraviolet flux (Figures 4 and 5). This 25- 
30--month solar spectral peak is modulated in ampli- 
tude with larger values under solar maximum conditions 
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Figure 7. Squared coherency estimates of the 10.7-cm 
solar radio flux with the equatorial zonal wind at (a) 
1 hPa, (b) 2 hPa, (c) 5 hPa. Data for the period from 
January 1957 to December 1999 are used. From all data 
a moving average with a window width of 41 months 
has been subtracted. For all the estimates the number 

of degrees of freedom equals 18. The 95% confidence 
intervals are shown for the frequency 0.035 month -i , 
which corresponds to a period of 28.6 months 

In order to isolate the variance associated with the 

25-30-month oscillation the time series of sunspot num- 
bers and of the 10.7-cm solar radio flux were filtered 

using a band-pass filter with frequency bounds corre- 
sponding to periods of 39 and 20 months. The same 
filtering procedure was applied to the raw data of the 
equatorial zonal wind. As seen in Figure 6, which 
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Figure 8. Same format as for Figure 7 but for the 
equatorial zonal wind at (a) I hPa, (b) 2 hPa, and (c) 5 
hPa. Data for the period from January 1980 to Decem- 
ber 1997 are used. For all the estimates the number of 
degrees of freedom equals 12. The 95% confidence lim- 
its are shown for the frequency 0.035 month-•, which 
corresponds to a period of 28.6 months. 
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Figure 9. Phase estimates of the 10.7-cm solar ra- 
dio flux with the equatorial zonal wind at (a) 10 hPa, 
(b) 20 hPa, (c) 30 hPa, (d) 40 hPa, and (e) 50 hPa. 
Data for the period from January 1957 to December 
1999 are used. From all data a moving average with a 
window width of 41 months was subtracted. The verti- 
cal line indicates a frequency of 0.035 month -I, which 
corresponds to a period of 28.6 months. The thick line 
represents a phase lag of a response of the zonal wind to 
an hypothesized solar signal. Two thin lines represent 
95% confidence limits. 

than under solar minimum conditions (Figure 6). In or- 
der to investigate a possible response of the QBO in the 
equatorial zonal wind to the 25-30-month solar oscilla- 
tion, cross-spectral analyses of the 10.7-cm flux versus 
equatorial zonal wind time series have been carried out. 
In the middle and lower stratosphere (10-50 hPa) the 
radiosonde-derived Berlin record was employed for the 

1957-1999 time interval. In the upper stratosphere (5, 
2, and i hPa) we have analyzed equatorial zonal wind 
calculated from NCEP geopotential height data for the 
period from January 1980 to December 1997. Figure 
7 shows the estimates of the squared coherency of the 
10.7-cm solar radio flux, with the equatorial zonal wind 
from 10 to 50 hPa, for the period from 1957 to 1999. 
Figure 8 shows similar estimates for the 1-5-hPa pres- 
sure range for the period from 1980 to 1997. In the lat- 
ter case the shorter time series length leads to a lower 
spectral resolution, which in turn yields a slight fre- 
quency shift of the peaks seen, for instance, in Figure 
8c. Nevertheless, despite the difference in spectral reso- 
lution between Figures 7 and 8, all estimates of squared 
coherency for all levels show the same pattern: The co- 
herency spectrum exhibits a prominent peak at a period 
of 25-30 months (the secondary peak visible in the fre- 
quency range between 0.0825 and 0.0875 month-1 rep- 
resents a possible interaction between solar variability 
and zonal wind on the 12-month timescale). At all levels 
from the upper to the lower stratosphere, the coherency 
estimates corresponding to the 25-30-month period are 
significant at the 95% confidence level. 

Figures 9 and 10 show phase estimates correspond- 
ing to the coherency spectra of Figures 7 and 8. These 
phase estimates indicate a dependence on altitude of 
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Figure 10. Same format as for Figure 9 but for the 
equatorial zonal wind at (a) 1 hPa, (b) 2 hPa, (c) 5 hPa. 
Data for the period from January 1980 to December 
1997 are used. 
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Figure 11. Band-pass-filtered (with frequency bounds corresponding to periods of 39 and 20 
months) time series of the 10.7-cm solar radio flux (thick solid line) and of the 1-hPa (dashed 
line) and 5-hPa (thin solid line with circles) equatorial zonal wind. 

the zonal wind response to the apparent solar forcing. 
Specifically, the phase lag increases from nearly zero 
at 1-2 hPa to -•1 year at 10 hPa and -•2 years at 50 
hPa. As coherency estimates are statistically signifi- 
cant, the corresponding phase estimates are significant 
as well [Jenkins and Watts, 1968]. Superposition of 
the curves of band-pass-filtered time series of the 10.7- 
cm solar radio flux and of the equatorial zonal wind, 
where the QBO signal in both time series has been 
isolated, also confirms that the delay of the apparent 
stratospheric response after a solar flux perturbation 
on the QBO timescale increases with decrease of alti- 
tude (Figure 11). The superposed curves of the 10.7- 
cm solar radio flux and of the 1- and.2-hPa zonal wind 

demonstrate a nearly inphase relationship. Such a rela- 
tionship would be consistent with a direct modulation 
of the QBO in the upper stratosphere, where radiative 
and photochemical effects of solar ultraviolet variations 
are most pronounced. Some observational evidence for 
significant (4-7%) solar cycle variations of upper strato- 
spheric ozone amounts have been reported by Hood ½t 

al. [19931, Chandra and McPeters [1994], and McCor- 
mack and Hood [1996]. Taking into account that the 
amplitude of the solar 25-30-month oscillation changes 
significantly from solar minimum to maximum (Figure 
6), one can suggest that any decadal variation of the 
QBO may be caused, at least in part, by a decadal 
modulation of the influence of the 25-30-month solar 

oscillation on the equatorial zonal wind. However, a 
detailed model of the QBO that includes the effect of 
solar forcing at an upper boundary would be needed to 
test this possibility. 

6. Composite Analysis of the Equatorial 
Zonal Wind 

In the present section, we carry out a composite anal- 
ysis of the equatorial westerlies and easterlies in order to 
find possible changes in the vertical profile of zonal wind 
associated with l 1-year solar forcing. For this purpose, 
band-pass-filtered data of the 10- to 70-hPa equatorial 
zonal wind, which have already been analyzed in section 

Table 1. Duration of Selected QBO Phases During Four Solar Cycles. 
Solar Cycle Maximum / Minimum 

Solar QBO Group 1957-1960 / 1962-1965 1967-1970 / 1974-1977 1979-1982 / 1984-1987 
Achwtv Phaqe 

1989-1992 / 1994-1997 Duration, 
months 

Maximum 

Max]mum 

Max]mum 

Maximum 

Miramum 

Miramum 

M]mmum 

M]mmum 

westerly 1 Oct. 1958 to Sept. 1960 April 1968 to Sept. 1970 
westerly 2 Nov. 1960 to Feb. 1963 Aug. 1970 to Sept. 1972 
easterly I Oct. 1957 to Oct. 1959 July 1969 to Sept. 1971 
easterly 2 Nov. 1959 to Nov. 1961 Aug. 1971 to Sept. 1973 
westerly 1 Dec. 1962 to Sept. 1965 Sept. 1974 to March 1977 
westerly 2 Aug. 1965 to April 1968 March 1977 to Aug. 1979 
easterly 1 Oct. 1961 to May 1964 Aug. 1973 to Dec. 1975 
easterly 2 March 1964 to Dec. 1966 Dec. 1975 to May 1978 

July 1979 to Jan. 1982 July 1989 to Feb. 1992 29.3 
Jan. 1982 to June 1984 Dec. 1991 to May 1994 28.5 
May 1978 to Nov. 1980 Sept. 1990 to April 1993 28.8 
Oct. 1980 to March 1983 March 1993 to June 1995 27.3 

June 1984 to Feb. 1987 May 1994 to July 1996 31.3 
Jan. 1987 to Aug. 1989 July 1996 to July 1998 30.0 
March 1983 to Sept. 1985 June 1995 to July 1997 29.5 
Sept. 1985 to May 1988 July 1997 to July 1999 30.5 

See text Io• details 
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Figure 12. Mean vertical cross section of the westerly phase (hatched area) of the band-pass- 
filtered (20-39 months) equatorial zonal wind for (a) solar maximum conditions and (b) solar 
minimum conditions. (c) represents the difference between Figures 12a and 12b. Eight cases of 
the westerly phase for solar minimum and for solar maximum conditions are used (Table 1). In 
all three plots the "zero" point of the westerly phase starts from 10 hPa. 

5, were divided into periods of maximum and minimum 
phases of the l 1-year solar cycle according to the val- 
ues of the 10.7-cm solar radio flux. Data representing 
four solar maxima and four solar minima were analyzed 
here (Table 1). For each solar extremum, two westerly 
and two easterly phases of the equatorial zonal wind, 
each starting from the 10-hPa level and ending at the 
70-hPa level, were considered. The QBO phases were 
divided into two groups, as shown in Table 1. Group 
1 represents those phases of the equatorial zonal wind 
which occurred either in the beginning of a given solar 
extremum or in the vicinity of its maximum. Group 
2 represents those phases of the equatorial zonal wind 
which took place when a solar extremum was already in 
its declining phase. Thus cases belonging to the latter 

group are characterized by a 1-2-year phase lag after a 
corresponding solar extremum. 

Figures 12 and 13 show the mean profiles of the west- 
erly (Figure 12, hatched area) and easterly (Figure 13, 
open area) phases of the band-pass-filtered equatorial 
zonal wind under solar maximum conditions (Figures 
12a and 13a) and under solar minimum conditions (Fig- 
ures 12b and 13b). The mean profiles were obtained by 
averaging eight westerly or easterly QBO phases (Table 
1). For such averaging, the eight westerly or easterly 
phases of the zonal wind were aligned in such a way 
that they all started from the same "zero" point at 10 
hPa. Figures 12 and 13 represent the mean cross sec- 
tions of the westerly and easterly phases from 10 hPa 
("zero" point) to 70 hPa (ending point). When campar- 
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ing Figures 12a and 12b (see also Table 1) one can see 
a difference in the duration of the westerly QBO phase 
between solar maximum and minimum conditions. The 

westerly phase in the lower stratosphere seems to last 
longer at solar minimum than at solar maximum (e.g., 
30 months versus 28 months, at 70 hPa). The plot of the 
difference between solar maximum and solar minimum 

conditions (Figure 12c) shows that the largest difference 
in the duration of the westerly phase is observed in the 
lower stratosphere at the 40-50-hPa levels. 

The mean profile of the easterly phase of the band- 
pass-filtered equatorial zonal wind (Figure 13) also ex- 
hibits a slight difference between solar maximum and 
solar minimum conditions. Comparison of Figures 13a 
and 13b shows that in the lower stratosphere the east- 
erly phase tends to persist longer at solar minimum than 
at solar maximum (e.g., 29-30 versus 27 months, at 70 
hPa). Figure 13c demonstrates that the largest changes 
in the equatorial easterlies between solar extrema are 
observed at levels of 30-50 hPa. 

The plots in Figures 12 and 13 were obtained after an 
analysis of eight cases of the westerly phase and eight 
cases of the easterly phase under solar maximum and 
minimum conditions, respectively. Because of the inter- 
annual variability of the equatorial zonal wind the small 
number of the cases analyzed here does not allow one 
to consider the obtained differences between solar max- 

imum and minimum conditions as a statistically robust 
result. However, apart from statistical criteria of signif- 
icance, another useful approach to demonstrate plausi- 
bility of the obtained differences is a simple division of 
all cases into two groups as a test of whether the results 
obtained are consistent for both groups. The differ- 
ences between solar maximum and minimum conditions 

in the mean profile of the equatorial westerlies for the 
two groups of cases, as described above, are shown in 
Figures 14a and 14b. The patterns in both plots show 
a prevalence of negative values (open area), which in- 
dicates that the duration of the westerly phase of the 
zonal wind is longer under solar minimum conditions 
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Figure 13. Same format as for Figure 12 but for the easterly phase (open area) of the equatorial 
zonal wind. 
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Figure 14. Difference between mean cross sections of the westerly phase of the band-pass-filtered 
equatorial zonal wind (with frequency bounds corresponding to periods of 39 and 20 months) 
under solar maximum and under solar minimum conditions. (a) First group: four cases at solar 
maximum and four cases at solar minimum when the westerly phase occurred in the beginning 
of a solar extremum or in the vicinity of its maximum; (b) Second group: four cases at solar 
maximum and four cases at solar minimum when the westerly phase occurred in the declining 
phase of a solar extremum. In both plots the "zero" point of the westerly phase starts from 10 
hPa. 

than under solar maximum conditions. Especially, clear 
differences are observed for the second group of cases 
(Figure 14b), which represents the westerly phases dur- 
ing the period when solar extrema were in a phase of 
decline. 

Figures 15a and 15b show the differences between 
solar maximum and solar minimum conditions for the 

band-pass-filtered easterly QBO phase, for each of two 
groups of cases. The patterns of positive values ('hatched 
area) in both Figures 15a and 15b indicate that the east- 
erly phase tends to last longer during solar minimum 
than during solar maximum conditions. This is espe- 
cially apparent in Figure 15b, showing that the differ- 
ence between solar maximum and solar minimum con- 

ditions is largest in the lower stratosphere. 
The approximate consistency between the results ob- 

tained separately for two groups of cases (Figures 14 
and 15) appears to support a real difference in the pro- 
file of filtered equatorial westerlies and easterlies be- 
tween extrema of the l 1-year solar cycle, obtained from 
an analysis of all eight available cases (Figures 12 and 
13). In addition, the evidence for largest differences in 
the lower stratospheric zonal wind during periods cor- 
responding to a phase lag of ,-,1-2 years after solar ex- 

trema (Figures 14b and 15b) seems consistent with the 
results described in section 5 (and Figure 9), where we 
showed that the phase lag between possible solar forc- 
ing and the response of the zonal wind was .-•2 years at 
50 hPa. 

7. Conclusions 

In this study, we have reported cross-spectral evi- 
dence for a possible response of the equatorial quasi- 
biennial wind oscillation to solar variability occurring 
at periods of 25-30 months. Because the solar flux vari- 
ations at this period are larger near solar maxima than 
near solar minima, it is possible that this form of solar 
forcing contributes to the apparent decadal modulation 
of the QBO reported by Salby and Callaghan [2000]. 
As our analysis is a purely statistical one, we are not 
able to discern whether such a physical connection be- 
tween solar variability and equatorial zonal wind on the 
25-30-month timescale really takes place. However, the 
significant coherency at all stratospheric levels (Figures 
7 and 8) and, especially, the steady increase of the phase 
lag from the upper to the lower stratosphere (Figures 
9 and 10) seem to suggest that some physical solar- 
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Figure 15. Same format as for Figure 14 but for the easterly phase of the equatorial zonal wind. 

atmospheric interaction may occur on this timescale. In 
addition, composite analysis of the equatorial westerlies 
and easterlies yields apparent consistent differences be- 
tween solar maximum and minimum conditions. The 

duration of both equatorial westerlies and easterlies in 
the lower stratosphere appears to be longer under solar 
minimum conditions than under solar maximum con- 

ditions (Figures 12 and 13). The latter is consistent 
with the result of $alby and Callaghan [2000], who noted 
that the number of months with the westerly and east- 
erly QBO phases at 30 hPa were different between solar 
maximum and minimum conditions. 

If the hypothesized mechanism of solar-atmospheric 
interaction on the 25-30-month timescale really takes 
place, then it must be complex, as reflected in Figure 
2 where the decadal variation of the equatorial QBO is 
seen to be more pronounced in the lower stratosphere 
than in the upper stratosphere. In fact, although the 
solar and equatorial zonal wind oscillations on the 25- 
30-month timescale are nearly in phase in the upper 
stratosphere (1- and 2-hPa levels) (Figure 10), the am- 
plitude of the zonal wind at these levels does not show 
any clear sign of the li-year modulation (Figure 11). 
(It is noteworthy, however, that the upper stratospheric 
time series are very short, which makes obtaining reli- 
able results for the upper stratosphere more difficult.) 
It is also worth mentioning that the solar-stratospheric 
correlations reported by Labitzk½ and van Loon [1988] 
are best if the QBO phase is taken at a level close to 40- 
50 hPa. Only these levels are characterized by a strong 

decadal variability of the equatorial QBO (Figure 2) 
and by a difference in the duration of the equatorial 
westerlies and easterlies between solar extrema (Figures 
12-15). This implies an important role for stratospheric 
dynamics in the transmission of any solar- induced at- 
mospheric response. 

In a recent study by Soltkharcv and Labitzk½ [2000], 
evidence for an l 1-year modulation of the middle strato- 
spheric response to solar variability on the timescale 
of the Sun's rotation period (,-•27 days) was shown. 
The responses of the zonal mean geopotential height 
and temperature at 10 and 30 hPa to those solar os- 
cillations were found to be significantly different under 
solar maximum conditions than under solar minimum 

conditions. In combination the results of that study 
and of the present one suggest that the influence of the 
l 1-year solar cycle on the atmosphere may not be lim- 
ited to effects on the l 1-year timescale, as it is usually 
considered, but may also include net effects on smaller 
timescales caused by an i i-year modula[ion of solar os- 
cillations at shorter periods. 

The statistical evidence of a possible interaction of 
the equatorial QBO with the 25-30-month solar os- 
cillation on a decadal timescale, presented here, does 
not conclusively demonstrate a physical relationship be- 
tween the Sun and the QBO. The amplitude of the 25- 
30-month solar oscillation is ,-•2 orders of magnitude less 
than that of the l 1-year solar oscillation. If a decadal 
variation of this 25-30-month solar oscillation really 
modulates the equatorial zonal wind, then it is unclear 
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how so small a variation in solar output can lead to sig- 
nificant changes in the stratospheric zonal wind field. 
Near the equator the observed decadal modulation of 
the zonal wind requires a temperature change of 1-2 
K [Salby and Callaghan, 2000]. However, it is unclear 
whether the decadal variation of the 25-30-month solar 

oscillation can produce even such relatively small tem- 
perature changes in the equatorial lower stratosphere. 
Intensive observational and modeling studies are needed 
to understand further the mechanism of how the signa- 
ture of the solar cycle manifests itself in the behavior of 
the equatorial zonal wind. 
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