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ABSTRACT

Life cycles of the 30~60 day atmospheric oscillation were examined by compositing 30-60 day filtered NMC
global wind analyses (250 mb and 850 mb) and outgoing longwave radiation (OLR) for the years 1979-84.
Separate composite life cycles were constructed for the May~October and November—April seasons using empirical
orthogonal function analysis of the large-scale divergent wind field (250 mb velocity potential) to define the
oscillation’s phase. Monte Carlo simulations were used to assess the statistical significance of the composite
OLR and vector wind fields.

Large-scale (wavenumber one) tropical divergent wind features propagate eastward around the globe throughout
the seasonal cycle. The spatial relationships between these propagating circulation features and OLR are shown
using sequences of composite maps. Good agreement exists between areas of upper-air divergence and areas of
convection inferred from the OLR satellite data. Convection anomalies are smaller over tropical Africa and
South America than over the Indian and western Pacific oceans. Anomalies of OLR are nearly negligible over
cooler tropical sea surfaces. Fluctuations in summer monsoon region convection are influenced by the global-
scale eastward-moving wave.

The oscillation’s vertical structure varies with latitude. In the tropics, upper-level and lower-level tropospheric
wind anomalies are about 180° out of phase. Poleward of about 20°, there is no pronounced phase shift between
levels. In tropical and subtropical latitudes, analysis of the nondivergent circulation composites at 250 mb (Y2s0)
reveals cyclones to the east of the convection and anticyclones alongside or west of the convection. While
convection anomalies are most pronounced in the summer hemisphere tropics, the tropical and subtropical
V250 features are most prominent in the winter hemisphere. There is some evidence of symmetry of cyclonic
and anticyclonic circulations about the equator.

A subset of the composite extratropical vector wind fields were statistically significant (95% level) at 850 and
250 mb in the winter hemisphere (25°-85° latitude), based upon a Monte Carlo simulation. During the No-
vember—April season, the East Asian jet is retracted toward Asia when positive 30-60 day convection anomalies
are occurring over the equatorial Indian Ocean. The eastward shift of convection into the western and central
Pacific is accompanied by a series of circulation features over northern Asia and an eastward extension of the
East Asian jet. During the May-October season, the shift of large-scale tropical convection anomalies from the
Indian Ocean and Indian monsoon regions to the tropical western Pacific is followed (10-15 days later) by the
occurrence of strengthened westerlies over southern Australia. In contrast, the extratropical “response” in the
summer hemisphere for both the May-October and November-April seasons was not statistically significant.
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1. Introduction

Large-scale circulation and convection features in
the tropical atmosphere have been observed to fluctuate
with certain characteristic time scales and spatial pat-
terns. Two such global-scale phenomena are the El
Niiio/Southern Oscillation, which has a time scale of
about 2 to 6 years, and the tropical 30-60 day oscil-
lation, ’

* Present affiliation: U.S. Department of Commerce, NOAA/ERL,
325 Broadway, Boulder, CO 80303.
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The 30-60 day oscillation, which is not well resolved
in traditional monthly averaged statistics, was detected
by Madden and Julian (1971, 1972) using spectral
analysis of tropical rawinsonde data. More recently,
the general characteristics of the oscillation have been
studied using a variety of data sources, observations
periods, and analysis methods.

Some important characteristics of the oscillation are
listed below. For a more comprehensive review, see
Knutson, Weickmann, and Kutzbach (1986, hereafter
referred to as KWK).

e The oscillation is characterized by global-scale
tropical wind and convection anomalies, including a
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modulation of the Northern Hemisphere and Southern
Hemisphere summer monsoon activity.

e The oscillation is not strictly periodic, but has a
preferred time scale of about 30 to 60 days.

e Convection and circulation anomalies associated
with the oscillation tend to propagate eastward with
time.

¢ In the tropics, 30~60 day zonal wind anomalies
in the lower troposphere are out of phase with those
in the upper troposphere (Madden and Julian, 1971;

1972).

e The phenomenon occurs throughout the seasonal
cycle with no systematic seasonal variation in ampli-
tude or periodicity (Anderson et al., 1984). However,
in the present study we will show that the oscillation
does exhibit seasonality in the locations of maximum
OLR variability and in the extratropical “response”.

e Some evidence exists for an association between
tropical convection fluctuations and midlatitude cir-
culation anomalies on 30-60 day time scales (Weick-
mann et al., 1985, hereafter referred to as WLK; Lau
and Phillips, 1986). ’

¢ Oscillations of a similar time scale have been ob-
served in the tropical oceans. For example, Mysak and
Mertz (1984) reported on 40-60 day oscillations of
longshore currents and ocean temperatures in the
western Indian Ocean.

e Intraseasonal (25-40 day) atmospheric oscilla-
tions, characterized by eastward propagation of large-
scale tropical wind anomalies, have been found in gen-
eral circulation models (GCM’s) by Lau and Lau (1986)
and Hayashi and Sumi (1986). Goswami and Shukla
(1984) have found 20-40 day oscillations in a zonally
symmetric GCM.

The eastward propagation of 30-60 day outgoing
longwave radiation (OLR) anomalies has been noted
by Weickmann (1983), WLK, KWK, Lau and Chan
(1985, 1986), Murakami et al. (1986) and others. The
characteristic propagation speed for this phenomenon
is 3-6 m s~!, and the propagation occurs over the trop-
ical Indian and western Pacific oceans.

Eastward-propagating large-scale circulation features
on 30-60 day time scales have been noted by Lorenc
(1984) and Krishnamurti et al. (1985), who studied
velocity potential for the FGGE year. Madden and Ju-
lian (1972), Parker (1973), KWK, and others have
noted similar propagation characteristics for tropical
zonal wind anomalies. In contrast to the OLR anom-
alies, the circulation features noted in these studies have
been observed to propagate around the entire globe
during an oscillation and have typical propagation
speeds of 10 m s™!.

The propagation characteristics of OLR and tropical
circulation features can be summarized using Hov-
moller diagrams of 30-60 day filtered data. For ex-
ample, Fig. 1 shows 30-60 day anomalies for 1981 of
NMC velocity potential data at 250 mb (x2s0) and 850
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mb (xsso), zonal winds (U250, U850), 850 mb diver-
gence (6gs0) and OLR in time-longitude format. The
details of the data sets and time filter will be presented
in section 2. A reference line representing a wavenum-
ber-1 eastward-propagating signal with a 45-day period
(~10 m s™! propagation speed) is drawn at the same
location on each diagram.

A comparison of the anomalies in Fig. 1 (averaged
5°N-5°8) indicates the following: 1) the most consis-
tent eastward propagation occurs for the velocity po-
tential, although it is evident for each of the variables;
2) 250 and 850 mb tropical circulation anomalies are
approximately 180° out of phase; 3) the 850 mb di-
vergence anomalies show the least evidence for sys-
tematic eastward propagation, although the largest-
scale features tend to move eastward; and 4) OLR
anomalies are of largest amplitude in the eastern hemi-
sphere, and OLR anomalies in this sector often prop-
agate eastward more slowly than 10 m s™! (reference
line). Time-filtered OLR data for other years are shown
in Murakami et al. (1986; Figs. 4-5).

Because the eastward propagation of anomalies may
be an important element in producing the oscillation’s
fundamental time scale, it is important to fully docu-
ment the spatial and temporal relationships between
the globally propagating circulation anomalies and the
slower-moving OLR anomalies over the Indian and
western Pacific oceans. In the present study, NMC 250
and 850 mb circulation data and OLR data for six
years (1979-84) are combined into a single composite
analysis in order to more clearly depict these relation-
ships for a typical oscillation. The 30-60 day 250 mb
velocity potential (x2s0) data, which show distinct
global-scale eastward propagation, are used to construct
a composite index for life cycles of the oscillation.

Although Anderson et al. (1984) show that there is
no systematic seasonal variation in the oscillation’s
time scale, we find that its spatial structure exhibits
seasonal changes. These changes are highlighted in the
present study by constructing separate life cycles for
the May~-October and November-April seasons.

In addition to the tropical circulation/OLR rela-
tionships, the compositing technique is used to study
the tropical/subtropical rotational (nondivergent) cir-
culation features accompanying the eastward-propa-
gating convection anomalies. Vector wind composites
for the entire globe are used to show the extratropical
circulation patterns associated with the tropical oscil-
lation. Fluctuations in low-level winds and convection
in the Indian monsoon region are demonstrated to be
temporally related to the global-scale x50 “wave” dur-
ing May-October.

The composite life cycles provide a means of com-
paring the observed 30-60 day oscillation with intra-
seasonal oscillation in GCMs. In particular, the com-
posite GCM study of Lau and Lau (1986) used an
analysis procedure similar to ours, which facilitates
comparisons between the two studies. With respect to
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FIG. 1. Time vs longitude diagrams of 30-60 day filtered anomalies (averaged 5°N-5°S) for 1981. Variables and contour intervals are x2so (10°
m? s7"); U250 (2.0 m s™'); OLR (10 W m™2); xgs0 (10° m? s7'); U850 (1.0 m s™"); and 850 mb divergence (3gs0, 10~® s7"). Negative anomalies are
shaded; the reference lines represent an eastward-propagating (~ 10 m s™*) signal with a period of 45 days.
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operational forecasting and real-time monitoring ef-
forts, the life cycles provide a framework for identifying
fluctuations in large-scale tropical and extratropical
weather patterns which could be associated with the
30-60 day tropical oscillations.

2. Data and methods
a. Data description and filtering

The primary data used in this study are five-day-
averaged global grids of NMC analyzed winds (250 and
850 mb) and outgoing longwave radiation (OLR) from
polar-orbiting satellites. The spatial resolution is 5°
latitude by 5° longitude, and the period covered by the
filtered data (all variables) is 17-21 March 1979 to 2-
6 November 1984. By using only data obtained after
September 1978, we have excluded the nearly nondiv-
ergent NMC tropical and subtropical wind analyses
obtained using the Hough analysis technique (Cooley,
1974; Rosen and Salstein, 1980). For limited periods,
we have NMC wind data on 12 levels, which we use
in a case study to illustrate the vertical structure of the
tropical divergent wind anomalies.

The five-day averages, or pentads, were formed by
averaging ten nonoverlapping twice-daily analyses.
Missing data were linearly interpolated; no data gaps
of greater than 10 days occurred. The means, annual
and semiannual cycles, which are described more fully

"in Kutzbach and Weickmann (1984), were removed
by subtracting the mean and first two Fourier har-
monics of the average 73-pentad seasonal cycle from
the data. More details on the data set and prefiltering
methods may be found in WLK and KWK. The period
of record used in the present study (about six years) is
somewhat shorter than the dataset used in WLK and
KWK as a result of excluding 1974-78.

In order to emphasize only the 30-60 day fluctua-
tions in the data, a 31-point bandpass filter (response
shown in Fig. 2) was applied to each time series of all
the variables used in the study. The filtered time series
were subsequently used to form the composite maps.
The particular time scale selected was shown to be an
appropriate one by KWK, although various other
studies have emphasized slightly different period ranges
(e.g., 40-50 days).

b. Interpretation of anomalies

As in KWK, we will focus on OLR anomalies oc-
curring within about 20° of the equator, which we as-
sume are correlated strongly to regions of increased
(negative OLR anomalies) or decreased (positive OLR
anomalies) large-scale convective activity.

From the NMC vector wind data, we derived
streamfunction and velocity potential fields for both
250 and 850 mb. The streamfunction, ¢, is defined by

vy =¢
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FI1G. 2. Response as a function of period of the 31-point filter used
in this study when applied to data sampled once per 5 days. Since
our data were 5-day averaged prior to filtering, the net response differs
slightly from that shown.

where ¢ is the relative vorticity, defined as

! [a_v - ~(—9— (u cos¢)]

=rcos<;’> o\ 9¢

where ¢ is latitude and X is longitude. Each stream-
function and velocity potential field is adjusted to have
a global mean (cosine-weighted by latitude) of zero.

Streamfunction maps may be interpreted similarly
to geopotential height data in the extratropics except
that the rotational (nondivergent) wind is inferred,
rather than the geostrophic wind. The sign convention
used is that winds travel cyclonically around a local ¢
minimum (inferred low heights) in the Northern
Hemisphere and cyclonically around a local ¥ maxi-
mum (inferred low heights) in the Southern Hemi-
sphere. Since the streamfunction gradient/wind mag-
nitude relationship is independent of latitude, stream-
function is more useful for monitoring wind
circulations than geopotential height in the tropics.
However, streamfunction anomalies cannot be used
near the equator to infer anomalies of geopotential
height.

The velocity potential, x, is defined by

Vix =6
where § is the divergence, defined as

1 [ou @
r cos¢ [6)\ + ¢ @ cos¢)] '
The inverse Laplacian operation smooths the smaller
scale divergence features, resulting in a large-scale view
of the divergent wind field. As shown in Fig. 1, within
the tropics the lower level and upper level velocity po-
tential anomalies tend to be 180° out of phase. As a
result, large-scale divergence (negative x) anomalies at
upper levels are usually accompanied by large-scale
convergence (positive x) anomalies at lower levels with
large-scale rising motion in the intermediate levels. The
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negative anomalies are shaded. Data were averaged from 5°N to 5°S.
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divergent wind direction is toward higher values of x,
perpendicular to the contours.

In summary, we will simplify our discussion by re-
ferring to negative OLR anomalies as positive convec-
tion anomalies, by using negative x,so anomalies to
identify regions of anomalous rising motion, and by
inferring regions of high and low height anomalies from
the y¥,50 anomalies as described above.

c. Velocity potential: Eastward propagation and ver-
tical structure

Before presenting the results of the EOF analysis used
to derive the compositing dates, we will describe the
zonal propagation and vertical structure characteristics
of the velocity potential data using time-longitude and
longitude-~pressure diagrams.

In Fig. 3, 30-60 day filtered x,so data (averaged 5°N
to 5°S) are displayed in time-longitude format for the
years 1979-84. The most prominent features are east-
ward-propagating anomalies characterized by wave-
number-1 zonal structure and a propagation speed of
~10 m s~ !. Time-longitude diagrams (Fig. 1) and
cross-spectral analysis (KWK) of the tropical zonal
wind indicate that the global-scale wavenumber-1
structure of the circulation anomalies is not an artifact
of the inverse Laplacian operation used to derive the
velocity potential fields. The x2so anomalies from mid-
1982 to mid-1983 confirm that the 30-60 day oscil-
lations continued to occur during the 1982-83 El Nifio/
Southern Oscillation event.

While Fig. 3 shows examples of westward-propa-
gating features (e.g., from late 1980 to early 1981) or
weak fluctuations, the more prominent oscillations in
each year are characterized by eastward-propagating
velocity potential features which can be traced for sev-
eral circuits around the globe. The relatively simple
spatial structure and smooth time evolution of the
anomalies during major oscillation periods (such as
1979) is suggestive of the important potential role that
the 30-60 day oscillation has for extended-range for-
casting of large-scale divergent circulations in the
tropics.

The vertical structure of divergent zonal wind
anomalies during an intraseasonal oscillation is illus-
trated by using longitude-pressure profiles of horizontal
velocity potential (x) anomalies on 12 pressure levels.
The x fields were derived from the horizontal diver-
gence fields of the NMC winds on each pressure level.
Our analysis is limited to a case study for a 60-day
period beginning 1200 UTC 1 December 1978, because
our 12-level dataset covers only a fraction of the period

“used for the composite analysis.

In Fig. 4, longitude vs pressure profiles of the 60-
day mean velocity potential (a) and horizontal diver-
gence (b) fields are shown along with 10-day averaged
anomalies (from the 60-day mean) of velocity potential
(c)~(h). The data have been averaged meridionally over
the Southern Hemisphere summer tropics (1°N-19°S).
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No time-filtering (e.g., seasonal cycle, 30-60 day) other
than the 10-day averaging was applied to the data. The
12 pressure levels used are labeled on the vertical axis.

The mean x profile (Fig. 4a) indicates a region of
large-scale upper air divergent flow centered at about
the dateline and extending from 400 to about 100 mb.
Minimum x values occur at 150 mb. Beneath this re-
gion of outflow is a region of lower-level convergent
flow extending from 1000 to 700 mb. While evidence
for these large-scale features is also present in the di-
vergence profile (Fig. 4b), many small-scale features
are present as well. A comparison of Figs. 4a and 4b
indicates the degree to which the large-scale features
in the divergence fields are emphasized by the inverse
Laplacian operation used to form the velocity potential
fields (see also 850 mb data in Fig. 1). The mean pat-
terns for other December-January periods in our 12-
level data set are similar to Fig. 4a with the exception
of the anomalous December 1983-January 1983 pe-
riod.

The remaining six panels (Fig. 4c-h) show the time
evolution, at 10-day intervals, of x anomalies from the
60-day mean. Based upon these panels, the following
features are noted:

1) A distinct ~50 day oscillation occurs during the
period characterized by eastward-propagating large-
scale x anomalies.

2) In the vertical direction, the anomalies have a
coherent structure from 100 mb to 1000 mb, with the
largest anomalies from 100 to 250 mb, smaller anom-
alies of opposite sign from 500 to 1000 mb, and a min-
imum variability in the region of phase reversal (300-
500 mb).

3) Although the anomalies have vertical tilt in some
of the panels, the direction of tilt varies, and prominent
vertical propagation of anomalies (such as was found
for the zonal wind during NH summer 1979 by Mu-
rakami and Nakazawa, 1985) is not evident. Note that
an absence of vertical tilt in the velocity potential fields
does not necessarily mean that other fields, such as
zonal wind and streamfunction, have no vertical tilt.
In any case, a more extensive composite analysis of a
large data sample may be required to detect systematic
tilt or vertical propagation of circulation anomalies.

Similar case studies for 60-day periods beginning
December 1979, 1980, 1981 and 1982 show the same
general features noted here, although as KWK and
others have shown, the oscillation’s amplitude, prop-
agation and spatial structure varies from case to case.
The distinct zonal and vertical structure and systematic
eastward propagation noted in the above case studies
suggest that the large-scale divergent flow associated
with the oscillation can be successfully monitored using
5-day or 10-day averaged x anomaly data (see Climate
Analysis Center, 1985). The 150 or 200 mb levels are
probably the most appropriate levels for monitoring
the tropical x anomalies.
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d. Compositing procedure

Based on the relatively systematic time evolution of
the 30-60 day x2s0 anomalies, we elected to use an
EOF analysis of these data to objectively determine the
time variation or phase of the oscillation. The first two
principal components, which describe 39% and 33%
of the x250 30-60 day variance,' were used to select
dates for compositing, as outlined below. The proce-
dure used to derive the eigenvectors (spatial patterns)
and principal components (time series) has been de-
scribed in Weickmann (1983). The data were not nor-
malized, and a single analysis was done for the full-
year data, after which the composite dates were grouped
into Northern Hemisphere summer and Northern
Hemisphere winter seasons. The first two eigenvectors
(Fig. 5) describe the propagating wavenumber-1 pattern
found by Lorenc (1984) and also noted in our discus-
sion of Fig. 3. r

! The 30-60 day xaso fields describe 24% of the total variance of
the 5-day averaged data. In comparison, the annual and semiannual
cycles describe 25% of the total variance.
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FIG. 6. First (solid) and second (dashed) principal components of
the 30-60 day filtered x2so with the large dots indicating significant
peaks used to identify data to composite (see text for details).
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The first two principal components from the analysis
are shown in Fig. 6. These two time series exhibit a
fairly consistent phase relationship, with the first prin-
cipal component (solid) leading the second (dashed)
by about Y% cycle (~ 10 days). The times of occurrence
of maxima and minima generally differ from year to
year, suggesting that the phase of the oscillation is not
phase-locked to the seasonal cycle. We confirmed that
the neither of the first two principal components is
phase-locked to the seasonal cycle by performing f-tests
on ensemble-averaged principal components values.
The ensemble averages were obtained by averaging in-
dividual component values for the six years (1979-84)
to form two seasonally averaged 73-pentad time series.
None of the 146 ensemble-averaged values (73 per
principal component) were significantly different from
zero at the 99% level. )

Four categories of dates (categories 2, 5, 8 and 11)
for the composites were formed by selecting dates where
time series maxima or minima exceeded a magnitude
criterion as shown schematically in Fig. 7. The criterion
used for selection was 0.8a, where ¢ is the standard
deviation of the principal component. The dates se-
lected are indicated in Fig. 6 by large dots.

In addition to the four primary categories formed
from the maxima and minima of the two time series,
eight additional categories (1, 3,4, 6, 7,9, 10, 12) were
formed by lagging the dates in the original four cate-
gories by —1 and +1 pentads (see Fig. 7). These ad-
ditional categories effectively increase the temporal
resolution of the composite life cycle by providing in-
formation on the time evolution of tropical convection
anomalies and remote circulation responses at inter-
mediate times during the life cycle. The number of
dates included in each category is shown in Table 1
(see section 5).

While the time difference between each primary cat-
egory (e.g., 2) and its associated pair of lagged categories
(e.g., 1 and 3) is exactly five days, the effective time
difference between adjacent categories associated with
different principal components (e.g., categories 3 and
4) is not specified by the analysis. To simplify inter-

08 0,
08 0,

Principol
Component
Magnitude

f0.1,12)

FIG. 7. Schematic illustration of the procedure used to derive the
12 categories of dates from the first two principal components of
X250, Tepresented by the solid and dashed curves.
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pretation, the effective time differences between each
category were estimated from the dates included in the
categories and are shown on the composite map se-
quences in the following sections.

Since the x2s0 EOFs were used as a basis for com-
positing, the composite x»so maps essentially reproduce
the x250 eigenvector patterns. Composite maps for all
other variables in this study were formed by averaging
30-60 day filtered data for the sets of dates from the
X250 analysis. Therefore, the composite maps for other
variables (e.g., OLR) should be interpreted as the typical
30-60 day anomalies accompanying the implied large-
scale vertical motion (x2s0) anomalies.

3. Tropical convection and divergent circulation
a. Northern Hemisphere summer season

Figure 8 depicts the composite evolution (categories
1-12) of tropical convection and implied large-scale
vertical motion during a “typical” oscillation for the
months May-October. The darkest shading denotes
negative OLR anomalies of more than 5 W m™*
(anomalous positive convective activity). The darkest
solid contours (unshaded) outline regions with positive
OLR anomalies of more than 5 W m~2 Composite
anomalies of more than 15 W m™2 were commonly
found in the regions of highest OLR variability iden-
tified in KWK and WLK. Those regions are primarily
in the equatorial Indian Ocean and western tropical
Pacific.

The larger-scale features denoted by the lighter con-
tours and lighter shading are the composite x,so anom-
alies. Negative anomalies (large-scale rising motion)
are denoted by the light shading. While these compos-
ites were constructed using EOF analysis of the x5 as
a basis for selecting dates, similar x50 and OLR pat-
terns were obtained from an 11-year dataset (1974~
84) using the first two principal components of 30-60
day filtered OLR as the indices for selecting dates to
composite. The composite x2so patterns obtained using
the 11-year dataset were weaker than those in Fig. 8,
partly because of the inclusion of nearly nondivergent
tropical wind fields for the years 1974-78.

A reasonable correspondence between the implied
vertical motion and convection anomalies exists in all
the categories. As expected, based on Hovmoller dia-
grams in Fig. 3, the x250 pattern moves fairly smoothly
to the east throughout the life cycle. As the composite
dates are lagged by —1, 0, and +1 pentads (e.g., cate-
gories 1, 2 and 3) the OLR and x50 features move
eastward without much decrease in amplitude, con-
firming the strong preference for eastward propagation
of large-scale tropical divergence patterns on the 30-
60 day time scale. Positive convection anomalies occur
in various regions throughout the tropics as the rising
motion propagates around the globe, and anomalies
are smaller in spatial extent over the eastern Pacific
and Central America and practically negligible over
the convectively active regions of the tropical Atlantic
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X250 and OLR (May - October), Contd.
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X,50 and OLR (November - April)
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and Africa (categories 8-12). The relative amplitude
of composite OLR anomalies in different parts of the
tropics will be shown more clearly in the Hovméller
diagram discussion (section 3d).

The large convection anomalies along the equator
in the Indian Ocean (category 1) propagate eastward
to the western tropical Pacific and northward into the
Indian monsoon region as the large-scale vertical mo-
tion anomaly continues its eastward progression (cat-
egories 2-5). In categories 6-10 convection increases
in the eastern Pacific intertropical convergence zone
and Central America while the formerly active mon-
soon conditions over India have been replaced by
“break monsoon” conditions. In categories 10-12 a
new convection anomaly forms in the equatorial Indian

Ocean, accompanied by the arrival of upper-level di-
vergent westerly anomalies from the east.

The difference in characteristic eastward propagation
speed for the circulation and OLR anomalies is clearly
evident in the composites. For example, OLR anom-
alies occur at 80°E in the equatorial Indian Ocean be-
ginning around category 11. One-half life cycle later
(category 5), the greatest OLR anomalies are located
around 150°E in the western Pacific. Thus, in one-half
life cycle, the wavenumber-1 x pattern has propagated
half way around the globe, while the most prominent
OLR anomalies have been confined primarily to the
region 60°E-150°E. During the remaining half of the
life cycle (categories 6-11), the OLR anomalies exhibit
a faster apparent propagation as the large-scale x pat-
tern moves over the eastern Pacific and Central
America.

b. Northerm Hemisphere winter season

Figure 9 shows the composite large-scale convection
and vertical motion features for the November-April
season. As with the Northern Hemisphere summer
season a fairly consistent relationship exists between
anomalies of inferred large-scale vertical motion and
the tropical convective activity. This agreement is par-
ticularly noteworthy since the NMC winds and satellite-
measured OLR are essentially independent measures
of tropical convective activity.

In categories 1-4, a fairly extensive convection .

anomaly over the equatorial Indian Ocean propagates
eastward to Indonesia and the South Pacific conver-
gence zone (SPCZ), which stretches to the southeast
from Indonesia and New Guinea in category 4. An
eastward displacement of the SPCZ occurs in categories
5-7. When the convection anomaly reaches the date-
line, it is centered south of the equator. Negative OLR
anomalies north of the equator in the extreme eastern
Pacific (categories 4-7) may be related to fluctuations
in the subtropical jet in this region rather than tropical
convective activity.

In categories 8~10, convection near the dateline de-
creases as new anomalies appear to the east over South
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America and Africa. While tropical wind anomalies
have continued to propagate eastward over the eastern
Pacific Ocean, the convective activity in the Southern
Hemisphere does not penetrate past about 150°W. It
seems likely that while atmospheric dynamics favor a
continued eastward progression of convective activity,
other factors, such as lower sea surface temperatures
or descending motion associated with the climatolog-

"ical-mean Walker Circulation suppress any further

convective development to the east.

Categories 9~10 show fairly weak positive convection
anomalies in the tropics while Indonesia experiences
strongly suppressed convective activity accompanied
by large-scale sinking motion. The Indian Ocean region
experiences a renewal of convective activity in cate-
gories 11-12 accompanied by convective anomalies
over South America and Africa.

The differences in apparent propagation speed for
the OLR and x»so patterns are not as pronounced for
the November-April life cycle as for the May—October
one. Large OLR anomalies occur over a greater fraction
of the eastern hemisphere during the northern winter
season. In particular, while negative OLR anomalies
during NH summer categories 11-5 are primarily con-
fined to 60°-150°E, during NH winter categories 12—
6 the negative OLR anomalies occur from tropical Af-
rica to east of the dateline.

¢. Comparison of Northern Hemisphere summer and
Northern Hemisphere winter

A comparison of Figs. 8 and 9 shows that convection
anomalies associated with the oscillation are typically
centered on or north of the equator in the Northern
Hemisphere summer and on or south of the equator
in the Northern Hemisphere winter, presumably fol-
lowing the seasonal cycle of maximum incoming solar
radiation. As a result, the Indian monsoon region,
southeast Asia, Central America and Brazil all expe- -
rience strong seasonal differences in convection anom-
alies, with the strongest anomalies occurring during
their respective rainy seasons. For a discussion of the
mean and variance fields of OLR for these seasons,
the reader is referred to our earlier reports (WLK
and KWK).

During the Northern Hemisphere summer, the ve-
locity potential patterns are smooth, with maxima and
minima found almost exclusively in the tropics. In
contrast, during the Northern Hemisphere winter cat-
egories 2-4, large-velocity potential anomalies occur
in subtropical and high latitude regions (not shown) of
the Northern Hemisphere. Further study is needed to
determine whether this difference between divergent
circulations in the winter hemisphere extratropics is
real or due to data quality.

The regions of major OLR fluctuations over the
eastern hemisphere during each season are consistent
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with the east-west dipole structures identified by Lau
and Chan (1985, 1986) although their analyses did not
extend over the entire tropical domain. Murakami et
al. (1986) have interpreted the eastward-propagating
OLR patterns as a combination of zonal wavenumber
1 and 2 fluctuations. Our composite results show that
the OLR fluctuations identified in these studies are
phase-locked to the global-scale eastward-propagating
circulation anomalies identified by Lorenc (1984),
Krishnamurti et al. (1985) and others.

Based on the composites in Figs. 8 and 9 and the
above studies, the 30-60 day oscillation can be char-
acterized during both seasons as a global-scale fluctu-
ation of tropical circulation features accompanied by
more localized occurrences of convection anomalies.
In addition to the major regions of OLR variability
over the Indian Ocean and western Pacific, some po-
tentially important OLR fluctuations occur over parts
of the western hemisphere (e.g., South America and
Central America). OLR fluctuations in these remote
regions are consistent with the cross-spectral results of
WLK and KWK. '

d. Composite Hovmdller diagrams

Composite tropical x;s0, OLR, 850 mb zonal wind
(U850), 250 mb zonal wind (U250) and subtropical
Vaso life cycles are shown in category versus longitude
format in Fig. 10 for both May-October (a)-(e) and
November-April (f)-(j) seasons. To approximate an
equal time spacing between the plotted categories, only
the four primary categories (2, 5, 8 and 11) are dis-
played. The slanted dark solid line on each plot shows
the approximate progression of the x;s0 composite
anomaly center for each season.

As noted previously, the x;50 anomalies (a, f) exhibit
global-scale eastward propagation, while the OLR
anomalies (b, g) have their maximum amplitude in the
eastern hemisphere. OLR anomalies in the longitude
sector 60° to 160°E (dashed line) propagate more
slowly (7-8 m s~!) than a wavenumber-1 signal, al-
though small amplitude OLR anomalies throughout
the tropics are consistent with a wavenumber-1 struc-
ture and indicate an apparent global-scale organization
of convection anomalies.

The zonal wind anomalies at 850 mb and 250 mb
(c, d, h, 1) confirm that the upper and lower tropo-
spheric zonal wind anomalies are out of phase in the
tropics during the composite oscillation. The phase of
the zonal wind anomalies is consistent with the x2so
anomalies, with the anomalous winds changing direc-
tion near the maxima and minima of the velocity po-
tential anomalies. The subtropical (winter hemisphere
10°-30°) Y150 anomalies (e, j) also show evidence for
large-scale eastward propagation. The structure and
evolution of these anomalies will be discussed further
in the next section.
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4. Tropical and subtropical nondivergent circulation
features

a. Northern Hemisphere summer

In Fig. 11, 250 mb streamfunction (y,s0) composites
for the May-October season are shown, with OLR
composite anomalies superimposed as in Fig. 8. Major
circulation features are identified by L and H.

In relation to tropical convective activity, there is a
tendency for upper-air lows to occur to the east (cat-
egories 1-6) while upper-air highs tend to flank or lag
behind the convective activity. The patterns suggest a
strong zonal wavenumber-1 component exists in the
streamfunction composites, within which a numpber of
smaller-scale circulation systems are embedded. In
general, there is a tendency for eastward development
or propagation of the wavenumber-1 component as
the convective activity shifts eastward.

Compuarison of the location and intensity of indi-
vidual features between categories (e.g., the ¥,50 anom-
alies over Australia) suggests that certain regions are
characterized by fairly persistent streamfunction
anomalies during the oscillation. Individual highs and
lows have a tendency to develop and strengthen in cer-
tain preferred geographical locations, although there is
also some evidence for eastward propagation of indi-
vidual features. Categories 11 and 12 illustrate the lo-
cations of the major regions of development for the
smaller-scale Southern Hemisphere features. Two pre-
ferred locations occur in the South Pacific, one over
the Atlantic, one over the Indian Ocean, and a fifth
one over Australia.

The Northern Hemisphere .50 anomalies are
smaller and less organized. The major regions of de-
velopment are located over the western Pacific and near
the west coast of North America. In cases where large
Y250 circulation anomalies occur in both hemispheres,
the flow is approximately symmetrical about the equa-
tor (e.g., in category 12, the symmetric highs along
120°W).

b. Northern Hemisphere winter

During the November-April season (Fig. 12) the
strongest y¥»so anomalies occur north of the equator.
As with the Northern Hemisphere summer season,
there is a large wavenumber-1 component in the ro-
tational circulation anomalies within which smaller-
scale individual features are embedded. While many
of the Southern Hemisphere features are difficult to
trace from one map to the next, some of the Northern
Hemisphere features (e.g., the large circulation feature
in the Pacific sector) can be traced for more than half
an oscillation.

There is evidence for development and decay of cir-
culation anomalies in certain geographical locations
(30°N, 60°E in categories 5-7) as well as indications
of eastward propagation of major circulation features
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(in the north Pacific sector). The upper-air low in the
north Pacific develops to the east of the strengthening
convective activity, which is moving from the Indian
Ocean to the dateline (categories 1-5). At the same
time, an upper-air anticyclonic circulation develops in
the Northern Hemisphere alongside the Indian Ocean
convection (categories 1-2). By category 5 when the
convection has reached 170°E, a broad region of
anticyclonic circulations has formed over southern
Asia. Category 6 shows that the upper-air low in the
eastern Pacific has shifted east-northeast (30°N,
125°W), while a new cyclone has developed over west-
ern Africa. A high in the western Pacific sector straddles
the decreasing convective activity over the dateline re-
gion (categories 6-9) and eventually reaches the eastern
Pacific in association with the negative convection
anomalies moving eastward out of the Indian Ocean
(category 11).

The eastward progression of the wavenumber-1 pat-
tern appears to result from a combination of in situ
development and decay of smaller-scale features along
with'some instances of individual features propagating
eastward. Evidence for symmetry of circulation features
is limited but occurs, for example, in category 5 where
the upper-air low in the eastern north Pacific has a
cyclonic counterpart in the Southern Hemisphere.

The most prominent -5, features are the large cy-
clonic and anticyclonic circulations occurring in the
Northern Hemisphere from Africa to the eastern Pa-
cific. These features have a strong spatial association
with the propagating tropical convective activity. The
Pacific anomaly is particularly interesting because as
it moves out over the Pacific it supports a fluctuation
in the strength and eastward extension of the East Asian
jet stream, as will be discussed later. Composite vector
wind anomalies in this sector are about 7 m s™! at
250 mb.

¢. Seasonal comparison

A comparison of the composite ¥,so anomalies in
Figs. 11 and 12 shows that the most prominent features
occur in the Southern Hemisphere during the May-
October season and in the Northern Hemisphere dur-
ing the November-April season. In contrast, the OLR
anomalies have a tendency to occur along the equator
or in the Summer Hemisphere. Therefore, a charac-
teristic of the oscillation’s structure which occurs in
both seasons is that the convection occurs preferentially
in the Summer Hemisphere tropics while the strongest
subtropical circulation anomalies accompanying the
convection occur in the winter hemisphere.

THOMAS R. KNUTSON AND KLAUS M. WEICKMANN
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5. Extratropical circulation features

Observational {(e.g., Horel and Wallace, 1981) and
modeling (Lau, 1985) studies have shown that sea-sur-
face temperature anomalies in the tropics are associated
with midlatitude circulation anomalies on interannual
time scales. In contrast, the influence of the tropical
30-60 day oscillation on intraseasonal midlatitude
variability is less clear. In this section, we investigate
the links between the eastward-propagating tropical/
subtropical features described in the previous two sec-
tions and the associated fluctuations of the extratropical
circulation.

Weickmann (1983) and WLK have shown evidence
that 30-60 day midlatitude circulation features are as-
sociated with 30-60 day tropical OLR oscillations dur-
ing NH winter. Their results are extended in the present
study by compositing extratropical 250 and 850 mb
winds relative to tropical indices, testing statistical sig-
nificance using Monte Carlo techniques, and exam-
ining the Northern and Southern Hemispheres for both
May-October and November-April seasons. Lau and
Phillips (1986) have performed a similar study using
tropical OLR and 500 mb geopotential heights for the
Northern Hemisphere winter.

The Monte Carlo testing procedure (see the Appen-
dix) consisted of comparing the area-weighted per-
centage of wind vectors passing at ¢-test for each com-
posite map to a statistical distribution of percentages
generated using a randomized 30-60 day compositing
procedure. When the percent of area passing the test
for a given latitude domain exceeded the 95th percentile
of the randomly generated distribution, the composite
map was assumed to be “globally” significant over that
latitude domain.

The test results for tropical (20°N-20°S) OLR and
extratropical (25°-85°) vector winds are presented in
Table 1. The tropical OLR composites are statistically
significant (95%) throughout the life cycle in both sea-
sons. The 250 mb and 850 mb vector winds in the
tropics (results not shown) are also statistically signif-
icant in all categories for both seasons.

The extratropical vector winds for each season were
tested separately for each hemisphere to reduce positive
biasing of the results by highly significant tropical wind
anomalies and to allow a separate test of the summer
and winter hemispheres. The test results in Table 1 for
the extratropics lead to the following conclusions:

1) The globally significant extratropical response is
confined to the winter hemisphere during both May-
October and November—April.

F1G. 10. Composite 30-60 day anomalies displayed in longitude vs category (time) format for May-October (a—¢) and November—April
(f-j). The variables plotted, contour intervals, and latitude region averaged are as follows: (a) x2s0, 5.0 X 10° m? s™!, Eq-10°N; (b) OLR, 5
W m™?, Eq-10°N; (c) 850 mb zonal wind, 0.5 m s™!, Eq-10°N; (d) 250 mb zonal wind, 1.0 m 5™}, Eq-10°N; (€) Y250, 5.0 X 10° m? 5!,
10°8-30°S; (f) X250, 5.0 X 10° m? s™!, Eq-10°S; (g) OLR, 5 W m?, Eq-10°S; (h) 850 mb zonal wind, 0.5 m s™*, Eq-10°S; (i) 250 mb zonal
wind, 1.0 m s™!, Eq-10°S; (j) ¥250, 5.0 X 10° m? 5™}, 10°N-30°N. Negative values are shaded. Further explanation of superimposed features

is given in the text.
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¥,50 and OLR (May - October)
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FIG. 11. Northern Hemisphere summer composite ¥»so anomalies (light contours, negative values have light shading) with
superimposed OLR anomalies of at least 5 W m~2 in magnitude (dark contours, negative values have dark shading). Contour
interval of Y550 is 2.0 X 10° m? s™'. The L and H denote cyclonic and anticyclonic circulation centers.
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¥,50 and OLR (May - October), Contd.
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FIG. 12. As in Fig. 11 but for Northern Hemisphere winter season.
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¥,50 and OLR (November - April), Contd.
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TABLE 1. Fraction of area exceeding the 99% significance level. Fractions which meet the global significance criterion at the 95% (99%)
level are indicated by underlined (boldface) numbers. Global significance criteria are based on statistics from 1000 randomly generated

composites (see Appendix A).

(a) May-October

Vsso Vaso
Number of OLR
Category pentads 20°N-20°S 25°N-85°N 25°S-85°S 25°N-85°N 25°S-85°S
1 17 10 .03 .06 .03 .04
2 17 09 02 .07 .01 07
3 17 .10 03 .03 .01 .04
4 20 J2 .01 .03 .00 .02
5 20 15 02 01 .01 .00
6 20 A5 02 A1 .02 .10
7 16 A3 .02 14 .01 A2
8 16 07 .03 .16 .03 A7
9 16 09 04 .05 .02 04
10 14 09 01 .01 .01 .00
1t 14 A3 .01 .03 .01 .02
12 14 A3 .03 .05 .02 .03
Fraction needed for “global” significance:
(95%) ~18/trial .04 .08 .09 .08 .09
99% ~ 18/trial .06 A1 .14 12 .16
(b) November-April
1 16 09 .08 .02 .08 .00
2 16 07 Jd1b .01 .10 .01
3 16 .06 .06 .02 .08 .01
4 15 05 .05 .04 .09 .01
5 15 07 .03 .07 .06 03
6 15 10 .05 .02 .02 .01
7 14 07 A1 .02 .08 .00 .
8 14 06 14 .02 .16 01
9 14 05 09 .04 .16 0t
10 14 07 .05 .03 .09 .01
11 14 08 02 .03 04 .03
12 14 09 06 .02 .03 .06
Fraction need for “global” significance:
(95%) ~ 18/trial .04 .09 .08 .09 .09
99%) ~18/trial .06 12 11 13 A2

2) The greatest areal coverage of significant extra-
tropical wind vectors occurs in category 8 during both
half-years. In some cases, categories adjacent to cate-
gory 8 are also statistically significant.

3) A secondary maximum in areal coverage occurs
in category 2 for both half-years. However, category 2
is not globally significant for the May-October season.

4) Reference to Figs. 8 and 9 shows that the greatest
extratropical “response” (~ category 8) occurs ~10
days after peak.convective activity occurs over the
western tropical Pacific during both seasons. Sup-
pressed convective activity is indicated over the Indian
Ocean at this time.

In Figs. 13 and 14, vector wind composites for cat-
egories 2 and 8 are displayed for the November-April
and May-October seasons, respectively. May~October
category 2, although not globally significant, is shown
for comparative purposes. The lightly shaded regions
on these maps show the locations of locally significant
" (99%) wind vectors in the extratropics. Asterisks on the

arrow shafts also indicate local significance (99%) and
are plotted in both the tropics and extratropics. The
dark shading and contours denote OLR anomalies as
in Figs. 8 and 9.

a. November-April

The composite 250 and 850 mb windfields for NH
winter category 2 (average of 16 pentads) and 8 (14
pentads) are shown in Fig. 13 (a-d). According to these
composites, the most prominent extratropical features
accompanying the 30-60 day fluctuations of tropical
convection are a series of cyclonic and anticyclonic
circulation features over Asia and the North Pacific.
These anomalies are pronounced at both 850 and 250
mb. The orientation of these features is suggestive of
an extratropical wavetrain, although the physical link
to the anomalous tropical convection is not as obvious
as with the idealized model solutions of Hoskins and
Karoly (1981). In general, the vectors in category 8
(both 250 and 850 mb) are oriented opposite to the
category 2 vectors.
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FIG. 13. Northern Hemisphere winter global vector wind composites for (a) Category 2

level. Light stipple outlines significant regions for the extratropics (25°-85°) of both hemispheres. Maximum

superimposed as in Fig. 9. Asterisks indicate vector anomalies significant at the 99%

wind anomalies shown are ~8 m s~ (250 mb) and ~4 m s™! (850 mb).



(b) 250mb WIND (MAY -OCT)

CATEGORY §

{(a) 250mb WIND (MAY -OCT)

CATEGORY 2

5k N ITTTR
:-t.fﬁ,-.\':“

.rg..\/’;;

1\\[??\

R

Nt /[)~-~\

-ﬁ\-%&i;\Qofi; &;ﬂ/

Q.

60W

120

180

60E

'0~i Fosfii 4
\-i)'40~¢

VA s b
St desN
YIRS FRNE RS

RS PN
=g-;011;‘lle

R
IR EEER

#
t

(d) 850mb WIND (MAY-OCT)

CATEGORY 8

120 180 120 60W

60E

(c) 850mb WIND (MAY-OCT)

CATEGORY 2

NI I
NS
S ARTY RN TR

§""‘j§”*‘*\\\l
XER YV IY I ENIN \\

p

N

IRV N
CmwAANN N
L XEERY 1

Ip~~

...\\-'\%//‘ f-o'g\_\///,_

ST N
N Y ] FERR R X O
"y
N Y -//\{\—t

)

TANN- A

llflztt~-4¢;x\f -
oilit//:~\~oa~4{
Fhvbfdie i roano]
FHENS= 2 e

S TN A AR AR A R V22T RV IR
e

NYIIEREV
PRSI
YT

60W

120

180

120

60E

60W
FIG. 14. As in Fig. 13 but for the Southern Hemisphere winter.

120

120

60E




JuLy 1987

One possible region of tropical-extratropical inter-
action is along the east coast of Asia, where the 850
mb composites for both categories 2 and 8 (Fig. 13c,
d) show statistically significant meridional flow con-
necting tropical and extratropical regions. For example,
in category 8, anomalous 850 mb northerly flow ex-
tends along the east coast of Asia from 70°N to the
equator where it joins with tropical westerly and east-
erly anomalies associated with the anomalous tropical
convection. Weaker low-level meridional flow occurs
off the east coast of North America during categories
2 and 8 in association with an anomalous circulation
feature over the western Atlantic.

In relation to the tropical convection, the composites
indicate that anomalous southerly flow along the east
coasts of Asia and North America occurs at a time of
anomalous convective activity over the equatorial In-
dian Ocean. The movement of anomalous tropical
convective activity to the western Pacific is followed
by anomalous northerly flows in these locations. These
statistically significant meridional flows off the east
coast of Asia may indicate a dynamical link between
the tropical and extratropical circulation features in
this region.

The 250 mb composite for category 2 indicates
highly significant zonal wind fluctuations near the exit
region of the East Asian Jet (EAJ) along with the pre-
viously noted circulation features over Asia. In terms
of synoptic features, the EAJ is retracted westward to-
ward Asia when tropical convection is strong over the
equatorial Indian Ocean. As the convection anomalies
move eastward to the western and central Pacific (cat-
egory 8) the EAJ extends eastward toward North
America. Most of the anomalies associated with this
extension are locally significant at the 95% level. In the
North American sector (category 8) some less pro-
nounced but statistically significant circulation features
are found.

Over the tropical western Pacific (10°N-30°N;
120°E-150°E), southerly upper-level flow occurs on
the western edge of a large anticyclonic circulation
(category 8). The southerly flow at 250 mb, combined
with the previously noted northerly flow at 850 mb, is
suggestive of an anomalous local meridional mass cir-
culation. Evidence for these features can also be found
(of opposite sign) in category 2.

A comparison of the 850 mb (a, b) and 250 mb (c,
d) vectors indicates that in the tropics (20°N-20°S)
vector wind anomalies tend to be out of phase between
these two levels, while in the extratropics, anomalous
winds are approximately in phase (equivalent barotro-
pic). Consistent with this latitudinally varying vertical
structure is a prominent cyclonic (anticyclonic) cir-
culation anomaly which occurs near 25°N, 170°E in
category 2 (8) of the 250 mb composites but is absent
in the 850 mb composites.

b. May-October

The most prominent extratropical circulation fea-
tures accompanying the tropical convection oscillation
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during the southern winter (Fig. 14, a~d) are zonally
elongated zonal wind perturbations over southern
Australia and along 50°S-70°S. The anomalous west-
erlies over southern Australia, which are evident at 850
mb and 250 mb in category 8 (Fig. 14b, d) occur when
convection is suppressed over the Indian Ocean and
5-10 days after peak convective activity occurs in the
western tropical Pacific. The climatological-mean 250
mb vector wind field during May-October (e.g., Fig.
2a in KWK) shows a split-flow pattern with a strong
jet along 25°-30°S over and to the east of Australia
along with a weaker midlatitude jet along 60°S. The
250 mb composite anomalies in category 8 indicate
that the Australian jet feature is strengthened at this
time during an oscillation. Significant meridional wind
fluctuations occurring over the South Pacific in cate-
gory 8 (Fig. 14b, d) are suggestive of a “wavetrain” of
circulation features.

The category 2 composites (Fig. 14a, ¢) contain many
of the features noted for category 8, although the arrow
directions are reversed, and the amplitudes and statis-
tical significance are much lower. A comparison of the
250 and 850 mb composite vectors for categories 2 and
8 indicates that, in agreement with the November-
April composites, the upper and lower tropospheric
anomalies are in phase in the extratropics and out of
phase over tropical regions.

¢. Relation to previous work

Some aspects of the extratropical results for the No-
vember-April season are consistent with WLK’s com-
posite life cycle in which a transition from an expanded
to contracted circumpolar vortex over the western
hemisphere was highlighted. The differences which ex-
ist between the two composite life cycles may be related
to the different compositing indices used. WLK’s in-
dices emphasized variability near the exit regions of
the midlatitude jet streams, while our indices are more
directly linked to tropical convective activity. Nev-
ertheless, both life cycles include an eccentric circum-
polar vortex pattern characterized by alternate weak-
ening and strengthening of the East Asian and North
American jet streams. In our composite life cycle, this
pattern is most evident ~5 days after categories 2 and
8, although a contracted (expanded) vortex pattern over
the Pacific Ocean and western hemisphere is already
indicated in our category 2 (8). In contrast, the “wave-
train” over northern Asia in our categories 2 and 8
was less evident in WLK, possibly because it is best
developed 5-10 days before the maximum intensifi-
cation or weakening of the jet streams.

The sequence of circulation anomalies over Asia,
the northern Pacific and North America (category 8)
bears some resemblance to the wavetrain description
given by Lau and Phillips (1986, compare their DAY
5 to our category 2). However, the positions of the
centers of action are not coincident, and their Pacific/
North American wavetrain is not well defined in our
category 2. Differences in the filter (20-70 vs 30-60
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days), data period, variables (500 mb heights vs 250/
850 mb winds) and analysis approach may account for
some of these discrepancies.

Lau and Lau (1986) have performed a similar anal-
ysis to the one described in this paper, using 25-40
day filtered output from a low-resolution GCM. One
difference between their results and ours concerns the
extratropical anomaly patterns which accompany the
eastward-propagating x anomalies. Lau and Lau ob-
tained the greatest extratropical “response” at a time
when the model velocity potential anomalies are nearly
in quadrature with our category 2 and 8 anomalies. In

addition, our composite extratropical patterns show :

more prominent anomalies in the Asian sector, while
Lau and Lau’s most prominent patterns emphasize the
North American sector. A major point of agreement
between our results and those of Lau and Lau is that
the significant extratropical “response” occurs in the
winter hemisphere.

6. Fluctuations of the Indian monsoon

An important aspect of the 30-60 day oscillation is
its modulation of Indian monsoon convection during
the Northern Hemisphere summer. Yasunari (1980,
1981), KWK, and others have described periodic
northward-propagating convection anomalies in the
summer monsoon region while Krishnamurti and
Subrahmanyam (1982), Krishnamurti et al. (1985), and
others have described fluctuations in the monsoon cir-
culation on this time scale.

The composite relationship between the convection,
850 mb NMC vector wind anomalies and the propa-
gating 250 pattern is illustrated in Fig. 15 (northern
summer categories 1-6). The composites show a
northward-propagating cyclonic circulation feature
accompanying the northward-propagating convective
activity in the Indian monsoon region. The climato-
logical-mean Somali jet is similar in structure to the
anomalies in category 4; thus, the anomalies in cate-
gories 3-6 show that the strength of the jet is modulated
during an oscillation. .

In categories 5 and 6, the positive convection anom-
- alies are decreasing over India as anomalously clear or
“break monsoon” conditions begin to occur. The
composite structure on this regional scale appears rea-
-sonable even though we used global-scale features of
the 250 mb wind field as a composite basis; this result
confirms the strong statistical link between monsoon
convection in 30-60 day time scales and the global-
scale eastward-propagation xso “wave”. Our compos-
ite method shows the larger-scale structure of 850 mb
vector wind anomalies in this region. The filtered (not
composited) maps of Krishnamurti and Subrahman-
yam (1982) for the Northern Hemisphere summer 1979
have shown that embedded within this large-scale pat-
tern are individual synoptic disturbances.

7. Discussion and concluding remarks

Using empirical orthogonal function analysis of 30—
60 day filtered 250 mb velocity potential as a com-
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positing basis, we have examined the life cycle of the
30-60 day oscillation in tropical convection, large-scale
tropical divergent and rotational circulations, and ex-
tratropical vector winds for both the May-October and
November-April seasons.

Tropical convection (OLR) and large-scale divergent
circulation (x2s0) patterns show a coherent eastward-
propagating structure for both seasons. Large-ampli-
tude OLR fluctuations over the eastern hemisphere are
phase-locked to the global-scale eastward-propagating
X250 “wave”, with the largest OLR anomalies exhibiting
a slightly slower eastward progression, particularly
during May-October. To the east of the convection
anomalies, anomalous upper-air cyclonic circulations
in the winter hemisphere subtropics are evident, with
anticyclonic circulations occurring to the west or
alongside the convection. Modulation of the Indian
summer monsoon convective activity on 30-60 day
time scales is temporally associated with the passage
of the large-scale divergent circulation pattern during
the May-October season.

Some statistically significant associations were found
between midlatitude circulation anomalies in the win-
ter hemisphere and the fluctuating tropical convective
activity. For example, during northern winter the East
Asian jet is retracted toward Asia when strong convec-
tion is occurring over the equatorial Indian Ocean. The
eastward progression of anomalous convection into the
western and central Pacific is accompanied, in the
composite oscillation, by the occurrence of a series of
circulation features over Asia and an eastward exten-
sion of the East Asian jet. During southern winter, the
jet over southern Australia is anomalously strong about
10 days after peak convective activity occurs in the
tropical western Pacific.

Preliminary examination of the oscillation’s vertical
structure, based upon 12 levels of NMC x data and
composite zonal winds, revealed a reversal in wind
.anomaly direction between upper and lower levels in
the tropics, with coherent lower-level anomalies from
1000 to 500 mb and coherent upper-level anomalies
over the region 250-100 mb. Poleward of 20°, vector
wind anomalies indicated little phase shift between the
250 and 850 mb levels.

The composite life cycles presented in this study may
provide some insight into the fundamental nature of
the oscillation. Our results demonstrate that large-scale
features of the tropical divergent wind field propagate
eastward around the globe once per oscillation, ac-
companied by anomalous convective activity in many
regions. This behavior occurs in both seasons, in con-
trast to some other characteristics of the oscillation (e.g.,
modulation of the Indian summer monsoon or asso-
ciation with Northern Hemisphere extratropical pat-
terns) which are seasonally dependent.

Recently, Lau and Lau (1986) have shown that x

' anomalies propagate eastward around the globe in long-

term integrations of a GFDL GCM. Their 25-40 day
composite oscillation is similar in many respects to our
observed composite life cycle, particularly over the
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tropics. For example, composite vector wind anomalies
in the tropics are dominated by the zonal component
in both the observed (e.g. Figs. 13, 14, 15) and modeled
oscillations, and both modeled and observed oscilla-
tions show northward-propagating convection anom-
alies in or near the Asian summer monsoon region.

Hayashi and Sumi (1986) have studied 30-40 day
oscillations in a GCM for an ocean-covered earth. Their
results show that model precipitation and zonal wind
anomalies have a large eastward-propagating wave-
number-1 component. They attribute the eastward
propagation to wave-CISK convergence processes and
the wavenumber-1 zonal structure to the effects of
convection-suppressing downdrafts occurring in a finite
(periodic) longitudinal domain.

While the time scale of the oscillation in their model’
is determined by the time required for the large-scale’

convection/circulation wave to propagate around the
globe, our composite results for the real world show
that convection (OLR) anomalies associated with the
X2s0 “‘wave” are very weak over many parts of the trop-
ics. This implies that the coupled convection/circula-
tion mode identified by Hayashi and Sumi would not
be expected to occur uniformly over all longitudes of
the tropics (e.g., warm vs cool sea surfaces; ocean vs
land). Furthermore, since there are periods of strong
oscillations followed by more quiescent periods (e.g.,
early 1981, spring 1983 and early 1984 in Fig. 3), a
generation mechanism not necessarily related to the
previous oscillation may often be important.

Nevertheless, the characteristic global-scale eastward
propagation of x anomalies, which is present through-
out the seasonal cycle in the observations and in nu-
merical simulations, may be important for producing
the observed oscillation’s time scale. One possibility is
that each new event is initiated by remnants of the
previous oscillation approaching from the west. The
smaller convection anomalies over the Central/South
American sector could act to rejuvenate the oscillation
after it has traveled over cooler sea surfaces. Another
possibility is that a new oscillation can begin once the
convection-suppressing influences (subsidence, low-
level moisture divergence, etc.) of the previous event
have moved “far enough” away to the east. While our
results show a consistent spatial association between
the transient x,s90 and OLR patterns, it is still unclear
whether circulation anomalies propagating eastward
around the globe initiate new episodes of convective
_ activity. -

A recent modeling study by Anderson and Stevens
(1986) provides an alternative interpretation of our
composite results. Using a fully stratified tropical model
- which included cumulus friction and a Hadley cell ba-
sic-state circulation, they show that some eastward
propagation of tropical circulation features can occur
even when the anomalous heating remains fixed in one
location. From this viewpoint, the convection anom-
alies occurring over the Indian Ocean and western Pa-
cific could be forcing an eastward-propagating global-
scale response in the tropical circulation. Anderson
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(1984) further suggests that oscillations on the 40-50
day time scale can result from processes associated with
the Hadley circulation, without requiring a global-scale
eastward propagation of atmospheric anomalies.

Regardless of the fundamental mechanism produc-
ing the model time scale, the physical process causing
the eastward shifts of OLR anomalies in the Indian
Ocean and western Pacific regions remains uncertain.
Although the dynamical processes identified in the
modeling study of Hayashi and Sumi (1986) may play
a significant role, an examination of other variables,
such as moisture, precipitation, SST and surface heat-
ing, in both observations and models, may be necessary
to provide a final explanation.

The subtropical ¥,so circulation features at upper
levels in our composites (Figs. 11 and 12) are reminis-
cent of Webster’s (1972, Fig. 9) two-layer model results
for a localized, steady equatorial heating anomaly. For
example, Webster’s model shows 250 mb cyclonic flow
east of the heating and anticyclonic flow to the west
with symmetry of circulation features about the equa-
tor. Madden (1986) has provided an additional, more
detailed description of the observed atmospheric re-
sponse to large-scale 40-50 day tropical heating anom-
alies.

The coarse features of the oscillation’s extratropical
vertical structure are consistent with the modeling
studies of Hoskins and Karoly (1981), who noted an
equivalent barotropic structure away from the region
of thermal forcing, and the GCM composites of Lau
and Lau (1986). While the oscillation’s vertical struc-
ture clearly varies with latitude, the detailed height— -
latitude structure and the physical mechanisms deter-
mining the “transition latitude” for the vertical struc-
ture requires further study. v

With respect to extratropical fluctuations, our com-
posite results show statistically significant temporal re-
lationships on 30-60 day time scales between tropical
convection anomalies and circulation patterns in the
winter hemisphere extratropics. These circulation pat-
terns are more complicated than the idealized wave-
train patterns modeled by Hoskins and Karoly (1981)
for a steady forcing.

The differences between the Northern and Southern
Hemisphere wintertime anomaly patterns and the dif-
ferences between the summer and winter hemisphere
extratropical response are both suggestive of the im-
portant role of the extratropical basic state circulation
on tropical-extratropical interactions. The model re-
sults of the Simmons et al. (1983) and Branstator (1985)
have indicated that the extratropical base state circu-
lation is an important factor in determining the mid-
latitude response to a tropical forcing. The occurrence
of large wind anomalies in the exit region of the East
Asian Jet in our composites is also reminiscent of their
findings.

While the composite extratropical patterns discussed
in section 5 have some interesting structure, their utility
for long-range midlatitude weather forecasting is not
known. Our results are limited by the fact that we have
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used only six years of data, and that the compositing
procedure we have used is based primarily upon the
tropical divergent circulation. The true extratropical
response may vary greatly from event to event, de-
pending on such factors as the location, amplitude,
and persistence of the tropical heating anomaly and
the existing extratropical circulation. The use of 6-
month seasons could also lead to an underestimate of
the strength of the wintertime remote response since
the fall and spring basic states are significantly different
from the December-February state. An explanation of
the dynamical mechanisms producing the extratropi-
cal/tropical link will require further investigation of
both observed and modeled data.

Our synoptic experience with observing individual
cases suggests that the connections described by our
composite maps are well-developed in one or two in-
dividual cases during a typical winter. The persistence
of the resulting expanded or contracted vortex patterns
also varies from case to case; the tropical oscillations
may be more effective in producing transitions of the
extratropical circulation than in causing the persistence
of a given pattern.

In summary, the composite life cycles presented in
this study show the time evolution of the anomalous
convective activity and global-scale circulation features
associated with the tropical 30-60 day atmospheric os-
cillation. Based upon these results, a number of fun-
damental questions about the oscillation are posed:

¢ Does the time scale result from global-scale east-
ward propagation as suggested by the results of this
study?

e Why do the observed circulation and convection
anomalies propagate eastward and what determines the
propagation speed?

* What is the role of the eastward-propagating
equatorial Kelvin waves and the “coupled Kelvin-
Rossby modes™ (Hayashi and Sumi, 1986) in the ob-
served oscillation?

o What determines the “transition latitude” where
the vertical phase difference between the 850 and 250
mb composite wind anomalies changes?

e How important is the effect of the 30-60 day os-
cillation on the extratropical circulation and what
physical mechanisms are important for producing the
extratropical response?

Possible answers to these questions have been given
in a number of recent modeling studies; however, fur-
ther studies of low-frequency variability in general cir-
culation models (GCMs) are planned, including com-
parisons between observed and modeled oscillations.
These studies may provide an explanation for the east-
ward propagation of x anomalies in the GCMs (e.g.
Lau and Lau, 1986) and for the fundamental time scale
of the model oscillation. If the model dynamics ac-
curately reproduce the fundamental mechanisms of the
observed phenomenon, these studies may provide a
dynamical basis for understanding the 30-60 day os-
cillations in the real world.
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The practical importance of the oscillation for ex-
tended-range weather forcasting remains undeter-
mined, although certain regions of the world (e.g.,
tropical latitudes) are likely to realize a greater fore-
casting improvement. Rainfall prediction, statistical
forecasting of tropical cyclone activity and improved
extended-range global forecasts by refined general cir-
culation models are areas in which the oscillation might
have predictive utility.
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APPENDIX
Statistical Significance Tests

The statistical significance of the composite maps
was assessed by calculating the percent area (cosine-
weighted by latitude) passing a local #-test at a given
significance level (Level t test). This value was com-
pared to a frequency distribution of percent area pass-
ing the same test applied to 1000 randomly generated
composite maps following Livezey and Chen (1983).
The 95% level was chosen for the final test phase (Level
2) which meant that in order for a composite map to
be significant, the percent area passing the Level 1 test
had to exceed the 95th percentile of the randomly gen-
erated distribution.

The appropriate level for the initial tests (Level 1)
depends somewhat upon the type of features one wishes
to highlight. Because of the relatively small spatial cov-
erage of OLR anomalies in relation to the overall trop-
ical domain, the 99% level was used for all variables
along with a number of simplifying assumptions which
were duplicated in the Monte Carlo simulations.

The first assumption was that the observations used
in each composite map were temporally independent.
In order to duplicate this feature in the Monte Carlo
tests, the random composites were constructed in the
same manner as the actual composites (section 2d) ex-
cept that random 30-60 day basis series were used to
select dates rather than the x50 principal component .
series. The random 30-60 day series were generated
by applying a 30-60 day filter to normally distributed
random input series. Thus, the basis series and datasets
being composited had similar spectral and autocorre-
lation characteristics (temporal degrees of freedom) for
both the actual tests and the simulated tests. The second
assumption was that if either the % or v component of
the vector wind was found to be significant, the vector
quantity was assumed significant. The simulated tests
were done the same way.
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The effects of spatial degrees of freedom were in-
cluded in the results because identical datasets and lat-
itude domains were used in forming the composites
for both the actual significance tests and the simula-
tions. As the number of spatial degrees of freedom de-
creased (e.g., for limited latitude domains or variables
with larger characteristic spatial scales) the frequency
distributions became broader and the 95th percentile
increased.

The statistical significance of variables was tested
over certain a priori specified latitude domains. For
example, since we were primarily interested in tropical
fluctuations in convection, OLR results were tested
over the domain 20°N-20°S. The tropical and sub-
tropical vector windfields were tested over the domain
40°N-40°S. All tropical OLR composites (20°N-20°S)
and 250 mb wind composites (40°N-40°S) were sig-
nificant at the 95% level for both seasons.

In testing the significance of extratropical wind
composites, we chose the latitude domain 25°-85° for
each hemisphere (tested separately). Tropical latitudes,
which were highly significant, were omitted to reduce
positive biasing of the results. A separate Monte Carlo
simulation of 1000 cases was performed for each sea-
son. The results of the tests are summarized in Table
1 (see section 5).
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