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ABSTRACT

Twenty years of radiosonde data have been analyzed in an attempt to develop a latitudinal structure
climatology of winds, temperature and geopotential at 30 and 50 mb in the equatorial stratosphere. The fine
latitudinal resolution provided by the WMO station network reveals several interesting features in the
latitudinal structure of the annual and quasi-biennial cycles which dominate this region. For example, the
westerly and easterly acceleration phases of the quasi-biennial oscillation are markedly different. Westerly
accelerations appear first at the equator, spreading outward with time to higher latitudes, and are more
intense, on average, than the easterly accelerations. The easterly accelerations are more uniform in latitude,
but less uniform in time, sometimes occurring in two stages.

The quasi-biennial wind and temperature oscillations are symmetric about the equator, while the annual
harmonic in zonal wind is antisymmetric about the equator, but is not proportional to the Coriolis parameter.
Monthly mean zonal wind and temperature appear to be in thermal wind balance at the equator.

Some brief remarks are also made concerning variability of the quasi-biennial oscillation and the effects of
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El Chichén.

1. Intreduction

Approximately twenty-five years ago Reed er al.
(1961) and Veryard and Ebdon (1961} independently
discovered the downward-propagating equatorial zonal
wind regimes which came to be known as the strato-
spheric quasi-biennial oscillation (QBO). Subsequent
observational studies revealed quasi-biennial oscilla-
tions in mean temperature (U.S. Navy Weather Re-
search Facility,1964; Nastrom and Belmont, 1975),
mean meridional wind (Groves, 1975), and column
ozone (Funk and Garnham, 1962; Angell and Kor-
shover, 1973; Wilcox et al, 1977; Hilsenrath et al,
1979; Oltmans and London, 1980; Tolson, 1980;
Hasebe, 1980, 1982; Hilsenrath and Schlesinger,
1981). The quasi-biennial zonal wind oscillation has
received more recent attention from Wallace (1967,
1973), who reviews the subject in his 1973 paper;
from Coy (1979), in which the Balboa-Kwajalein
record of mean zonal winds is updated; and Belmont
et al. (1975) who, among other things, provide a
unique latitude-time cross section of middle atmo-
sphere winds. In this context the observational study
by Newell et al. (1974) using meteorological analyses
is also of interest.

The ground-based observational studies, inchiding
to a lesser extent the important climatology by Reed
(U.S. Navy Weather Research Facility, 1964) were
all severely limited in their scope either on account
of the short temporal records considered or the
number of stations investigated, or both. An exception
is the very recent work by Hamilton (1984), which

examines zonal winds for the period 1972-81 using
the monthly mean data compiled in the NOAA
publication AMonthly Climatic Data for the World
(MCDW). Hamilton (1984) has attempted to describe
the latitudinal evolution of zonal winds in this decade,
primarily at 30 mb, using 79 stations from the
MCDW data set within 20° of the equator. Although
Hamilton’s results are consistent with earlier findings,
some interesting details in the latitudinal structure
also appear, unknown to previous investigators.

Hamilton (1984) transcribed ten years of MCDW.
wind data by hand, indeed a remarkable accomplish-
ment. However, the large volume of MCDW data
prevented him from examining winds in the previous
decade, and the interrelationships throughout the
record among wind, temperature, and geopotential.
Such interrelationships are essential to the climatology
of the region (U.S. Navy Weather Research Facility,
1964). Moreover, it is of interest to determine whether
the latitudinal structures observed by Hamiiton are
characteristic of the 1960s, with its two anomalously
long QBO cycles, and of more recent data following
the eruption of El Chichon in April 1982.

The purpose of this paper is to use 20 years of
MCDW data to update Reed’s climatology of winds
and temperature (U.S. Navy Weather Research Fa-
cility, 1964), taking advantage of the observed zonal
symmetry of the quasi-biennial oscillation and the
relatively fine latitudinal resolution provided by the
WMO station network at 30 and 50 mb. Our outline
is as follows: Sections 2 and 3 describe the MCDW
data set and our analysis methods, respectively. Results



15 FEBRUARY 1985

using the various methods are presented in subsequent
sections. These include time series overlays (Section
4), harmonic analysis (Section 5), parabolic curve-
fitting in the equatorial zone (Section 6), latitude-
time plots of binned data (Section 7), and a composite
view of seven QBO cycles (Section 8). Section 9
discusses the observed variability of the quasi-biennial
oscillation, focusing attention on the anomalous cy-
cles, evidence of seasonal synchronization, and effects
of El Chichon, while Section 10 concludes with a
brief theoretical discussion.

2. Data source

Data originally published in the MCDW tables
were obtained on computer tape for the period 1964—
81. Subsequent data through 1983 were transcribed
by hand directly from the tables. Wind speed, direc-
tion, temperature, and geopotential were obtained at
the two standard stratospheric levels 30 and 50 mb
in the latitude range within 25° of the equator. Out
of the approximately 240 upper air stations in this
band, 181 had usable wind data at the stratospheric
levels. Most stations obtained data at these levels for
only a fraction of the entire period considered. A
total of 12,636 data points were utilized in our
analysis at 50 mb and 10,630 data points were used
at 30 mb. The most noticeable errors in the data
were obviously human errors, such as confusion
about wind speed units, directions 180° out of phase,
and missing digits from wind direction values (Ham-
ilton, 1984). We visually inspected each latitudinal
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profile and each station time series to assess which
data points were obviously incorrect. On the whole
the MCDW data was remarkably clean, in the sense
that latitudinal profiles of the wind were quite smooth
when the erroneous points were removed (as we will
demonstrate). The erroneous data amounted to about
5% of the total number of data points.

Data coverage is summarized in Fig. 1, which
shows the number of station wind data months per
2° latitude bin at 30 and 50 mb. Bins centered at O,
4, 6, 8, 10 and 16°S were poorly covered relative to
the entire length of record. There are, however, useful
shorter station records in some of these bins, partic-
ularly towards the end of the 1970s. Temperature
and geopotential data were obtained more often than
the wind data of Fig. 1, although temperature suffered
from a lower signal-to-noise ratio.

3. Analysis methods
a. Harmonic analysis

Individual time series and latitudinally-binned data
for winds, temperature, and geopotential were ana-
lyzed in frequency space using the method of cyclic
descent (Bloomfield, 1976). The harmonic analysis
routine searched for the best fit to the annual and
semiannual frequencies in each time series. The am-
plitude and phase of each harmonic was obtained,
together with the remaining, residual or deseasonalized
component (less time mean). No attempt was made
to search for a “quasi-biennial harmonic” for reasons
to become clear in subsequent sections.
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FI1G. 1. Histogram of the total number of wind data points per two-degree
latitudinal bin at 30 mb (solid) and 50 mb (dashed).
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b. Parabolic fit in the equatorial zone (16l < 10°)

Latitudinal profiles of zonal wind, temperature,
and geopotential within 10° of the equator could
usually be represented by a parabolic curve fit, or
second order Taylor series expansion about the equa-
tor: ‘

ﬁ(y9 Z, t) = aO(Z, t) + al(zy t)y + a2(29 t)yza (3.13)
T, z, 1) = bz, 1) + bi(z, Oy + bafz, D)y, (3.1b)
62, 1) = colz, O + ez, Oy + ¢z, %, (3.10)

the coefficients being defined so as to minimize the
variance of any quantity, e.g.,

M =

ol = 3.2)

[4; — u()P. ‘

Z[—-

i

This procedure yielded latitudinal derivatives far su- -

perior to those obtained from raw data points, al-
though there were obviously certain times, such as
‘during the initial westerly acceleration, when the
wind profile assumed a more complex shape. Even
at these times, however, the parabolic fit was able to
retrieve an appropriate “average” equatorial wind in
the lowest coeflicient a,, when compared to individual
time series.

c. Latitudinally-binned data

It was found useful to average together those data
points lying in the same latitudinal band. Our analysis
utilized 2° bins allowing the binned data to be plotted
at the average latitude of all stations lying in that
particular bin at a given time. Empty bins were then
filled by linear interpolation between the nearest filled
bins.

Figure | indicates that certain latitude bands will
have empty 2° bins quite often. Suffice it to say that
there is no entirely satisfactory way to compensate
for missing data by any kind of interpolation. Con-
- sequently, whatever results are obtained in these
regions, particularly the southern tropics, must be
viewed as uncertain.

d. Composite profiles

After removing the seasonal cycles and time mean
by harmonic analysis, wind profiles were composited
in the following manner. First, we searched for zero
crossings in the deseasonalized wind in the equatorial
bin. Each month containing a zero crossing was
assigned the month number 0. Each month before
and after this month was assigned a month number
—1, =2, etc.,, and +1, +2, etc., respectively. Subse-
quently at each latitude, data points having the same
month number were averaged together, keeping west-
erly acceleration transitions separate from' easterly
transitions. This averaging was performed for six
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months on either side of the equatorial zero crossing,
resulting in a 13-month composited latitude-time plot
of zonal wind for each acceleration phase. (By- defi-
nition, the “acceleration phase” is the QBO transition
period.)

4. Individual station time series

The analysis methods previously outlined are useful
on account of the observed zonal symmetry of the
quasi-biennial oscillation. The purpose of this section
is to briefly show, in agreement with earlier authors,
that the assumption of zonal symmetry is accurate,
based upon comparison of individual time series for
stations at similar latitudes.

Figure 2 compares some of the longer time series
of wind speed at the 30 mb level. To make the
comparison as meaningful as possible, stations were
chosen with similar latitudes but as widely different
longitudes as possible (see Table 1). In general, a high
degree of zonal symmetry is evident at all latitudes.
Quasi-biennial and annual cycles appear at tropical
and subtropical latitudes, respectively, as discussed
later. (We note in passing that the monthly mean
wind speed is nearly equivalent to the monthly mean .
zonal wind magnitude |#| for latitudes within 20° of
the equator. Also, the zonally averaged meridional
velocity is unobservable in this data.)

Temperature at 30 mb is more difficult to analyze
than zonal wind due to its lower signal-to-noise ratio
(Fig. 3). A similar amount of apparent zonal symmetry
was observed at all latitudes. The anomalous temper-

TABLE 1. Stations used in Figs. 2 and 3. 'Line types are solid (S),
" short dash (SD) and long dash (LD).

Latitude Longitude
Figure Station (°N) °W) Line
2a, 3a Hilo 19.7 155.1 S
Wake 19.3 193.3 SD
Grand Cayman 19.3 81.4 LD
2b, 3b Johnston 16.7 169.5 S
Raizet . 16.3 61.5 SD
Guam 13.6 215.2 LD
2c, 3¢ Barbados 13.1 59.5 . S
San Andres 12.6 81.7 SD
Curacao 12.2 69.0 LD
2d, 3d Truk 1.5 208.1 S
‘Koror 7.3 225.5 SD
Ponape 7.0 201.8 LD
2e, 3e Singapore 1.3 256.1 )
Gan 0.7°S 286.8 SD
Nairobi : 1.3 3232 . LD
2, 3f Darwin 12.4 229.1 S
Pago Pago 14.3 170.7 SD
2g, 3g Townsville 19.3 213.2 S
Port Hedland 20.4 241.4 .SD
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FIG. 2. Time series of 30 mb zonal wind at various latitudes, comparing stations
of similar latitude but different longitude. Positive values denote westerlies. (Refer

to Table 1 for exact station locations.)
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ature rise in 1982 is apparently attributable to the
eruption of El Chichdn, at least in part, as discussed
further in Section 9c.

5. Results of harmonic analysis

The time series shown in Figs. 2 and 3 give clear
evidence of quasi-biennial wind and temperature
oscillations in the tropics, an annual wind oscillation
in the subtropics, and an annual temperature cycle
at all latitudes. There is also a semiannual wind
oscillation in the southern subtropics. It is important
io note that the seasonal cycles are periodic, whereas
the quasi-biennial cycle has a variable period. Con-
sequently, harmonic analysis (Section 3a) was used
to remove the annual and semiannual cycles only,

-40

and no attempt was made to find a “quasi-biennial
harmonic.” Such attempts are unnecessary at best,
and misleading at worst—unnecessary because the
deseasonalized wind is itself almost entirely quasi-
biennial, and misleading because the quasi-biennial
oscillation is an almost square-wave phenomenon of
variable period. Moreover, as our results will make
clear, it is necessary to analyze the two acceleration
phases separately on account of their differing space-
time structure.

a. Zonal wind

Figure 4 shows the amplitude of the 30 mb wind
oscillations as a function of latitude. Amplitudes of

°c 19°N
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FIG. 3. As in Fig. 2, but for temperature at 30 mb. (Refer to Table 1
for exact station locations.)
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FiG. 4. Harmonic analysis of 30 mb zonal wind, showing
amplitude of the annual (squares), semiannual (stars), and residual,
deseasonalized component (circles). Symbols show individual station
amplitudes. Solid lines are based on binned data.

the seasonal components were obtained directly from -
the harmonic analysis routine. The amplitude of the .

deseasonalized time series was determined as the rms
value of # times v2 (i.e., equivalent amplitude). The
smooth curves were obtained using, latitudinally-
binned data (Section 3c). Superimposed on these
continuous curves are individual station amplitudes.
Just south of the equator the latitudinally-binned
data was insufficient, so in this region we plot the
station values at Gan (0.7°S), Canton (2.8°S), and
Seychelles (4.7°S). Elsewhere the agreement with
binned data is quite good.

Figure 4 agrees with the earlier investigations cited
in Section 1, and by virtue of the much finer resolution
obtained in this study, provides better evidence of
the even and odd symmetry of the quasi-biennial and
annual cycles, respectively. Phase information ob-
tained from the harmonic analysis, not shown here,
indicates that the annual cycle has a maximum in
‘February (August) in the Northern (Southern) Hemi-
sphere.

" It will be noted that the amplitude of the annual
cycle does not increase away from the equator in
proportion to the Coriolis parameter, i.e., as sinf,
where 6 is latitude. Although their data coverage was
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quite coarse, there was evidence of similar behavior
in Fig. 5 of Belmont et al. (1974). Apparently, the
annual cycle at 30 mb is not merely due to residual
mean meridional advection of planetary vorticity
fv* with v* independent of latitude. (The concept of
“residual mean meridional circulation” is discussed,
e.g., in Andrews and Mclntyre, 1976.)

The amplitude of the annual cycle from harmonic
analysis is not zero at the equator, but this result is
uncertain. Although we found what appeared to be a
distinct spectral peak at 12 months near the equator,
there were other peaks in spectral response near 12
months (e.g., 14 months), suggesting that spectral
broadening due to the sharp QBO phase transitions
may be important at the equator.

Another view of the deseasonalized wind, based on
latitudinally-binned data, is shown in Fig. 5. Among
other things, this figure demonstrates that the residual,
deseasonalized wind in this region is essentially due
to the. QBO, and exhibits rapid phase progression
away from the equator in the westerly acceleration
phase. :

Regarding the semiannual signal in Fig. 4, the only
significant amplitude at 30 mb is observed in the
southern subtropics, with phase independent of lati-
tude, peak semiannual winds occurring in December
and June.

b. Temperature

Figure 6 displays the 30 mb temperature decom-
position obtained in the same manner as Fig. 4. The
annual temperature cycle is small near the equator,
and does not depend much on latitude in this region,
in agreement with Nastrom and Belmont (1975). The
profile of residual amplitude differs from that of zonal
winds, decreasing rapidly away from the equator but
remaining nonzero in the subtropics. Closer inspection
of the deseasonalized temperature and its phase re-
vealed a fairly constant phase in the tropics and
subtropics and a gradual 180° phase reversal between
10-14° latitude (cf. Quiroz, 1983, Fig. 7) in both
hemispheres, as shown in Fig. 7. Although there is
much noise in these time series as discussed earlier,
it would be consistent to infer from this data that the
QBO temperature oscillation is basically symmetric
about the equator.

¢. Geopotential

The results of harmonic analysis for geopotential
(not shown) indicate that unlike wind and tempera-
ture, the annual and residual deseasonalized compo-
nents are comparable at the equator. Harmonic anal-
ysis of the vertical difference in geopotential between
30 and 50 mb, however, would closely resemble that
of temperature in the intervening layers, as required
for hydrostatic balance.
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FIG. 5. Deseasonalized time series of zonal wind at 30 mb, from 22°N to 22°S, based on binned data. Positive
(negative) values of wind are shown with a heavy (light) line. The vertical scale for wind is 5° latitude = 50 m s,
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FIG. 6. As in Fig. 4 but for 30 mb temperature.

6. Latitudinal profiles near the equator
a. Zonal wind

Figure 8 shows the zonal wind, latitudinal shear,
and latitudinal curvature coefficients ao, a,, and a,
at 30 mb. The lowest coefficient g, is substantially
the same as u at Singapore (Fig. 2e). The quasi-
biennial oscillation is of variable period, due to
variable #, in the transition periods, particularly the
easterly acceleration phase. The westerly accelerations
are generally larger—what Hamilton (1984) calls the
“classical” shear zone asymmetry—although we note
that a) the easterly accelerations are, at times, of the
same magnitude as the westerly accelerations, and b)
the westerly accelerations also vary from cycle io
cycle.

The cross-equatorial shear a, [=#,(0)] is annual, in
marked contrast to @,. The sign of a; (not shown) is
positive in the northern winter and vice versa. This
coefficient is noticeably larger in the westerly phase
of the QBO in four out of six cycles. (It should be
kept in mind that g, is a “best fit” cross-equatorial
shear, and is not necessarily equal to the actual value
of #,0), although this coefficient usually represents
the cross-equatorial at all times outside of the accel-
eration phases.)

The latitudinal curvature a, [=4#,(0)] exhibits
excellent anticorrelation with g, but is not symmetric






