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Abstract

A hypothetical mechanism is described whereby the Quasi-Biennial Oscillation (QBO) of Zonal
winds in the equatorial stratosphere actively modulates the timing of El Nifio-Southern Oscillation
(ENSO) events. The mechanism involves the meridional redistribution of deep convective activity
throughout the tropical Pacific warm pool region in response to variable wind shear processes which
are linked to the opposing phases of the QBO. Hydrostatic conditions favoring deep convective activity
within approximately +7° of the equator develop in response to the easterly shear phase of the
QBO. At the same time, deep convection is inhibited in the monsoon-convergence zones farther off
the equator (8-18° latitude) during the east phase of the QBO. The opposite trends occur during
the westerly shear phase of the QBO wherein deep equatorial convection is suppressed while off-
equator monsoon convection is enhanced. It is shown that during the east phase of the QBO, the
Pacific regional pressure and circulation anomalies which arise in response to QBO-linked trends in
convective activity are consistent with conditions leading to warm ENSO events (i.e., El Nifo). If the
heat content of the warm pool is sufficient, a warm event will occur. Conversely, conditions favoring
the development of cold (or La Nifia) events tend to occur in association with the westerly phase of the
QBO. Although several aspects of the hypothetical mechanism remain tentative, extensive empirical
results present a compelling argument for the QBO as an active and fundamental component of ENSO .
variability.

1. Introduction: Problems of ENSO pre- from three to seven years, entailing the accumula-

dictability tion and comparatively rapid release of heat energy
in the ocean surface layer of the western equatorial
Pacific. Easterly trade winds in the tropical Pacific
tend to move warm surface layer water westward.
Ocean upwelling processes along the equator which
are linked to the divergence of this westward drift
maintain comparatively cold Sea Surface Temper-
atures (SST) throughout much of the central and
eastern equatorial Pacific. The deep layer of com-
paratively warm (>28°C) surface water which ac-
cumulates in the West Pacific is the so called West
Pacific “warm pool”. The West Pacific warm pool is
the principal area of tropospheric mass flux into the
stratosphere, primarily through the concentrated ef-
fects of deep convective clouds penetrating the trop-
ical tropopause. Termed the “stratospheric foun-
tain” by Newell and Gould-Stuart (1981), this vast
region is at the center of the ascending branch of the
Pacific Walker circulation.

Any process which significantly alters deep con-
vective activity in the warm pool must also influ-
ence the regional Walker and Hadley circulations
and hence, the Southern Oscillation. Therefore, the
proposed mechanism linking the QBO to ENSO is
based on the contention that contrasting amounts

Reliable prediction of significant El Nifio-
Southern Oscillation (ENSQO) events remains an im-
portant long term research goal for improved ex-
tended range weather forecasting. In this report,
it is proposed that the ENSO cycle may be sig-
nificantly influenced by subtle trends in tropical
convective activity which occur in association with
the Quasi-Biennial Oscillation (QBO) of zonal wind
and temperature anomalies in the equatorial strato-
sphere. We present evidence that such convective
trends occur in response to several QBO-linked pro-
cesses. These processes include variations in: (1) the
distribution of geopotential heights in the equa-
torial upper troposphere and lower stratosphere,
(2) the horizontal ventilation of the lower strato-
sphere over deep tropical convective cells penetrat-
ing the tropopause and (3) the reflection versus ab-
sorption of upward propagating wave energy from
these developing convective cells. Each of these
processes varies in response to conditions linked
to trends of QBO-induced vertical wind shear and
likely feedback into intense convective activity.

The duration of full ENSO cycles typically varies
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by the east and west phases of QBO act to signif-
icantly alter the regional scale distribution of deep
convective activity over the warm pool region. If
contrasting trends in the distribution of deep tropi-
cal convection are linked to the phase of the QBO,
then the resulting tropospheric circulation anoma-
lies which they promote will occur over large ar-
eas. These trends also persist over interannual time
scales which should be more than adequate to force
concurrent changes in the regional tropospheric cir-
culation. As shown in the following section, the dis-
tribution of these effects varies such that the QBO
east phase trends to promote the development of El
Nifios (warm SST events) whereas the QBO west
phase promotes La Nifia (cold) conditions.

Whereas progress is being made in numerical sim-
ulations of El Nifio and of the ENSO cycle, im-
portant questions remain concerning the specific
combination of oceanic and atmospheric conditions
that actually initiate the transition between dis-
tinct ENSO modes (see Phillander, 1990). Many
researchers believe that inadequate--knowledge of
both the structural and quantitative factors govern-
ing the ocean-atmosphere heat budgets of the warm
pool region are primary obstacles to more success-
ful numerical forecasts of ENSO variability. Oth-
ers maintain that a more detailed understanding of
the organization of atmospheric convective processes
in the warm pool holds the key to ENSO variabil-
ity. Efforts are now underway (e.g., the forthcoming
TOGA-COARE field program) to acquire extensive
heat flux data for the warm pool area.

It is our opinion that additional processes (such
as the QBO) which are not currently under seri-
ous consideration may be important components of
ENSO variability. The mechanism for the QBO-
linked modulation of ENSO variability which is out-
lined in this report is based on the interpretation
of empirical data for several aspects of ENSO vari-
ability which are otherwise not well explained. It
is important to note (and we shall re-emphasize
throughout this report) that the stratospheric QBO-
troposphere-ocean interaction which is proposed
here is likely neither necessary nor sufficient, in and
of itself, to either cause or to completely inhibit
ENSO events; therefore, it is not proposed that the
stratosphere drives the troposphere. Rather, it is
suggested that the QBO is an important interac-
tive component influencing the timing of the ma-
jor ENSO events in the tropical ocean-atmosphere
system. Consequently, we also argue for the inclu-
sion of likely QBO-linked effects in ENSO forecast-
ing schemes.

Note also that in our discussion, the term “QBO”
will refer strictly to the QBO of lower stratospheric
zonal winds, temperature and geopotential height.
Other biennial or quasi-biennial oscillations which
have been observed in the troposphere and ocean
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will be explicitly identified as they are discussed.
The term “ENSO” will be used to refer to all aspects
of the phenomenon although our primary ENSO in-
dex is anomalous variations of SSTs in the “Nifio
3” (5°N to 5°S, 90 to 140°W) area of the equatorial
East Pacific.

In the following section we briefly summarize prior
related studies. The remainder of the report is orga-
nized as follows: In Section 2 we present a detailed
discussion of physical mechanisms tying QBO-linked
vertical wind shear, temperature and height fields to
anomalous trends in tropical convection and ENSO
variability. Empirical evidence of a QBO-tropical
convection-ENSO association is presented in part 3.
A summary which includes a review of questions re-
lated to ENSO variability which are better resolved
by the proposed QBO modulation mechanism, is
presented in part 4.

2. Related research

Studies of associations between the QBO and
ENSO are relatively sparse. A few authors have
suggested that variable, vertically propagating plan-
etary wave energy flux linked to ENSO might affect
the periodicity of the QBO (see Maruyama and Tsu-
neoka, 1988). However, the possibility that the QBO
might somehow modulate ENSO variability has re-
ceived little serious consideration (see Trenberth,
1976; Barnett, 1989, 1991; Enfield, 1990). Several
recent studies have presented evidence of strong bi-
ennial components in ENSO linked data sets. Re-
sults presented by Lau and Sheu (1988), Barnett
(1990, 1991), Rasmusson et al. (1990), Xu (1992),
and Ropelewski et al. (1992), show biennial compo-
nents in global data including precipitation, equa-
torial Pacific SSTs and broad scale tropical circu-
lations. Most notably, Rasmusson et al. (1990) and
Xu (1992) argue that these observed tropospheric bi-
ennial oscillations are distinct from the stratospheric
QBO in that the tropospheric oscillations tend to be
comparatively pure biennial signals (i.e., 24 month
periodicity), closely phase locked with the annual
cycle, but occasionally reversing phase. Our view,
as detailed below, is that when a quasi-biennial pro-
cess (i.e., the QBO) is actively modulating circula-
tions with strong annual cycles (i.e., the monsoons,
intertropical convergence zones and tropical cyclone
activity), then the characteristics of the resulting
tropospheric “biennial” oscillations are precisely as
those described by Rasmusson et al. (i.e., 24 month
oscillations, occasionally reversing phase). Conse-
quently, the failure of rigorous spectra based com-
parative studies to find a clear QBO-ENSO tie is
not surprising, especially in view of the additional
complications of powerful ENSO feedback processes
acting throughout the region on a highly variable
interannual time scale.

Prior work by Gray (1984, 1988) and by Shapiro
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(1989) demonstrated strong QBO-linked differences
in the incidence of tropical cyclones. Earlier studies
by Van Loon et al. (1981) suggested a link between
ENSO and the sudden mid-winter polar strato-
spheric warming which often occurs in the Northern
Hemisphere. Concurrently, Holton and Tan (1980,
1982) suggested a similar association between these
polar stratospheric warmings and the QBO (see also
Wallace and Chang, 1982). The conclusions of re-
cent studies by Kuma (1990), Yasunari (1989), En-
field (1990), Gray and Sheaffer (1991), Knaff (1991),
Knaff et al., (1992), Gray et al, (1991, 1992) and
Angell (1992) argue for direct linkage between the
stratospheric QBO and various tropospheric and
oceanic data series. Van loon and Labitzke (1988),
Barnston et al., (1991), Barnston and Livezey (1991)
and Sheaffer (1991) have also presented evidence of
active modulation of ENSO-linked teleconnections
into mid-latitude areas by the stratospheric QBO.
A demonstrated link between the QBO and ENSO
might help reconcile all of these issues.

In summary, the recurrent finding in most of the
recent research related to ENSO-QBO interactions
is that although quasi-biennial variability seems to
be an intrinsic property of ENSO (e.g., Rasmusson
et al., 1990; Barnett, 1991; Xu, 1992), the associa-
tions of ENSO with the QBO are at times weak and
inconsistent and lack a reasonable plausible cause-
effect mechanism. Some of these problems, in our
view, may lie in a tendency for ENSO related re-
search to emphasize the largely east-west zonal dif-
ferences which are tied to variations of the Walker
circulation. Moreover, the likely association requires
that the warm pool be fully charged with heat en-
ergy before the QBO can act to discharge it in an
El Nifio event. Therefore, as we interpret it, the
QBO-ENSO association should be rather inconsis-
tent, akin to Angell’s (1992) ideas, but with a strong
seasonality factor. We argue that a notably different
set of relationships emerges when these same tropi-
cal Pacific data are closely examined for QBO-linked
meridionally varying conditions, in this case, follow-
ing the distribution of strong meridional variations
of vertical wind shear imposed by QBO zonal wind
anomalies.

3. Hypothetical mechanism linking the QBO
and ENSO

3.1 The ties between @BO and ENSO variability
The essential features of the proposed QBO-
ENSO mechanism are summarized in Fig. 1 and are
described in detail below. These include the follow-
ing: (1) contrasting stratospheric temperature and
pressure-height anomalies which accompany each
phase (i.e., easterly, westerly) of the QBO zonal
wind (shear) anomalies, plus the contrasting venti-
lation effects of the zonal wind shear both exert dis-
tinct but complimentary influences on the distribu-
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Fig. 1. Diagram showing the likely sequence
of interactions in the proposed mechanism
wherein a change in the QBO (Step 1)
leads to regional changes in deep convec-
tion and surface pressure, thereby initiat-
ing processes culminating in a change in
ENSO provided the season and the condi-
tion of the warm pool are favorable.

tion of deep tropical convective activity during each
QBO phase; (2) the west phase and east phase distri-
butions of QBO-linked anomalous convection each
promote distinct regional pressure and circulation
anomalies during each phase; (3) the pressure and
circulation anomalies of the east phase QBO are fa-
vorable for initiating El Nifio events whereas anoma-
lous conditions associated with the west phase QBO
promote the “La Nina” or cold ENSO mode.

The time mean variation of QBO zonal wind
anomalies in the equatorial stratosphere is shown
in the top panel of Fig.2 (after Naujokat, 1986).
Periods of strong easterly and westerly wind shear
are emphasized in this figure. The cyclic down-
ward propagation of easterly (unshaded) then west-
erly (shaded) modes is attended by closely associ-
ated anomalies of relatively cold and warm strato-
spheric temperatures, respectively. The mean, ap-
proximately 28 to 29 month cycle of QBO-linked
temperature anomalies is also illustrated in relation
to the mean cycle of the zonal wind. Data which
suggest an ENSO-QBO link are also depicted in the
lower portion of Fig. 2 wherein the centroid of ENSO
warming events tends to develop when the vertical
shear of zonal winds in the lower stratosphere is ei-
ther easterly or is rapidly becoming easterly. In the
opposite sense, the centroid of cold ENSO events at
the bottom of Fig. 2 suggests that La Nifias tend to
develop and intensify as the vertical shear of QBO
zonal wind becomes westerly.

During the full 40-year period (1951-1992) for
which we have fairly reliable QBO data, there were
18 west-to-east QBO shifts but only 10 substantive
ENSO warm periods (see Gray et al., 1992; Angell,
1992). Most of these events are shown in the ex-
tended time series in Fig. 3 (redrawn from Holton,
1992 after Naujokat, 1986). The specific associa-
tion for all 18 QBO cycles (except 1950-1952 and
1991-1992) are shown in Fig.3 and are summa-
rized in Table 1. The six QBO easterly periods in




978 Journal of the Meteorological Society of Japan Vol. 70, No. 5

e €
;, 10
28 1S
261 204
24 304
22 40
20] %]

70
(L}

|

— - T t T
month2 4 6 8 10 l2|4|6l|820222426282 CIG 8 1012 14 16 18 20 22 24 26

—= |

|
| l |
|
|
|

-~ ~
12] 7 | ~ O
AN | Ve I ~ 7’0// l N
~o 2 ~ o - N\
== HIGH - HIGH
|
LOW
LOW' ' : "
mﬁ:f??l‘zl“tﬁ'lazloZZZQZGa2460|0|2|4|6l8%22ﬂ26
L= |
[ xx xxx N T
| x x xxx x| /o eoe oo\
\\~____’/ o ooeee
WARM SST COOL SST

Fig. 2. Schematic rendering of the mean 28-29 month cycle of QBO zonal wind anomalies, beginning with
the westerly (shaded) maximum and continuing through two cycles. Typical QBO zonal wind speed
anomalies at the equator are also shown in the top panel, expressed in meters per second. Comparatively
cold stratospheric temperature anomalies which typically accompany the QBO easterly shear and warm
temperatures accompanying the westerly QBO are labeled as such (after Naujokat, 1986). Middle:
Schematic rendering of the typical observed variations of 200 mb height (dashed line) associated with
the east and westerly shear phases (also see Reid and Gage, 1985). Bottom: Approximate temporal
position of the center of 11 ENSO warm periods and 12 cold periods between 1950 and 1991 in relation
to QBO zonal winds. The vertical dashed lines in the upper panel delineate the phase maxima of the
east-west-east QBO cycle of vertical wind shear. The two vertical dashed lines in the lower panel show
the approximate centroid timing of warm and cold events.

Fig. 3 with no associated significant ENSO warming
bear the following considerations: (1) 1954, which
is at the end of the multi-year 1951-1953 warm-
ing event; (2) 1958-1959 and again in 1960, fol-
lowing the strong and extended warming event of
1957-1958; (3) 1970-1971, at the end of the 1969
warming event; (4) 1974-1975, at the end of the
1972-1973 warm event; (5) 1983-1984, at the end of
the strong and persistent 1982-1983 warming event,
and (6) 1989-1990, soon after the strong 19861987
warm event.

In the proposed interaction, the “discharged” and
thus energy-depleted condition of the warm pool fol-
lowing the most recent prior warm event appears to
preclude significant ENSO warming attending the
onset of the subsequent east phase of the QBO.
Hence, the “No” cases listed in Table 1 are primary
examples of times wherein an El Nifio had only re-
cently ended, thereby disallowing substantial rede-
velopment of warm SSTs. The time scale of warm
pool heat dissipation process varies for each warm
event and thus determines the extent to which any

trends associated with each new QBO east phase
may be able to tap the West Pacific warm pool and
enhance any incipient new warm events. These and
other considerations discussed below dictate that
direct correlation analyses between the QBO and
ENSO will show only weak and inconsistent asso-
ciations. However, this weak statistical association
should not be interpreted as a lack of a physical re-
lationship between these two phenomena.

Another exceptional situation indicated in Table 1
occurs during the second half of 1976 (following the
protracted 1973-1975 period of cold SSTs) wherein
a weak warm event appears during the later stages
of the westerly QBO. This case illustrates the some-
what variable timing of QBO influence on coupled
tropical Pacific air-ocean interactions. In this case,
the warm pool and seasonal cycle were very favor-
able and it was possible for the coupled system to
enter a weak El Nifio mode before the full influence
of the easterly shear regime arrived. However, most
exceptions to a one-to-one correspondence between
QBO west-to-east zonal wind shifts and the onset
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Fig. 3. Time-height section of monthly mean zonal wind components near the equator, from 1953 through
1992 (m/s). Heavy dashed vertical lines indicate times of maximum westerly shear in the lower strato-

sphere; solid lines signify strong easterly shear [figure in redrawn from Holton (1992) who adapted it
from Naujokat (1986)].




980 Journal of the Meteorological Society of Japan

Vol. 70, No. 5

Table 1. Tabulation of the 18 QBO east phase events which have been documented since 1951 in relation
to the occurrence of significant SST warming (El Nifios) in the equatorial East Pacific Ocean.

No. Year El Nino Notes and Considerations
L. 1951-1952  Yes Protracted warming

2 1954 No

35 1956-1957  Yes

4. 1958-1959 No

5. 1960 No Weaker warming

6. 1963 Yes

T 1965 Yes

8. 1968-1969 Yes

9. 1970-1971 No

10. 1972 Yes

11. 1974-1975 No Diminished cold event

12, 1976-1977 Yes

13.  1979-1980 No

14. 1981-1982 Yes

15. 1984 No

16. 1986-1987 Yes

17.  1989-1990 No Weak abortive warming early in 1990

18.  1991-1992 Yes

of distinct ENSO warm events in Table 1 (and vice
versa for east-to-west QBO and ENSO cold events)
can be attributed to the time required for the West
Pacific warm pool to recharge between warm events.

3.2 Physical processes linking QBO wind anomalies
and deep tropical convection

At least two distinct shear-linked processes may
contribute to QBO modulation of ENSO. First, hy-
drostatic effects in the lower stratosphere and upper
troposphere, due to the contrasting thermal regimes
attending the two phases of the QBO, may act to
modulate convective activity in a zone along the
equator. These effects tend to favor equatorial con-
vection during the QBO east phase as compared to
the west phase. Secondly, conditions resulting from
weak (versus strong) vertical wind shear between the
lower stratosphere and upper troposphere (i.e., be-
tween 50 and 200 mb) in tropical areas away from
the equator during the west (versus east) phase of
the QBO may promote (or reduce) deep convection
feedback processes. A possible third QBO-related
physical process, the degree of transmission ver-
sus reflection of upward propagating convectively-
induced gravity waves, is also influenced by shear
and stability in the lower stratosphere. The dis-
sipation of this wave energy likely affects the re-
gional scale organization of large convective systems.
We shall briefly outline considerations related to the
first two of the foregoing processes for which we have
made a series of preliminary studies. Some very pre-
liminary collaborative modeling tests with the CSU
“RAMS” model (see Cotton, et al., 1982) have also
produced promising results on gravity wave-linked
processes related to the QBO (not shown, see Knaff,
1992).

Hydrostatic processes:

A conceptual illustration of the time variation of
upper tropospheric height anomalies in relation to
the time variation of stratospheric winds and tem-
perature was shown in Fig.2. Note in this figure
that upward and downward bulges of upper tropo-
spheric (200 mb) heights accompany the QBO east-
erly shear (cold anomaly) and westerly shear (warm
anomaly) modes, respectively. In Fig.4, compara-
tive vertical-time sections for observed stratospheric
temperature (top panel) and zonal wind anoma-
lies (bottom panel) along with height anomalies for
the 100 and 200 mb pressure surfaces are shown for
data taken at Singapore. Note that positive (neg-
ative) upper tropospheric height anomalies tend to
be closely associated with easterly (westerly) shear
and hence, with cold (warm) conditions in the lower
stratosphere. QBO-stratified height data for the en-
tire (surface to 50 mb) Singapore profile are shown
in Fig.5 wherein mean east phase height anoma-
lies have been subtracted from the mean west phase
anomaly values for each level. The difference data
plotted in Fig.5 indicate a mean west-minus-east
height difference of approximately 15 meters at 100
mb. This height difference is somewhat smaller than
what might be inferred from the data in Fig. 4, in
this case because of the greater smoothing in Fig.
5 and because of possible feedback effects due to
ENSO (see Gage and Reid, 1987; Reid et al., 1989)
in Fig. 4.

The associations between the QBO and tropo-
spheric pressure-height anomalies in Figs.4 and 5
illustrate the components of one physical process
whereby the QBO can perturb regional scale tropi-
cal convective activity. As illustrated in Fig. 6, the
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Fig. 4. Time variations of monthly mean stratospheric zonal wind (m/s), temperature anomalies (°C) and
upper tropospheric height anomalies (m) at Singapore (1.4°N) for 1965 through 1973. East phase QBO
winds (negative values in top panel) typically coincide with cold anomalies (middle panel) at the three
stratospheric levels (30, 50 and 70 mb) and with positive height anomalies at 200 mb (bottom panel).
Conversely, westerly QBO winds (shaded) correspond to warm stratospheric temperature anomalies
and negative 200 mb height anomalies. The middle part of the diagram shows the 100 mb and 200 mb
height anomalies which are associated with these different east versus west QBO phase changes.
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Fig. 5. Vertical profile of mean QBO strati-
fied (i.e., west phase minus east phase)
height anomalies, from the surface to 50
mb during December to February at Sin-
gapore (1.4°N, 104°E). Data reflect mean
anomalies for 1965-1985. The difference
values shows that the upper tropospheric
heights are higher during the easterly QBO
phase.

process involves hydrodynamic effects tied to the
strong QBO-induced stratospheric thermal anoma-
lies near the equator. The diagrams in Fig.6 il-

lustrate the contrasting thermal-thickness regimes
associated with easterly and westerly QBO wind
shear. Both observational data and theoretical (i.e.,

thermal wind) considerations dictate that easterly
vertical shear associated with the east phase of the
QBO must also be associated with a comparatively
cool and, therefore, thin stratosphere. Dunkerton
and Delisi (1985) have documented a much larger
amplitude QBO temperature oscillation occurring
near the equator in comparison to those in off-
equator areas. Moreover, Dunkerton and Delesi also
show a tendency for a 180° phase difference between
QBO temperature anomalies near the equator ver-
sus areas 10 to 20° off-the-equator. Consequently,
strong east phase on-equator cooling occurs in as-
sociation with weak warming in latitudes beyond
10°, or at off-the-equator locations. For these rea-
sons, east phase (versus west phase) stratospheric
layer thickness differences (i.e., pressure heights) are
notably greater near the equator than in the off-
equator areas, as well as being out of phase. Conse-
quently, an anomalous upward (downward) “bulge”
is often imposed on the upper tropospheric surfaces
near the equator during the cold (warm) anomaly of
the QBO east (west) phase in Fig. 6.

Evidence of the QBO-linked bulges in Fig. 6 has
been reported by Reid and Gage (1985) and was
illustrated in sounding data for Singapore in Fig.
5. As indicated in Fig. 6, a positive east phase up-
per tropospheric height gradient (due to this bulge)
likely extends from the equator to approximately 7°
latitude (see Hamilton, 1984; Dunkerton and Delesi,
1985). One effect of this east phase height gradient
is to inhibit easterly flow in the upper troposphere
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Fig. 6. Conceptual illustration of atmospheric cross sections of pressure surface height anomalies extend-
ing from 15°N to 15°S and from the surface to 10 mb for QBO easterly shear phase (left panel) and
westerly shear phase (right panel) conditions. The downward (west phase) and upward (east phase)
anomaly bulges in the upper troposphere pressure surface heights are emphasized. Comparative upper
tropospheric cyclonic versus anticyclonic circulation tendencies associated with the off-equator conver-
gence zones are also indicated. Stratospheric conditions reflect west phase Warm (W) and increased
thickness effects versus east phase Cool (C) and diminished thickness.

on the equatorial side of the monsoon convergence
zones. Consequently, as shown in the idealized 200
mb plan view in Fig.7 (top left), westerly upper
tropospheric flow anomalies during the QBO east
phase will favor and likely strengthen upper level
divergence along the equator and thus inhibit the
overall off-equator upper level divergent monsoon
circulations and convective activity. The combined
plan view and meridional-vertical cross section ex-
tending from approximately 12°N to 12°S latitude
in Fig. 7 offer an idealized illustration of these wind,
pressure-height and convective differences for both
QBO modes.

Reiterating, an inferred tendency for enhanced
net QBO west phase subsidence to occur near the
equator in association with enhanced off-equator
convection (e.g., Figs. 6 and 7) should act to partly
suppress west phase convection along the equa-
tor during both Boreal and Austral monsoon sea-
sons. Conversely, the data and illustrations in
Figs. 4 through 7 suggest that during periods with
deep QBO easterlies, convectively enhanced positive
height anomaly gradients between the equator and
7° latitude will systematically oppose and thereby
likely weaken easterly upper tropospheric outflow
from the monsoon convergence zones. The resulting
weaker monsoon circulations during the QBO east
phase should thus be less of an inhibiting factor on
all forms of deep equatorial warm pool convection
(notably, the interseasonal oscillation or ISO) which
would tend to extend farther eastward into adjacent

7

7///!/ 7777 Y7777777777.

12°N

77 /r 77777777 /ly
12°S 12°N 12°S

Fig. 7. Idealized plan view (top panel) and

cross section (bottom) of 200 mb circu-
lation and heights respectively between
12°N and 12°S for the east phase (left side)
and west phase (right side) of the QBO.
V' signifies anomalous divergent 200 mb
meridional winds indicating equatorial di-
vergence (east phase) versus convergence
(west phase) in response to the contrast-
ing 200 mb pressure height conditions il-
lustrated in Fig.6. The solid contour in
the bottom panel represents the mean 200
mb height whereas the dashed contour rep-
resents the heights associated with each
phase of the QBO.
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October 1992 W.M. Gray, J.D. Sheaffer and J.A. Knaff 983

Dec-Jan - Feb-Mar

"

-15°

|
-40 -30 20 -0 0 10
U(m/s)

-10° F10°
- Cl 0
5°N hil 5°N
a =
- =k
E EQ 5 EQ
St ses ~Lses
Small Shear wi
rg%OsEas‘;wnh Small Shear
~10° I-10° with QBO East

152

T T T T
-40 -30 -20 -I0
u(mys)

Fig. 8. Absolute value of mean zonal wind speeds at 50 mb (solid line) for December through March (left);
and June through September (right) for typical east and west phase QBO periods. Zonal winds at 200
mb are shown as dashed lines. The shaded areas enclose conditions of minimum 50 to 200 mb zonal
wind shear. Note that near-the-equator minimum 50 to 200 mb shear occurs with QBO east winds
while, by contrast, at 15°N or 15°S minimum 50 to 200 mb zonal wind shear occurs with QBO westerly

phase conditions.

areas of the Pacific along the equator. In this way,
subtle hydrodynamic effects due entirely to the QBO
may be systematically tied to the ENSO-linked con-
vection modulation effects described previously. We
propose that it is this specific association which most
likely links the easterly QBO with the onset of El
Nino events.

Processes due to troposphere-stratosphere vertical
wind shear:

Convective anomalies due to the QBO also oc-
cur in off-equator areas as the result of strong
QBO-linked variations of the vertical wind shear be-
tween the upper troposphere and lower stratosphere.
There are several processes which are detailed below
whereby deep tropical convection may induce warm-
ing effects in the lower stratosphere. However, for
such warming effects to feedback and enhance deep
broadscale convective activity, they must remain su-
perposed over the areas of strong upper tropospheric
warming created by the associated convective sys-
tems. The extent of this vertical coupling will vary
with the strength of the wind shear between the up-
per troposphere and lower stratosphere and there-
fore, as a function of the QBO.

Zonal wind speeds at 50 mb for QBO east and
west phases are shown in Fig. 8 for the tropics from
15°S to 15°N latitude for both the northern and
southern summer periods. Mean 200 mb zonal wind
speeds are also shown for both periods. Areas of
relatively weak zonal wind shear between 50 and
200 mb are outlined and shaded. Weak shear occurs
near the equator during the east phase and in areas

P = const
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Temp Deviation (T*) T
DARWIN TAHITI
Strong B
<«— Shear
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pP=const
e ————
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Fig. 9. Conceptual illustration of relative dis-
placement of the tops of deep off-equator
convective storms penetrating the lower
stratosphere during the east (lower panel)
and west (top panel) phases of the QBO.
The difference in lower stratospheric tem-
perature anomalies for the two modes is in-
dicated at the as T’ (left) and the anoma-
lous pressure values at Darwin and Tahiti
are also indicated. A conceptual qualita-
tive representation rather than precise dif-
ference values is intended.
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Fig. 10. (Left) Idealized plan view of the SPCZ monsoon trough during the Austral summer showing the
converging wind regimes and broad areas of deep line convection. (Right) Schematic of mean December
through March 50 mb zonal wind speeds between the equator and 15°S (solid curve) and the positive
vorticity perturbation due to deep upward transport of low level momentum into the lower stratosphere

(shaded area).

farther off the equator during the QBO west phase.
Note that the speed values shown in Fig. 8 are the
actual wind speeds, not anomalies.

Figure 9 offers a conceptual rendering of the main
effects due to these off-equator shear differences.
During the QBO west phase, vastly diminished net
vertical zonal wind shear occurs between the up-
per troposphere and the lower stratosphere in off-
equator areas. This diminished vertical shear cre-
ates conditions of diminished relative displacement
of the lower stratosphere in relation to the upper
troposphere. As shown in the top panel of Fig.
9, weak shear allows the development of a positive
lower stratospheric warming anomaly (T’ in Fig. 9)
in conjunction with the strong warming which oc-
curs in the upper troposphere. This coupled warm-
ing is reflected as comparatively low pressure surface
at Darwin and hence, a positive SOI anomaly.

The lower panel in Fig. 9 shows the opposite sit-
uation during the east phase wherein strong verti-
cal wind speed differences between the upper tropo-
sphere and lower stratosphere disrupt the vertical
coupling of the heating effects which occur in each
of the two layers. The influence of the strong east
phase shear is represented in this figure as a weak
negative lower stratospheric temperature anomaly
associated with a weak positive surface pressure
anomaly at Darwin.

To reiterate, a modest enhancement of net vertical
column warming which occurs in the lower strato-
sphere over deep convection can enhance the over-
all strength of the associated convective systems.
Though relatively small, this enhancement can feed-
back to further enhance the strength of convective
circulations on cluster and larger, regional circula-
tion scales. As the phases of the QBO strongly
alter the vertical coupling between the upper tro-

posphere and lower stratosphere, these feedback ef-
fects will vary with the QBO, being stronger in the
west and weaker in the east phase QBO. Although
these differences will manifest themselves as surface
pressure variations of at most a few millibars, such
differences are likely sufficient to disrupt the quasi-
unstable equilibrium between the atmosphere and a
fully “charged” warm pool.

Two processes whereby the convectively driven
lower stratospheric warming effects indicated in Fig.
9 might actually develop are illustrated in Figs. 10
and 11. The left panel of Fig. 10 shows the broad-
scale circulations of the lower troposphere which are
associated with the South Pacific Convergence Zone
(SPCZ) monsoon trough during the Austral sum-
mer. The physical processes attending deep vertical
convective lines may cause a net transfer of westerly
zonal momentum to the lower stratosphere in the re-
gion north of the monsoon trough. Similarly, deep
convective processes in the trade wind areas south of
the trough, may cause an increase in lower strato-
spheric easterlies. Consequently, the aggregate ef-
fect of deep convective line cells penetrating the
tropopause will likely lead to stratospheric westerly
wind increases north of the trough and an increase
of easterly momentum south of the trough. These
trends will combine to cause a weak enhancement of
relative vorticity in the lower stratosphere as illus-
trated on the right side of Fig. 10. The net increase
of relative vorticity in the lower stratosphere will
manifest itself as a modest heating anomaly and as
a weak decrease of surface pressure during the QBO
west phase as was indicated in Fig. 9. Strong shear
during the QBO east phase will (due to strong east-
erly stratospheric wind ventilation) preclude such
surface pressure decreases.

An alternative process described by Knaff (1992),
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Fig. 11. Hypothetical structure of potential
vorticity (PV) anomalies associated with
the thermal structure and circulation in ar-
eas of deep persistent tropical convection.
Broad arrows indicate the primary ver-
tical and horizontal convergence features
and areas of anomalous warming and cool-
ing are also labeled (modified and adapted
from Raymond and Jiang, 1990).

which may lead to the same stratospheric vortic-
ity enhancement effect during the QBO west phase
is shown in Fig. 11. The lower portion of this fig-
ure illustrates the configuration of potential vortic-
ity (PV) anomalies which are known to be associ-
ated with strong tropical convective systems (see
Raymond and Jiang, 1990). In Fig. 11, we have
modified the well known PV dipole structure of
the lower tropospheric convergence (positive PV)
and upper tropospheric divergence (negative PV)
to include an additional positive PV anomaly in
the lower stratosphere. As indicated in Fig.11, a
positive lower stratospheric PV anomaly should de-
velop in response to the strong divergent flows in
the upper troposphere above intense monsoon con-
vection. This stratospheric vorticity must also man-
ifest itself as an enhanced warming effect. When low
shear west phase QBO conditions allow this warm-
ing anomaly to remain superposed over the areas of
strong mid-tropospheric heating of intense convec-
tive systems, a modest additional decrease of low
level pressure within the monsoon trough should de-
velop (i.e., Fig. 9).

Notice also that these off-equator QBO convec-
tion modulation effects tend to compliment the on-
equator mechanisms described above. That is, off-
equator convection should be enhanced by effects of
the QBO west phase which (as was proposed in the
prior section) also tend to diminish on-equator con-
vection. Conversely, the east phase QBO has the op-
posite enhancement versus suppression effects. Con-
sequently, any tendency for on-equator convection
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to actively suppress off-equator convection, or vice-
versa, will further strengthen the overall effects of
the QBO-linked mechanism. At the same time, the
monsoons are closely phase locked with the annual
cycle. Hence, while interacting with the mode (but
not necessarily the amplitude) of the quasi-periodic
QBO (and ENSO feedback effects as well) highly
variable spatial and phase relationships will occur
in the troposphere. These highly transient effects
complicate the task of finding any full time compre-
hensive ties between the phase and amplitude of the
QBO versus the monsoon circulations.

Gravity wave dissipation processes:

Tripoli and Kanak (1991) have demonstrated im-
portant effects of stability and wind shear in the
lower stratosphere and upper troposphere for the
organization of deep convection in tropical cloud
clusters. Their study showed that as much as
90 % of the available potential energy generated
during the early stage development of these cells
is manifest as upward propagating inertia-gravity
waves. The fate of this wave energy, and hence
of nearby circulations and the subsequent develop-
ment of the convective systems, was shown to be
closely tied to lower stratospheric wind shear and
stability conditions. Consequently, it is reasonable
to infer that the integrated effects of contrasting
conditions in the lower stratosphere linked to each
phase of the QBO and acting on seasonal time scales,
might have cumulative effects which influence the
unstable-equilibrium of coupled equatorial Pacific
warm pool ocean-atmosphere interactions. How-
ever, as we are uncertain as to precisely how the
dissipation of vertically propagating inertia-gravity
wave flux will influence broadscale deep convection
in this context, we will defer development of this
concept to another time.

3.8 Summary of mechanisms

An illustration summarizing all of the foregoing
QBO-linked effects is shown in Fig.12. As shown
in the top panel of this figure, easterly QBO wind
shear is associated with enhanced deep convection
on the equator which may also act through a local
Hadley cell anomaly to inhibit nearby off-equator
monsoon-convergence convection. The influence of
the local Hadley circulation anomaly is represented
in Fig. 12 as the direction of the 200 mb meridional
wind anomaly which would be associated with ei-
ther the east phase on-equator enhancement of con-
vection (top) or the west phase off-equator convec-
tive enhancement (bottom). Monsoon convection
is also inhibited by the strong east phase vertical
shear-ventilation feedback effects which were just
described. The reverse set of associations and ef-
fects during the QBO westerly shear phase is illus-
trated in the bottom panel of Fig. 12. Each set of
QBO-linked convective effects in Fig. 12 is shown in
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Fig. 12. Schematic showing the sequence of events linking the east and west phases of the QBO to the El
Nifio (top) and La Nifia (bottom) respectively. Each QBO mode favors a specific trend in the distri-
bution of convection and therby, acts to enhance (+) or diminish (—) conditions related to processes
which promote either one or the other ENSO mode. The local Hadley circulations are represented
as 200 mb meridional flow anomalies directed away from the equator during QBO easterly shear and
toward the equator during QBO westerly shear.

association with one or more physical processes, the
convective trend for which is depicted by either a
plus or minus sign. Hence, these schematics sum-
marize the foregoing sequence of effects whereby the
east and west QBO phases promote El Nifio and La
Nifa conditions, respectively.

4. Evidence for the hypothesis

Observational evidence of an association between
the QBO, tropical convection and ENSO has already
been presented in Table 1 and in Figs. 2, 3, 4, 5 and
8. Additional empirical data are presented in this
section which lend further support to the hypothe-
sis of a QBO modulation of ENSO variability. This
evidence includes observations related to the inci-
dence of tropical cyclones, the Intraseasonal (30-60
day) Oscillation (ISO), summer monsoon variability
in West Africa, India and Australia, regional surface
pressure, rainfall and Outgoing Long-wave Radia-
tion (OLR) cloud data.

Tropical cyclone data

Strong convection penetrating the tropopause
(e.g., Fig.9), similar to that which occurs in the
warm pool region, also occurs near the center of de-
veloping tropical cyclones. Hence, our hypothesis re-
quires that the incidence of tropical cyclones might
also be influenced by the phase of the QBO (see
Gray, 1984; 1988 and Shapiro, 1989). This premise
appears to be verified in the data in Table 2 wherein
it is shown that the incidence of intense Pacific and
Atlantic Basin tropical cyclones is highly biased, by

a factor of greater than two-to-one, to the west phase
of the QBO. Because tropical storms occur in what
we have termed “off-the-equator” latitudes, it fol-
lows that the development of intense tropical cy-
clones might be favored by conditions in the lower
stratosphere which are not strongly sheared or ven-
tilated, as occurs during westerly QBO conditions.
These direct effects of the QBO on the incidence of
strong tropical cyclones support the contention that
similar influences, acting for periods of many months
over the broad areas of deep tropical convection
throughout the West Pacific, could induce anoma-
lous surface pressure trends over regional scale areas.

Regional anomalies in surface data

The foregoing hypothetical arguments require
that regional pressure and circulation anomalies re-
spond in a somewhat systematic way to QBO-linked
variations of intense convective activity in the equa-
torial and tropical Pacific. However, as interannual
variability in this region is often overwhelmed by
feedback processes driven by strong ENSO events,
there is some difficulty in consistently seeing ro-
bust and coherent meridional trends during each
QBO east and west phase mode. Nevertheless,
monthly mean values for several representative re-
gional climate variables are shown in Table 3, strat-
ified for 12 month QBO transition periods. In these
transition-based analyses, seasonality considerations
were imposed such that only years wherein tran-
sitions occurred from either distinctly westerly or
distinctly easterly QBO conditions throughout the
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Table 2. Summary of the number of intense typhoons occurring in the Atlantic, NW Pacific and Australia
regions, stratified by the phase of the 50 mb QBO at Truk (7.5°N, 152°E). Northwest Pacific data start
in 1958 while the Australia region (roughly 90°E to 180°E) data start in 1952. Data for the Atlantic
basin include 1949 through 1988.
Typhoons with QBO Ratio of
maximum winds QBO West QBO East Intermediate West to
exceeding: Phase Phase Period East Phase
Northwest Pacific, 0°~20°N
82ms™* 15 3 4 5.0
72ms™? 45 20 8 23
Australia Region, 0°-20°S
51 ms™! 17 9 0 1.9
44ms™! 40 23 2 1.7
33ms™! 87 50 8 1.7
Atlantic Region (40 Years of Data)
50 ms~! 59 29 12 2.0
Table 3. Sampling of mean trends in monthly values of ENSO indices for years during which the QBO
winds reverse directions throughout the lower stratosphere. That is, transition years with distinct
westerly anomalies in January changing to easterly anomalies by the end of the year (December) and
vice versa. Mean values for east-to-west transition years are subtracted from west-to-east transition
years. Data include surface pressure (mb x10) at Darwin and Tahiti, surface zonal wind anomalies
(m/s) at Tarawa, mean SST anomaly for the Nino 3 zone of the equatorial Pacific (°C) and anomalous
line Island Precipitation (%, of normalized longterm mean, see Wright, 1985).
Month | 2 3 4 5 6 7 8 9 10 11 12
Darwin Pres. | —14.3 —6.3 -2.1 4.7 -1.7 —-04 -27 20 -06 32 4.7 251
Tahiti Pres. 4.5 4.9 6.0 24 4.3 1.3 27 -17 -43 28 -36 -45
Tarawa Wind | —1.0 -1.0 -1.2 -03 -—-03 0.2 0.7 1.1 15 1.3 -04 11
E. Pc. SST. -0.5 -0.3 -0.2 -01 -0.1 0.1 02 0.3 0.4 0.3 0.3 0.4
Line Is. Pcp. | —284 -153 -26.5 —13.3 -54 -84 17.9 139 243 40.7 340 227

lower stratosphere during January to the opposite
phase during the following December were included
in the analysis. Because our hypothetical mecha-
nism dictates that the onset of easterly QBO winds
is a key factor in initiating ENSO warm events
and related feedback processes, years of strong, pre-
existing warm events during January were not in-
cluded for the analysis in this table. The QBO-
linked trends indicated in the data in Table 3 are
consistent with the expected sequence of effects at-
tending the onset of warm events; notably, west-to-
east transitions promoting SST warming in the Cen-
tral and East Pacific, positive pressure anomalies at
Darwin, and so forth, which are accentuated by sub-
tracting these trends from values for the east-to-west
transition periods (which tend to promote La Nifa).

An illustration of the spatial distribution of
anomalous sea level pressure (SLP) differences
throughout the tropical West Pacific region associ-
ated with the West minus east phase of the QBO is
shown in Fig. 13. This figure shows the mean west
phase minus mean east phase SLP anomaly condi-
tions for Jan-Mar for all regional stations with at
least 50 % of all possible data reports for the pe-

riod. Note that the anomaly pattern in Fig. 13 is
consistent with the proposed mechanism and with
the OLR cloud data which are shown below in Fig.
14. A complimentary spatial distribution of rainfall
anomalies (not shown, see Table 4 and Knaff, 1992)
is also generally observed. Representative January
to March precipitation data summarized in Table 4
show trends which are consistent with west phase
enhancement for off-equator stations versus dimin-
ished west phase precipitation for stations near the
equator (i.e., low pressure, enhanced convection)
and vice versa for the east phase.

The 30-60 day oscillation

Kuma (1990) using Singapore (1.4°N latitude)
rawinsonde data, observed a QBO-linked variation
in the intensity of the 30-60 day oscillation (ISO).
This effect was noted to be especially pronounced
during the Austral summer (December to March)
period. A stronger ISO was observed to occur in as-
sociation with mean stratospheric zonal wind condi-
tions resembling the east phase anomaly of the QBO
at 70 mb whereas weaker oscillations were associated
with comparatively strong westerly wind anomalies.
As was suggested above in Fig. 6, on-equator east-
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Fig. 13. Analysis of QBO linked sea level pressure (SLP) anomalies in 10~2 mb. Areas of negative anomalies
are shaded. Values are shown for moderately reliable (less than 50 % missing data) station locations in
the tropical West Pacific and Eastern Indian Oceans. These figures show the mean QBO west phase
minus east phase anomaly conditions for January through March. Values reflect average three-month
differences for ten west-to-east phase QBO transition years minus mean values for twelve east-to-west
QBO transition years (also compare with data in the lower portion of Table 4).

erly stratospheric wind anomalies at 70 mb are asso-
ciated with a favorable equatorial hydrostatic envi-
ronment in the upper troposphere during the east-
erly QBO phase. Hence, QBO easterlies should tend
to promote a stronger 30-60 day oscillation with en-
hanced eastward propagation of deep convective ac-
tivity along the equator. This increase in equatorial
convective activity may also partly compensate for
reduced regional convection occurring in adjacent
off-equator areas during the QBO east phase.

Using composited OLR data, Kuma showed that
the distribution of deep equatorial convection asso-
ciated with periods of weak 30-60 day oscillations
(hence, with westerly QBO wind anomalies) tended
to be confined to the western most portions of the
warm pool. In contrast, Kuma found deep convec-
tion during periods of strong 3060 day oscillations
(hence, during the QBO east phase) which exhibited
an eastward expanded component, often extending
beyond the dateline. As shown in Fig. 14, we have
also made a stratification of regional West Pacific
OLR data [and for Highly Reflective Cloud (HRC)
data as well], but expressly for months with reason-
ably strong easterly positive and westerly zonal wind
anomalies at 50 mb [(i.e., for anomalies less than
—5m/s (east phase) or greater than +5m/s (west
phase)]. Together, these east and west-phase strati-
fications account for approximately 75 % of all data
during this 15 year period. As noted in the caption
for Fig. 14, we have subtracted east phase convec-
tion (strong on the equator) from west phase con-
vection (strong off the equator), yielding the com-
paratively weak equatorial convective anomaly with
strong convection in the SPCZ and over much of
Australia during the Southern Summer.

Monsoon circulations

Further evidence of systematic QBO modulation
of regional tropical convection can be obtained from
inspection of simple data for the African, Indian

and Australian monsoons. As shown in Table 5,
a QBO stratified analysis of an all-India monsoon
precipitation index (from Parthasarathy, 1991) re-
veals a mean difference of +0.93 standardized de-
viations for the QBO west phase minus east phase
seasons. These results are also consistent with ear-
lier Indian Monsoon-QBO associations reported by
Mukherjee et al. (1985) and by Bhalme et al. (1987).
In addition, Meehl (1987) proposed the concept of
comparatively strong and weak “monsoon years” in
Asia, Australia and the West Pacific; each monsoon
year beginning with onset of the Indian Monsoon
and characterized by its strength, expressed as an
all-India rainfall anomaly (see also Yasunari, 1992).
Meehl observed that the character of the subsequent
monsoons occurring throughout the West Pacific re-
gion (i.e., Australia and the SPCZ) during the re-
mainder of each monsoon year seemed to follow the
trend of the Indian monsoon. A biennial mode of
oceanic heat storage and loss was proposed to ex-
plain these trends. However, it is notable that for
the 22 years selected by Meehl (11 strong and 11
weak monsoons) for the post 1951 period, 19 of these
92 are consistent with our postulated west phase
QBO-strong monsoon versus east phase-weak mon-
soon association.

It is also shown in Table 5 that the major mon-
soons of West Africa have a distinct QBO signal.
In this case, the comparatively equatorial (i.e., 5 to
8°N latitude) August to November Gulf of Guinea
monsoon shows an on-equator anomaly mode, be-
ing 0.39 standard deviations below normal for QBO
west phase minus east phase differences; hence, it is
relatively wet during the east phase. Conversely, the
off-equator June to September Western Sahel mon-
soon (10-17°N) is 0.47 standard deviations higher
during the west versus the east phase (see Land-
sea and Gray, 1992). Moreover, the strength of the
Australian summer monsoon, which is represented
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Fig. 14. Differences between composited De-
cember to February OLR (top) and HRC
(bottom) anomaly data for QBO west
phase minus QBO east phase. The OLR
data, expressed as Watts/m?, are for years
1974-1989. The HRC data (1971-1988)
represent the normalized incidence of deep
convective clouds. Note the distinct on
versus off-equator differences in each panel
(from Knaff, 1992).

in Table 5 by the seasonal duration of 850 mb west-
erlies at Darwin (see Holland, 1986), is compara-
tively stronger during the QBO west phase. This
difference is related to stronger easterlies at 150 mb
as well as stronger low level (i.e., 850 mb) monsoon
westerlies during the QBO west phase. Conversely,
less persistent 850 mb westerlies (and weaker 150 mb
easterlies (see Knaff, 1992) occur at Darwin with the
QBO east phase. These associations were illustrated
conceptually in Fig. 7.

Collectively, the results in Table 5 and in Figs. 6,
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Table 4. West phase minus east phase pre-
cipitation (percentage) differences for se-
lected stations in the West and Central
Pacific; Top) equatorial (+6°), Bottom)
off-equator (8-18° latitude) (from Knaff,

1992).
JFM EQUATORIAL PRECIPITATION
West-East
Station Lat Lon Difference
Singapore 1.4 —103.9 -2%
Kuala Lumpur 3.1 —101.6 -22%
Malacca 2:3 —-102.3 -10%
Kuching 1.5 —110.3 -15%
Madang —5.2 —145.8 -15%
Rabaul —4.2 —152.2 —18%
Ocean Is —-09 -—169.5 -32%
Tarawa 1.4 -172.9 -13%
Ave. = —-16 %
JFM OFF-EQUATOR PRECIPITATION
West—East
Station Lat Lon Difference
Aparri 18.4 —121.6 21 %
Cebu 10.3 = —123.9 35 %
Milingimbi —12.1 -134.9 10%
Darwin -12.4 -130.9 11%
Guam 13.6 —144.8 10 %
Truk 7.5 —151.9 65 %
Kwajalein 8.7 —167.7 42%
Ave. = =27%

7, 13 and 14 suggest that the strength of the two pri-
mary Eastern Hemisphere summer monsoons plus
the West African monsoons are all related to the
phase of the QBO cycle in the lower stratosphere.
In this context, as strength of the Australian sum-
mer monsoon is related to anomalous surface pres-
sure at Darwin, we have thereby shown a link to
the SOI and the strength of the Pacific trade winds.
Weak Australian monsoons are typically associated
with higher than normal Darwin surface pressure, a
weaker SOI, weaker trade winds and consequently
a higher probability for the development of warm
ENSO events.

Additional considerations

There is an Austral summer-to-winter (December
to July) bias for the modal changes (versus persis-
tence) of ENSO indices. El Nifios typically begin be-
tween January and July, intensify during northern
fall, and attain their maximum anomaly values dur-
ing the following (northern) winter (Rasmusson and
Carpender, 1982). This seasonal bias is observed for
trends in virtually all ENSO indices including the
SOI, equatorial SST anomalies, Line Island precipi-
tation and West Pacific low level zonal wind anoma-
lies (see Wright, 1985; Wright et al., 1988; Trenberth
and Shea, 1987). Note also that a similar seasonal-
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Table 5. Mean and median values for monsoon related data, stratified for westerly stratospheric shear
conditions, easterly stratospheric shear condition, and their differences for the Gulf of Guinea rainfall
index (near equator convection), detrended Western Sahel rainfall index (Landsea, 1991), all India
rainfall (Parthasarathy, 1991), and for the duration of westerly winds at Darwin, Australia (Holland,

1986). Note that all of these indices suggest that

off-equator monsoons are stronger during westerly

shear conditions and near equator convection (i.e., the Gulf of Guinea) is stronger during QBO easterly

shear years.

Guld of Guinea
(5°N to 8°N)
precipitation (o)

Western Sahel
(10°N to 17°N)
precipitation (o)

All India
(9°N to 27°N)
precipitation (o)

Darwin, Australia
(12°8)
duration of low level
westerlies (days)

mean median | mean median | mean median | mean median
ABO west phase —0.25 —-0.31 +0.19 +0.11 +0.47 +0.66 82 80
QBO east phase +0.14 +0.41 —0.28 —0.17 —0.46 -1.0 62 64
West-East difference | —0.39 —0.76 +0.47 +0.28 +0.93 +1.02 20 16

ity factor is also observed for reversals of the strato-
spheric QBO wherein there is a tendency for lower
stratospheric zonal wind anomalies to turn easterly
between April and July (see Dunkerton and Delisi,
1985; Dunkerton, 1990; Maruyama, 1991; Yasunari,
1989).

In view of these tendencies, a concept of tempo-
rally varying, seasonally biased windows for favor-
able interactions between the QBO and ENSO can
be proposed in terms of the annual cycles of SLP
at Darwin and Tahiti (i.e., the SOI). The ampli-
tude of the pressure difference between these two
stations, and thus the SOI as illustrated in Fig. 15,
is greatest in January and least in July; a weaker
and less well organized Walker Circulation occur-
ring between June and November. Conceptually
(i.e., Fig. 12), the onset of the east phase QBO dur-
ing the Austral winter to spring period may induce
anomalous weakening of off-equator convection in
North Australia and the SPCZ. The resulting nega-
tive anomaly of the SOI at this time of year will be
imposed on the portion of the annual cycle wherein
the mean amplitude of the SOI declines from its Jan-
uary maximum to its June minimum.

In addition, net vertical wind shear through the
troposphere in the equatorial Pacific east of the
Dateline transforms from a December maximum to
a July minimum, as shown in Fig. 16. The July
minimum of vertical shear in the troposphere shown
for the central Pacific in Fig. 16 is especially favor-
able for feedback to deep convection as lower surface
pressure. In addition, the east phase QBO shear
between the upper troposphere and lower strato-
Sphere (cf, Fig.8 and Fig. 16) is least during the
Northern summer, thereby allowing for better ver-
tical coupling of lower stratospheric-upper tropo-
spheric warming effects in equatorial convection in
the Central Pacific. Hence, if during the January
to June season, (1) the onset of easterly QBO ver-
tical shear occurs in the lower stratosphere closely

Sea Level Pressure (mb)

L

JFMAMI JASOND
month
Fig. 15. Mean annual cycle of monthly sea
level pressure at Darwin and Tahiti. The
January maximum and July minimum val-
ues of the SOI (Tahiti-Darwin SLP) are
indicated by the vertical bars.

in phase with the annual decline of the SOI and (2),
the heat content of the West Pacific warm pool is
at a relatively high level, then these combined ef-
fects are highly favorable for the initiation and east-
ward propagation of deep convection near the equa-
tor. Collectively, these seasonally biased tendencies
should then be followed by further weakening of the
trade and Walker circulations, additional eastward
expansion of deep equatorial convection, intensifica-
tion of low level westerly wind bursts, warming of
SSTs in the eastern portions of the equatorial Pa-
cific and the full development of an ENSO warm
event.

In this way, the year-to-year variations of the
phase relationship between the QBO and the sea-
sonal cycle may also partly explain why relatively
strong El Nifios typically occur on a variable 4 to 7
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Fig. 16. Comparative vertical profiles of sea-
sonal mean tropospheric zonal winds at
Singapore (103°E, 1.4°N dashed line) and
on the equator in the central Pacific near
and east of the Dateline (180°, 0° solid
line) for December through March (left)
and for June through September (right) in
m/s. The profiles near the Dateline are
based primarily on data from Sadler, et al.
(1987).

year time scale. This timing concept, as illustrated
in Fig. 17, accommodates the incidence of QBO east-
erly shear events at 2-3 year intervals in relation to a
4 to 7 year cycle of thermal recharge of the West Pa-
cific warm pool. As shown in Fig. 17, when the ther-
mal recharge process has advanced past a threshold
condition, it is likely to discharge in support of an
incipient ENSO warm event following the onset of
both seasonally favorable conditions and of easterly
QBO shear. The unlikely trend of an ever increasing
warm pool heat storage in lieu of El Nifio events is
indicated by the upward sloped line in the top panel
of Fig. 17. These physical ideas appear to be sup-
ported by the frequency of ENSO warm events as
shown in Table 1.

5. Summary and conclusions

Indisputable proof of a clear association between
the stratospheric QBO and the ENSO cycle would
help to explain the variable onset, intensity, and du-
ration of most ENSO warm and cold events. How-
ever, as we have shown , the nature of direct QBO-
ENSO associations is not obvious and details of
QBO-ENSO associations of the type being proposed
tend to be masked by powerful and persistent ENSO
feedback effects which are dependent upon the char-
acteristics of additional time varying conditions, es-
pecially the annual cycle. The discussion in Section
3.1 noted that, by this hypothesis, the east phase
of the QBO typically will not initiate an El Nifio
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Fig. 17. (Top) Response of warm pool heating
in lieu of El Nifio events. (Bottom) Ide-
alized response of the West Pacific warm
pool to the effects of periodic easterly QBO
shear events (represented as small ovals)
in the lower stratosphere. Heat storage in
the warm pool is shown to slowly accumu-
late until a critical threshold is passed after
which heat is discharged in El Nifio events,
indicated as (EN), which are triggered by
the destabilizing effects of the east phase
QBO on regional low latitude convective
activity. Time in years is shown on the
abscissa.

event if the Pacific warm pool is in a discharged
condition. Similarly, the onset of the west phase of
the QBO often tends to occur just at the height of
well developed El Nifios. In the latter situation, the
monsoon suppressing effects of the El Nifio in the
tropical West Pacific (e.g., Australia and the SPCZ)
will mask the monsoon enhancing effects of the west
phase QBO. Moreover, the “triggering” aspect of
the proposed QBO-ENSO relationship will result in
associations with the troposphere which are not nec-
essarily linear and which have diffuse lead/lag asso-
ciations. In addition, the on-equator QBO-linked
hydrostatic effects are tied to the net wind shear
through a fairly deep layer of the lower stratosphere
whereas the off-equator QBO effects are likely dom-
inated primarily by the zonal displacement of the
upper troposphere in relation to the lower levels of
the stratosphere.

Spectral methods and correlation tests may not be
as well suited to revealing such QBO-troposphere
associations as are the simple compositing efforts
which have been used here for identifying and assess-
ing details of the physical relationships between the
QBO and the ENSO. Hence, it is likely that much of
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the biennial variability in the troposphere and the
oceans extensively reported by Berlage (1957), Brier
(1978) and subsequently by many others, are in fact
due to the influence of the stratospheric QBO.

We have approached the question of ENSO vari-
ability from the perspective of the QBO as a mod-
ulating factor. Most of the arguments we have
presented for the proposed association lie in two
principal areas: (1) Broadscale climatological man-
ifestations and implications of the mechanism; and
(2) process-related studies of how the QBO-linked
wind shear actually modulates intense tropical con-
vection.

The following points have been put forward:

e A fairly coherent association is observed be-
tween the east phase of the QBO and the on-
set of ENSO warm events; by allowing for a
multi-year characteristic recharge interval for
the warm pool heat content and for phasing
with the annual cycle, the inferred association
becomes very consistent.

e Hydrostatic (thermal wind) effects of QBO-
linked zonal wind shear are likely to enhance
deep convective activity along the equator dur-
ing the QBO east phase while inhibiting this
equatorial convection during the west phase.

e These hydrostatic effects, in conjunction with
contrasting shear-ventilation effects in the lower
stratosphere in areas approximately 8 to 20° off
the equator have the opposite QBO-deep con-
vection enhancement relationship; hence, the
west phase QBO enhances and east phase in-
hibits deep off-equator convection.

e The configuration of these QBO-linked convec-
tive effects, including the sign of the anoma-
lies and their distribution and timing, is closely
consistent with the observed east QBO-EI Nino,
west QBO-La Nifia relationship.

e The inferred mean meridional difference effects
due to such associations are observed in regional
precipitation, surface pressure and cloud data,
as well as in the incidence of tropical cyclones.

e Considerations of highly transient phase asso-
ciations between the QBO, the annual cycle
and strong ENSO-driven feedback effects com-
plicate the spectrum of the tropospheric re-
sponse to QBO-induced anomalies. These re-
sponses tend to be closely phase locked to the
annual cycle, occasionally reversing phase and,
thereby, lacking of a strong cospectral link with
the QBO.

In approaching the question of ENSO variabil-
ity from the perspective that the QBO may be a
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modulating factor and, by introducing the concept
of meridionally varying on-off equator differences in
deep convective activity, we have obtained plausi-
ble explanations of many ENSO-related questions.
Conceptually, the effects of the east phase QBO
should contribute to an abbreviated Austral sum-
mer monsoon and with diminished convective activ-
ity throughout the North Australia-SPCZ portion
of the West Pacific area. An anomalous increase of
surface pressure will then develop throughout this
monsoon region. At the same time, closer to the
equator, the east phase QBO favors the eastward
expansion of deep ISO convection along the equator
and into the East Pacific. This eastward propaga-
tion of equatorial convection, in conjunction with
the weak monsoon, contributes to a weaker Walker
circulation which accompanies the concurrent devel-
opment of lower surface pressure in the southeast
Pacific and hence, a negative SOI anomaly. As the
ITCZ moves toward the equator during the March—
June transition season, the eastward expanded QBO
east phase equatorial Pacific convective anomalies
may act to further weaken the SOI and the trade
winds, thereby promoting further eastward expan-
sion of warm SSTs along the equator. The weak up-
per troposphere-lower stratosphere zonal wind shear
in the East Pacific during this season is also fa-
vorable for this expansion. Consequently, the pro-
posed mechanism accommodates the well known col-
lapse of the trade winds and weakening of the SOI
and Walker circulations, as well as most other key
physical changes attending the onset of the typical
ENSO warm events. Through a reverse set of as-
sociations, the west phase QBO favors the onset or
enhancement of cold La Nina ENSO conditions. It
is hoped that the plausibility of this proposed QBO-
convection driven effect will be given consideration
as an important component of ENSO variability.
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