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The National Center for the Atmospheric Research (NCAR) middle atmospheric model is used to study
the effects of the quasi-biennial oscillation in the stratosphere (QBO) on the tropopause and upper
troposphere, and the relationship between the QBO and South China Sea Summer Monsoon (SCSSM)
is explored through NCEP (the National Centers for Environmental Prediction)/NCAR, ECMWF (Euro-
pean Centre for Medium-Range Weather Forecasts) monthly mean wind data and in situ sounding data.
The simulations show that the QBO-induced residual circulations propagate downwards, and affect the
tropopause and upper troposphere during the periods of mid-late QBO phase and phase transition.
Meanwhile, diagnostic analyses indicate that anomalous circulation similar to SCSSM circulation is
generated to strengthen the SCSSM during the easterly phase and anomalous Hadley-like circulation
weakens the SCSSM during the westerly. Though the QBO has effects on the SCSSM by meridional
circulation, it is not a sole mechanism on the SCSSM TBO mode.

stratospheric quasi-biennial oscillation, South China Sea Summer Monsoon, tropospheric biennial oscillation

Monsoon, as a part of global climatic system, plays a
greatly important role in climate change that has effects
on our lives. Asian monsoon, the main member of mon-
soon system, influences the seasonal and interannual
variability of the tropical atmospheric circulation, which
are largely different during the strong and weak Asian
monsoon years. The South China Sea Summer Monsoon
(SCSSM) has direct effects on the climate of China and
it is responsible for the distribution of precipitation,
movement of rainfall band and disasters by drought and
flood in China.

Biennial mode is a fundamental feature for the at-
mospheric circulation and interannual climatic variabil-
ity. In the early 1980s, Mooley and Parthasarathy!*?
revealed the biennial variability in the Indian summer
monsoon rainfall by means of power spectrum analysis.
To avoid confusion with the stratospheric quasi-biennial
oscillation (QBO), it is named tropospheric biennial os-
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cillation (TBO). Subsequently, Mukherijee et al.”’! found
the biennial mode of the Indian monsoon rainfall and
argued its relationship to the QBO. Moreover, Yasunaril®
pointed out that the monsoon-atmosphere-ocean system
(MAOS) exists the biennial variability. Meanwhile,
various studies have shown that the TBO is manifested
over East Asia as well®® and is a significant signal of
rainy season over Chinal’ %. Furthermore, both the pre-
cipitation and rainfall band over China have coherent
links to the QBOM®™. The QBO in question is the
steadiest oscillation in the atmosphere on the interannual
time-scale by alternating easterly and westerly with a
period around 2 years in the lower stratosphere. In the
early 1960s, Reed et al.*? found that the zonal wind in
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the tropical lower stratosphere is characterized by oscil-
lating with a quasi-biennial period. Seven years after, the
term of quasi-biennial oscillation (QBO) was used by
Belmont and Dartt™ in their work on the stratospheric
biennial variablity. Driving force for the QBO was de-
veloped by Lindzen and Holton™!, Holton and
Lindzen™! as the upward-propagating planetary wave
theory.

As well, several theories and hypothesizes have been
proposed to explain the TBO. Yasunari™ emphasized
summer monsoon from the MAOS. Weak (strong)
summer monsoon favors in the development of El Nifio
(La Nifia) in the tropical Pacific and high (low) index in
the middle latitudes by wave forcing, and corresponding
suppressed (enhanced) winter monsoon and decreased
(increased) Eurasian snow-cover would result in strong
(weak) summer monsoon in following summer. Re-
versely, Li et al."! focused on winter monsoon and its
interaction with El Nifio-Southern Oscillation (ENSO)
to study the TBO in the East Asian monsoon. Persistent
strong (weak) East Asian winter monsoon excites El
Nifio (La Nifia) by air-sea interaction, then through
teleconnection, EI Nifio (La Nifia) would lead to a weak
(strong) East Asian winter monsoon. Chang and Li’s
theory indicates that the TBO is an inherent result of the
interactions between northern summer and winter mon-
soon and the tropical Indian and Pacific Oceans™®. Thus,
it is an important component of the tropical ocean-
atmosphere interaction system, separate from the ENSO.
Recently, Yu et al.'! have done three experiments by a
coupled atmosphere-ocean general circulation model
(CGCM). The results showed that the in-phase TBO
transition from a strong (weak) Indian summer monsoon
to a strong (weak) Australian summer monsoon occurs
more often in the CGCM experiments that include an
interactive Pacific Ocean. The out-of-phase TBO transi-
tion from a strong (weak) Australian summer monsoon
to a weak (strong) Indian summer monsoon occurs more
often in the CGCM experiments that include an interac-
tive Indian Ocean. Loschnigg et al.?® simulated the
TBO by using the NCAR (the National Center for the
Atmospheric Research) climate system model, and the
results showed that the coupled ocean-atmosphere dy-
namics and cross-equatorial heat transport contribute to
the interannual variability and biennial nature of the
ENSO-monsoon system, by affecting the heat content of
the Indian Ocean and resulting SST anomalies over mul-
tiple seasons, which is a key factor in the TBO.

These so many studies confirmed that the air-sea-land
interaction plays an important role in the TBO. In an
entirely different mechanism, TBO is, at least partly,
considered as the result of the forcing from the QBO in
the lower stratosphere, though it is unclear that in which
way the stratospheric QBO drives the TBO in the South
China Sea summer monsoon (SCSSM). Both the results
of numerical simulations by a middle atmosphere model
(introduced in section 1) and reanalysis products are
used in this paper to explore the effects of the strato-
spheric QBO on the SCSSM TBO. The primary data
used for this study are from the National Centers for
Environmental Prediction (NCEP)/NCAR reanalysis,
European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-40 and in situ sounding. The monthly
mean data (both NCEP and ECMWF reanalysis) have a
horizontal resolution of 2.5° latitude by 2.5° longitude
and 12 pressure levels vertically.

1 Effects of stratospheric QBO on tropi-
cal circulation

In general, the tropospheric meridional circulation can
be divided into three cells, namely Hadley cell in the
low latitudes, Ferrel cell in the middle latitudes and po-
lar cell. The cells are broken in the SCSSM region due
to the summer monsoon meridional circulation. Liang et
al.l?"! considered that meridional wind is important to the
SCSSM as well as zonal wind and the SCSSM index
should include both zonal and meridional winds. The
SCSSM meridional circulation develops over the Ara-
bian Sea and moves into the South China Sea (SCS) in
May??. Since the summer monsoon circulation replaces
the Hadley cell over the SCS and South China during
the SCSSM, Wang and Ding®®® signed the establishment
of meridional monsoon circulation over East Asia as
onset of the SCSSM. Figure 1 shows seasonal evolution
of northern meridional circulation along 115°E. It is
showed in the Figure 1 that Hadley cell is greatly weak-
ened in March and April and the summer monsoon cir-
culation establishes in the tropics and low latitudes
while winter monsoon circulation is still active in the
middle latitudes in May. As summer (June August)
comes, the summer monsoon circulation becomes
dominant and the winter monsoon circulation fades
away. Again active the winter monsoon becomes in
September when the summer monsoon begins to with-
draw and its dominant region reduces as well. In the
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Figure 1 Climatological meridional circulation in the Northern Hemisphere along 115°E (vertical axis is pressure height with unit of hPa. Vertical pres-
sure velocity is amplified by 50 times).
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mid-late fall, while weakening of the summer monsoon,
the Hadley cell is established again. The cells in the
tropics and low latitudes are maintained to the succeed-
ing winter (December February) when the winter mon-
soon comes to power in the middle latitudes.

Figure 1 shows that the SCSSM circulation is a sys-
tem full of the tropospheric height. Since that, the
SCSSM is not only affected by underlying surface con-
ditions (land surface or ocean) but also modified by the
stratospheric situation. The strongest and steadiest signal
is the QBO in the stratosphere. Gray et al.” pointed out
that the stratospheric QBO can influence the tropopause
and even the troposphere by the zonal wind shear. Dur-
ing the period of easterly shear in the lower stratosphere,
there is anomalous ascending flows and raised pressure
surface in the equatorial upper troposphere. Reversely,
the anomalous descending flow and lower height of
pressure surface during the westerly shear. Li and
Long® had studied the effects of the stratospheric QBO
on the western Pacific high by using IAP-GCM. Fol-
lowing the result of Gray et al.?¥!, the height anomalies
at 200 hPa in the selected region were put into the model
to represent the stratospheric QBO since the model ex-
cludes the stratosphere. The simulation results showed
that the stratospheric QBO can affect the western Pacific
high by induced pressure anomalies in the upper tropo-
sphere. Although that, the anomalous pressure and ver-
tical flows in the upper troposphere induced by the
stratospheric QBO were given rather than simulated in
the model.

A NCAR interactive chemical dynamical radiative
two-dimensional model (SOCRATES) was used in this
paper. The QBO forcing (Figure 2) was put into the
model to simulate the associated residual circulation.
Chen et al.?® had explained the subtropical 0zone QBO
by the residual circulation and had noticed that the cells
propagate downwards as shown in Figure 3. The de-
tailed model description and experiment design were
referred in [26]. The effects of residual circulation on
the transport of ozone were emphasized in [26], while
the effects on the troposphere were not considered for it
is beyond its scope.

In general, the zonal wind at 30 hPa (about 25 km)
can represent the QBO wind shear very well. It can be
seen from Figures 2 and 3 that there are anomalous
equatorial descending flows and subtropical ascending
flows in the stratosphere during the mid-early period of
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Figure 2 The equatorial zonal wind QBO forcing put into the model
(m/s).

westerly (the greatest and smallest zonal wind at 25 km
altitude represents the mid-period of westerly and east-
erly, respectively. Zero zonal wind the phase transition).
The residual circulation does not affect the troposphere
until October (mid-late period of westerly) when the
tropical tropopause is obviously influenced by anomalous
descending flows. As well in January of the fifth model
year (late westerly phase), the residual circulation moves
downwards to affect the tropopause and the upper tro-
posphere except for the weak subtropical vertical flows.
Moreover, the opposite circulation follows the underly-
ing cell and can be well seen at that time. During the
period of phase transition (westerly to easterly in April
of the fifth model year), the opposite circulation still is
located in the stratosphere although it has propagated
downwards somewhat, the descending flows in the up-
per troposphere have weakened. In July of the fifth
model year (early easterly phase), the opposite circula-
tion moves downwards to the lower stratosphere and the
underlying circulation almost disappears since it has
transform into another type of anomaly in the upper
troposphere. The half cycle for westerly phase so fin-
ishes and follows by another half cycle for easterly
phase with opposite cells. As shown in Figure 3, the re-
sidual circulation evolves as a QBO period. The loca-
tions of residual circulation during various periods of
westerly phase have been listed in Table 1.

The simulated results indicate that the stratospheric
QBO affects the troposphere mainly in the periods of
mid-late phase and phase transition. From the mid-
period of westerly to the transition of westerly to east-
erly, there are anomalous descending flows in the tropi-
cal tropopause and upper troposphere and anomalous
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Table 1 One phase of residual circulation (another phase with opposite residual circulation)

QBO phase

Location of residual circulation

Mid-early period of westerly
Mid-late period of westerly
Later period of westerly

Anomalous equatorial descending flows and subtropical ascending flows in the lower stratosphere.

The residual circulation propagates downwards and affects the tropopause.
The residual circulation continues moving downwards to affect the tropopause and upper troposphere;

opposite circulation appears in the middle stratosphere and propagates downwards.

Transition from westerly to easterly

The opposite circulation continues moving downwards but still in the stratosphere; the former circula-

tion keeps on affecting the tropopause and upper troposphere.

Early period of easterly
Mid-early period of easterly

The opposite circulation still propagates downwards in the stratosphere; the former circulation die out.
The opposite circulation appears in the lower stratosphere.

ascending flows from the mid-period of easterly to the
transition of easterly to westerly that imply the strato-
spheric QBO does not affect troposphere in all time.

2 Effects of stratospheric QBO on SCSSM

The SOCRATES model, as a middle atmospheric model,
emphasizes the dynamical processes above the tropo-
sphere, so the tropospheric processes need other diag-
noses for the reanalysis data.

Figure 4 shows the zonal winds in the low strato-
sphere evolved from 1987 to 2001 with the NCAR/
NCAR reanalysis and Singapore sounding data. In order
to compare to the Singapore sounding data (located in
~1°N, 104°E), the grid of 0° 105°E is selected for
NCAR/NCEP reanalysis data. Figure 4 shows that the
reanalysis data are very close to the observations and the
phases are consistent completely. The years when the
periods SCSSM prevailing (June August) meet the
mid-late period of westerly and phase transition from
westerly to easterly have 1989, 1991, 1994, 1996, 1998
and 2000. While the years with the mid-late period of
easterly and phase transition from easterly to westerly
have 1987, 1990, 1992 and 2001.

The stratospheric dynamical processes first influence
the upper troposphere before affecting the lower

troposphere. The anomalous tropical vertical flows
shown in Figure 3 cause anomalous divergence leading
to pressure or height anomalies. Figure 5 shows merid-
ional gradient anomalies of potential height at 100 hPa
during various QBO phase (oh'/dy, negative values in
the Southern Hemisphere and positive anomalies denote
equator-ward gradient forces.), composites by the years
given above. It can be seen from Figure 5 that there are
equator-ward gradient forces in the upper troposphere
during westerly phase (solid line) and polar-ward gradi-
ent forces during easterly phase (dash line). It is notice-
able that the height gradients between 0° and 8°N, de-
spite small magnitudes, have opposite sign to those in
the north of 10°N. While westerly (easterly), equator
(polar)-ward gradient forces drive an anomalous con-
vergence (divergence) in the upper troposphere, which
leads to anomalous descending (ascending) flows in the
middle troposphere, finally it causes an anomalous di-
vergence (convergence) in the lower troposphere.

Figure 6, composited by the years given above, shows
the anomalies of equatorial stratospheric vertical flows
and June August mean tropospheric circulation associ-
ated with the stratospheric QBO. Just consider the
anomalous vertical flows because of not only the much
weaker horizontal residual flows shown in Figure 3 but

Figure 4 The time-pressure cross section for the equatorial zonal winds. m/s: shaded area for NCEP/NCAR reanalysis data at point of 0°, 105°E; the

contours for Singapore sounding data at ~1°N, 104°E.
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Figure 5 June August mean height gradient anomalies along 105°E
during westerly phase (solid line) and easterly phase (dash line) (107
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also the rough vertical resolution to the ERA-40 data
(only 70, 50, 30 and 20 hPa in the low stratosphere). It
can be seen from Figure 6(a) that there are anomalous
descending flows in the lower stratosphere in January
(westerly phase, see the solid line left in Figure 6(a).
Positive values denote anomalous ascending flows.), and
there are anomalous ascending flows above it with the
maximum at around 30 hPa, which agree with Figure
3(c). There are much weaker anomalous vertical flows
in the lower stratosphere and enhanced ascending flows
above it in July, as shown right in Figure 6(a) that is in
general similar to Figure 3(e) except for the location of
the maximum value likely due to the rough data resolu-
tion. There are opposite signs on the easterly phase to
those of westerly (see the dash line in Figure 6(a)). The
anomalous vertical flows associated with QBO propa-
gate downwards and are weakened and are transformed
into another type of anomalies. As indicated by Figure 5,
the stratospheric velocity anomalies cause pressure
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(height) anomalies in the upper troposphere through
adiabatic process, then leading to velocity anomalies in
the troposphere. Equator-ward anomalous flows in the
upper troposphere on the westerly phase are shown
clearly in Figure 6(b) that corresponds to the anomalous
pressure gradient force in Figure 5. The anomalous con-
vergence accumulates air mass that goes down and in-
duces anomalous divergence in the lower troposphere.
So an anomalous anti-Hadley circulation is formed over
the north of 10°N and opposite to the south one, which is
strictly consistent with the height gradient in Figure 5.
Contrary to that on westerly phase, there are obvious
polar-ward anomalous flows in the upper troposphere
and equator-ward anomalous velocities in the lower tro-
posphere on easterly phase. Then Hadley-like circulation
is formed over the north of 10°N and is opposite to the
south one as well.

Vertical flows change their signs in 15°N around in
Figure 6(b) so that the south anomalous circulation is
almost contrary to the SCSSM circulation on the west-
erly phase, which suppresses the SCSSM since its me-
ridional component play an almost same role as zonal
one, and anomalous circulation on easterly phase is
nearly the same as the SCSSM and so enhances it. It is
undoubted that the stratospheric QBO would affect the
SCSSM. Whereas, due to uncertainty of the QBO period
(quasi-period) as shown in Figure 4, not all the mid-late
period of QBO phase would meet summer (June
August). Moreover, the zonal component of the SCSSM
is important as well. Both of them determine that the stra-
tospheric QBO is not a sole factor for the SCSSM TBO.

The effects of the stratospheric QBO on the tropo-
sphere are shown in Figure 7. Firstly, the residual cir-
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Figure 6 (a) Stratospheric vertical velocity anomalies above equatorial 105°E in January (left) and in July (right), (solid line denotes the anomalies on
westerly and dash line on easterly); (b) June August mean anomalous tropical circulation along 105°E on the westerly phase (left) and easterly phase

(right). Vertical axis is pressure surface with unit of hPa.
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Figure 7 Sketch for the processes of the stratospheric QBO influencing the troposphere.
anomalous convergence and divergence;
anomalous divergence and convergence in the lower troposphere.

sphere; height or pressure anomalies in the upper troposphere;
troposphere;

culation associated with the stratospheric QBO propa-
gates downwards. The anomalous descending (ascend-
ing) flows come to the lower stratosphere on the west-
erly (easterly) phase and induce lower (higher) pressure
in the tropopause and upper troposphere, which causes
the anomalous convergence (divergence). And then the
anomalous convergence (divergence) leads to anoma-
lous descending (ascending) flows in the middle tropo-
sphere that force an anomalous divergence (convergence)
in the lower troposphere. Finally, the anomalous circula-
tion in the tropical troposphere is generated. Figure 7 is
a sketch for common situation, namely is appropriate to
the condition no matter what time the mid-late periods
of the QBO phase meet. For summer, the anomalous
circulation is made a departure from the equator to the
Northern Hemisphere.

3 Summaries and discussion

The processes of the stratospheric QBO on the tro-
popause and upper troposphere are simulated by the
NCAR SOCRATES model. And then with the NCEP
and ERA-40 reanalysis data and observational sounding
data, the effects of the stratospheric QBO on the SCSSM
are studied and the results are summarized as follows:
(1) The QBO-induced residual circulation propagates
downwards and affects the tropopause and upper tropo-
sphere during the mid-late periods and transition of
QBO phase. While on the mid-late westerly phase and
transition from westerly to easterly, there are anomalous
descending flows influencing the tropopause and upper
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QBO-induced anomalous vertical flows in the lower strato-
anomalous vertical flows in the middle

troposphere; while on the mid-late easterly phase and
transition from easterly to westerly, anomalous ascend-
ing flows play its role; the early phase of QBO is transi-
tion for the anomalous vertical flows when the QBO has
rare effects on the troposphere.

(2) While the SCSSM prevails, the anomalous circu-
lation contrary to the SCSSM is excited and causes vig-
orous descending flows over the SCS to suppress it on
the westerly phase, so there is a relatively weak SCSSM
in the current year. While on the easterly phase, the
anomalous circulation similar to the SCSSM is driven in
the tropical troposphere and leads significant ascending
flows over the SCS to enhance it, so there is a strong
SCSSM year. That is the mechanism for the SCSSM
TBO by the stratospheric QBO.

Though the results confirm the effects of the strato-
spheric QBO on the SCSSM, the quasi-period of the
QBO and importance of zonal circulation of the SCSSM
determine that it is not a sole factor for the SCSSM TBO.
TBO mechanism is developing®®”), and this paper just
gives a possible cause of the SCSSM TBO by empha-
sizing the stratospheric QBO. Furthermore, Figures 5
and 6(b) show an equatorial asymmetry against the
symmetry of the QBO that may relate to thermal and
dynamical conditions in summer, but detailed interactive
processes are unclear.

We would like to express our thanks to NOAA-CIRES CDC (http://
www.cdc.noaa.gov/) for NCEP/NCAR reanalysis and ECMWF (http://
data.ecmwf.int/) for ERA-40 reanalysis and to NCAR for the SOCRATES
model.
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