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Abstract. The “Principal Oscillation Pattern” technique
is used to derive an index of the 30- to 60-day oscilla-
tion in the tropical troposphere. In the 200-mb equato-
rial velocity potential field, one dominant pair of POPs
is found. Its properties compare very well with the
properties of the oscillation identified in previous stud-
ies. In particular, a good correlation between the time
evolution of the POP coefficients and area-averaged
outgoing long-wave radiation (ORL) is found. The
POPs are derived from a 2-year subinterval of the
whole 5-year data set. This leaves independent data for
subsequent verification. The patterns and their charac-
teristic numbers are almost unchanged if the whole
data set is analysed. Also, the analysis is insensitive to
changes of the analysis area: if the analysis is limited to
90°-longitude equatorial sectors, the signal is also iden-
tified and its patterns are consistent with the patterns
derived from the full data set. Interestingly, the signal is
best defined in the eastern hemisphere. The POPs may
be used to derive “associated correlation patterns” of
other quantities in winter and summer separately. The
path of the oscillation has a marked annual cycle: in
northern winter it migrates from the Indian Ocean
across northern Australia into the region of the South
Pacific Convergence Zone (SPCZ) and in northern
summer it moves from the Indian Ocean across South
Asia along the intertropical Convergence Zone (ITCZ)
to South America. The POP coefficient may be seen as
a bivariate index of the state (phase and strength) of the
30- to 60-day oscillation. Since the POP technique in-
corporates a prediction equation for the phase of the
POP coefficients, the POP model allows for the predic-
tion of the complex amplitude of the oscillation. In a
sequence of forecast experiments, of which about two-
thirds used independent data, the POP forecasts were
found to be useful in about half of all cases for lead
times of several days. The correlation and RMS skills
were calculated for the POP forecast and for persis-
tence. The POP forecast appears to be considerably bet-
ter with respect to both measures. The correlation skill
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scores 60% after 7 days. The POP forecast is most skill-
ful in northern winter and if strong signals are present
with minima of velocity potential in the eastern hemis-
phere.

1 Introduction

The so-called 30- to 60-day oscillation, discovered by
Madden and Julian in 1971, is the strongest regular
tropical signal on the subseasonal time scale. Spatially,
it appears mostly as a zonal oscillation number 1 pat-
tern which travels once around the globe in 30-60 days.
In the convectively active equatorial areas, the oscilla-
tion is connected with precipitation anomalies so that
the oscillation may be traced by outgoing long-wave ra-
diation (OLR).

Besides being of general academic interest, there
are several aspects which make the oscillation impor-
tant. The oscillation is associated with tropical weather
events such as the onset and the break phases of the
Indian and Australian monsoons (Hartmann and Mi-
chelsen 1989, McBride 1987). The fluctuations of the
strength of the SPCZ (Huang and Vincent 1988) are
probably related to the phase of the 30- to 60-day oscil-
lation. The zonal shift of part of the tropical rainfall
leads to modifications of the tropical forcing of the glo-
bal atmosphere which, in turn, are connected with cir-
culation anomalies at subtropical and mid-latitudes.

Therefore, forecasting the state of the oscillation is
potentially very useful. As far as we know, no systemat-
ic study has been made as to whether the numerical
weather prediction models (NWPs) currently in use are
capable of predicting the oscillation adequately. One
reason for this deficit is the lack of an easy-to-handle
index of the oscillation.

Having previously found that the “principal oscilla-
tion patterns technique” (“POPs”: Hasselmann 1988,
Storch et al. 1989) is capable of identifying the 30- to
60-day oscillation in a multi-year atmospheric general
circulation model (AGCM) simulation (Storch et al.
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1988), we use the POPs in the present study to derive
patterns that are characteristic of the real world’s oscil-
lations. The time coefficients of these patterns, i.e. the
POP coefficients, are taken as a bivariate index of the
oscillation. The case for doing so is justified by show-
ing that the POP coefficients correlate well with other
quantities known to reflect the 30- to 60-day oscillation,
and by the fact that it is possible to infer important
characteristics of the oscillation by using the coeffi-
cients as an indicator of the state of the oscillation.
One of the intriguing aspects of the POP technique
is its built-in forecast ability (Xu and Storch 1990, Pen-
land 1989). The skill of the POP forecast scheme is ex-
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Fig. 1a, b. Principal oscillation patterns, p! and p?, of equatorial
200-mbar velocity potential. The POPs tend to appear in se-
quences of the type ...-»p?’—>p'—>—p>> —p'>p’>p'—.... The
POP analysis is based on daily (0 UTC) NMC analyses. Dimen-
sionless units. a Analysis of equatorial data from the “analysis
interval” May 1986 to April 1988 (solid line) and from all available
data, i.e. May 1984 until April 1989 (dashed line). The “analysis
interval” POPs are used for the associated correlation pattern
analysis in Section 5, and for the predictions in Section 6 (rows A
and B in Table 1). b Separately performed analyses for 90° longi-
tude sectors along the equator (0°-90° E, 90° E-180°, 180°-90° W
and 90° W-0°) obtained from May 1984 to April 1989 data. p! is
given as a solid line and p? as a dashed line. The full 360° analysis
patterns shown in Fig. 1a are indicated with dots for comparison.
The POPs have been rotated so that p! fits the pattern of the 360°
analysis (rows C-F in Table 1)
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plored by a series of test cases, from a period not used
to design the POP model, and measured by a correla-
tion skill parameter. It must be stressed, however, that
at best one can expect only a poor man’s scheme that,
possibly, might be run on a PC. In the long term it can-
not be a serious competitor to operational NWPs. On
the other hand, any NWP that claims to be skillful in
predicting the oscillation has to show is superiority not
only with respect to the traditional persistence but also
with respect to the POP technique.

The purpose of the paper is to study the tropical 30-
to 60-day oscillation and its predictability. The purpose
is not to advocate the POP technique as a diagnostic or
predictive tool. The POP, nowadays, represents a well-
established technique whose suitability has been de-
monstrated by many applications [apart from those pa-
pers quoted above, see Latif and Villwock (1990), Pen-
land (1989)]. A discussion of the similarity or dissimi-
larity of the POP technique and of the Complex EOF
technique has been presented in the above referenced
papers.

The paper is organized as follows. In Section 2 the
data are described. In Section 3, after briefly summariz-
ing the POP technique, the results of the POP analysis
of 200-mbar equatorial velocity potential from May
1986 to April 1986 are discussed. In Section 4, the de-
pendence of the results on the choice of analysis inter-
val and analysis area are considered. Associated corre-
lation patterns of tropical velocity potential and of
OLR for the full year, and for winter (NDJF) and sum-
mer (MJJA), are shown in Section 5. Section 6 is de-
voted to the POP forecasts: the technique is outlined,
several randomly chosen cases are examined in some
detail and measures of skill are estimated.

2 Data

The 30- to 60-day oscillation appears in various meteor-
ological parameters, e.g. upper-level wind and sea-level
pressure (Madden and Julian 1972), velocity potential
and outgoing long-wave radiation (OLR; Lau and
Chan 1985, Weickmann et al. 1985), wind stress over
the tropical Pacific (Madden 1988) or the length of day
(Rosen and Salstein 1983, Madden 1987).

For our purposes, the upper-level velocity potential
seems to be most appropriate as the signal has a
smooth large-scale patterns and is global in extent.
Even though the velocity potential exhibits a meridion-
al migration in the course of the annual cycle, we antic-
ipated that the state of the 30- to 60-day oscillation
would already be well represented in the equatorial
strip. We will come back to this aspect in Section 4.

Our POP analysis is therefore based on the 200-
mbar velocity potential along the equator as the key
variable. To gain additional insight into the structure of
the oscillation, we perform an “associated correlation
pattern” analysis of OLR and velocity potential at 200
mbar in the 45° N-45° S belt.

We use daily analyses (0 UTC) of NMC from May
1984 to April 1989 (Trenberth and Olson 1988). The
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POP model is derived from a subset of the data, the
analysis interval May 1986 to April 1988. The remaining
verification interval data, from May 1984 to April 1986
and from May 1988 to April 1989, serve as independent
data to evaluate the proposed forecast schemes skill.
Also, in Section 4 the full data set, i.e. from the analysis
interval and from the verification interval, is analysed
with the POP method. This is done to examine the sen-
sitivity of the results to the choice of the area and time
interval. In all other sections, i.e. 3, 5 and 6, the POPs
derived from the analysis interval are used exclusive-
ly.

For the analysis interval, daily OLR data (e.g. Lieb-
mann et al. 1989) are available for 45° N-45°S. For a
parameter that reflects the state of the oscillation, an
area-averaged OLR time series is used: 5° N-5°S,
75° E-95° E is the area with a maximum of all-year in-
traseasonal OLR variance (Knutson et al. 1986, Weick-
mann et al. 1985).

The annual cycle is removed from all data by sub-
tracting the annual and semiannual harmonic. No other
time filtering was done.

3 Principal oscillation pattern analysis
3.1 Brief outline of the POP method

The “principal oscillation pattern analysis” (POP) is a
statistical analysis technique to identify coherently
varying patterns in a multicomponent geophysical vec-
tor time series, say x(f) (Hasselmann 1988, Storch et al.
1988, 1990, Penland 1989). Its output is a set of patterns
and characeristic times.

The patterns may often be grouped, as in the pres-
ent case, into pairs of patterns, say p' and p2 The sig-
nificance of the POPs arises from the intrinsic “rota-
tional behaviour” of these paired POPs: they tend to
oscillate in a regular manner, i.e. they appear as a linear
combination z'(f)p'+z*(f)p* with z' and z? oscillating
coherently on the “POP period” .7} and z? leads z' by
about one-quarter of .7 Symbolically, this may be ex-
pressed as the system’s tendency to generate se-
quences

—>p2—>p]—>—p2—> —p]—>p2—>p]—>

The period & is one of the characteristic numbers
that is estimated by the POP analysis. Another charac-
teristic time resulting from the POP analysis is an e-
folding damping time of the POP coefficients, z'(r) and
z*(¢). Both characteristic numbers, the period and the
e-folding damping time, describe average time scales. A
full cycle p'— —p?— —p'—>p?—p' will be completed in
Z on average, but some cycles may be completed in a
shorter or longer time. The same holds for the e-folding
damping time: in many cases a complex amplitude of
length 1 will be damped to 1/e in that time, but there
will be episodes during which disturbances are damped
considerably quicker or slower.

The POP coefficients are the dot products of vec-
tors x(¢) with the “adjoint POPs” p} and pi:
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2'()=x(@)-ph and zZ*(H)=x(?)-pi. If we identify the
POPs with a particular process, as we will do in the
next sections, the process is described in a two-dimen-
sional space which is spanned by the two POPs p' and
p°. The POP coefficients are the coordinates in this
space, so that the state of the considered process may
be represented in a z'/z*-dial diagram.

Mathematically, pairs of POPs form complex eigen-
vectors, p'+ ~p?, of the normalized lag-1 autocovar-
iance matrix of the multivariate random variable x. As
such, the POP pairs may be rotated, i.e. p' + ~p” may be
replaced by a(p'+ -p*) with any complex number «.
We will use this possibility in Section 4 to allow for bet-
ter comparisons between different pair of POPs.

3.2 POP analysis of 200-mbar equatorial velocity
potential

When analysing the 200-mbar velocity potential with
the POP technique, one physically significant pair of
rotating POPs is identified. The rotation time & is es-
timated to be 44 days, and the e-folding time to be 13
days, i.e. about 30% of the rotation time (row A in Ta-
ble 1). The squared coherency is larger than 68% on
time scales between 20 and 50 days, with a maximum
value of 96% at 50 days.
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Fig. 2. Location of the miniumum A of cos(¢)p'+sin(¢)p® with
the patterns p' and p? shown as solid lines in Fig. 1a. 1 is marked
on the big circle, and the angle ¢ is defined as the counterclock-
wise angle spanned by the positive z'-axis. Note that all As from
about 60° W to 30° E are associated with very flat minima (see
Fig. 1). The big arrow indicates the rotation direction of the POP
model. The block labelled “OLR” indicates the longitudinal loca-
tion of the OLR time series (5° N-5° S, 75° E-95° E). The angle y
is connected  with  maximum correlation  between
cosy-z'(f)+siny-z%(¢) and the area-averaged OLR
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Fig. 3. Time series of POP coefficients, z' (f) (continuous line) and
2%(f) (dashed line), of the solid line patterns p' and p? shown in

Some experiments were made on the preprocessing
of the data, i.e. with time filtering and projection onto a
low-dimensional EOF-spanned space. The results were
insensitive to these details of preprocessing and it
turned out that the analysis could readily be done with-
out any time filtering of the data and by using only the
first two EOFs.

The patterns p' and p? are shown as solid lines in
Fig. 1. They are zonal wave number 1 type patterns
with one minimum and one maximum. The two pat-
terns are about 90° out of phase, indicating an eastward
migration of the entire signal. The paiterns deviate,
however, in a characteristic way from a purely sinusoi-
dal pattern; the extremes are smaller in the western
than in the eastern hemisphere. More significantly, the
gradients of velocity potential are strongest in the
60° E-180° sector. If, at a certain time ¢, the oscillation
is given by z!'(f)p' +z°(H)p?, its minimum is located at
longitude A satisfying
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Fig. 1a, from May 1984 until April 1989. Note that some data are
missing. Units: 10°m?s~!

P*@) _ —2'(0)
P'A) " 20

The prime ’ indicates a zonal derivative. In Fig. 2,
the dependence of the location of the minimum, A, on
the angle ¢ =tan~'[—z/z%] is shown. If the (z',z%)-point
spans an angle of about ¢=20° with the positive z'-
axis, the minimum is located at the dateline, i.e.
A(20°)=180°. Similarly, ¢ =100° is connected with a
minimum at about Darwin longitude: A(105°)=130° E.
Note that the South America and Africa directions are
defined rather vaguely. The propagating velocity of the
crests of the “wave” clearly vary with longitude.

The time series of the POP coefficients, z'(f) and
z°(t), are shown in Fig. 3. The unfiltered data are char-
acterized by noisy high-frequency variations superim-
posed on coherent low-frequency oscillations. The
dashed curve (z?) leads the continuous curve (z') by
about 10 days. The oscillation seems to be active

= :tan(¢g).
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Fig. 4. Time series of POP coefficient
time series cosy-z' () +siny-z*(f)
(continuous line) and area-averaged OLR
time series (5° N-5°S, 75° E-95° E;
dashed line) in 1985. No filtering has
been applied, apart from the removal of
the first two harmonics of the annual
cycle. Units: POP coefficients,
10°m?s~'; OLR, 10 Wm 2. Note that
the 1985 period is part of the

throughout most of the year. There are some quiet, or
less coherent, phases in late summer.

3.3 POP coefficients as an index of the tropical 30- to
60-day oscillation

The rotation period .7=44 days, the zonal wave num-
ber 1 pattern and the eastward migration of the POPs
all suggest that the identified POP pair is representative
of the 30- to 60-day oscillation. The characteristic de-
viation from a purely sinusoidal pattern has also been
found previously for the 30- to 60-day oscillation (Mad-
den and Julian 1972, Knutson and Weickmann 1987,
Storch et al. 1988).

verification interval and not of the
analysis interval

360

Also, the POP coefficients are well correlated with
local OLR which is a good indicator of the state of the
oscillation; the optimal correlation, 45%, of the time se-
ries cosy-z'(¢) +siny-z*(f) and the area-averaged OLR
time series (5° N-5°S, 75°E-95°E) is obtained for
y=170°. This value is equal to ¢(90° E). When using
filtered data instead of raw data, about the same angle
¥ but a somewhat higher correlation is found.

The “optimal” times series, cosy-z'(f)+siny-z>(f),
and the area-averaged OLR in 1985 are shown in Fig. 4:
the similarity between the curves is quite remarkable.
Quite clearly, the high correlation comes from the intra-
seasonal time scale. The same similarity is found in the
other analysed years (not shown). Apparently, the POP
model is quite capable of identifying the OLR anomal-
ies related to the 30- to 60-day time scale.

Table 1. Results of the POP analysis with variable time interval and spatial domain. The
number in the ¢!’ column and, for example, row F is the correlation between the i-th POP

coefficients of the F analysis and the “B” analysis

Time interval Equatorial ~ Period &7 e-folding c'! c*?
sector (days) time (days) (%) (%)
A May 1986-April 1988 0°-360° 44 13 88 91
(“analysis interval”)
B May 1984-April 1989 0°-360° 43 11 100 100
(all data)
C May 1984-April 1989 90° W-0° 42 4 65 73
(all data)
D May 1984-April 1989 180°-90°W 33 4 76 65
(all data)
E May 1984-April 1989 90° E-180° 61 7 79 88
(all data)
F May 1984-April 1989 0°-90°E 42 7 88 75

(all data)
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It is concluded that the two POP coefficients, z'(¥)
and z?(¢), form a bivariate index of the tropical 30- to
60 day oscillation. In Section 5, this bivariate index will
be used to derive associated correlation patterns, and in
Section 6 the POP forecast scheme will be used to pre-
dict the index.

4 Sensitivity of the POP analysis to the analysis area
and time interval

In a series of POP analyses, denoted by “B”-“F”, we
tested the sensitivity of the “analysis interval” results
(denoted by “A”, see previous section) to changes of
the analysis period and of the analysis area. This sec-
tion deals only with the results of these additional ana-
lyses “B”-“F”. To make the comparisons easier, all
POPs are rotated so that the p' patterns optimally fit
the “A”-p'. This operation is not in conflict with the
POP concept since pairs of POPs are defined as com-
plex eigenvectors which may be multiplied with com-
plex numbers.

POP coefficients in 1985
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The “A” POPs were derived from a 2-year subinter-
val of the entire 5-year data set (see row A of Table 1).
The area considered was the entire equator, i.e. the full
0°-360° longitude sector.

2.1 Extension of analysis time interval, case B

The extension of the time interval from the “analysis
interval” to the full 5-year data set is not connected
with noteworthy changes of the characteristic numbers
(Table 1, row B): the e-folding time of 11 days is sligth-
ly smaller than in A (13 days). The B patterns shown in
Fig. 1a (dashed lines) are virtually identical to the A
patterns. The correlations between the B and A POP
coefficient time series, which are shown for 1985 in Fig.
5, are very large (88% and 91%).

4.2 Analysis of subareas, cases C-F

In the set of analyses C-F the whole 360° equatorial

0° to 360°
2 years

0° to 360°
S5 years

90°E to 180°

|
0 60 120

time (in days)

Fig. 5. Time series of coefficients, z'(f) (continuous line) and z(f)
(dashed line), of POPs derived from the analyses A-F (see Table
1), from January 1985 until December 1985. The corresponding

patterns p' and p? are shown in Fig. 1. Note that some data are
missing. Units: 10°m

ZS—l
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Fig. 6. Associated correlation patterns of 45° N-45° S 200-mbar
velocity potential (lines) and of outgoing long-wave radiation
(OLR; shading). Top q} and qd,x; middle, q} and qb.r; bottom,

circle of latitude was divided into four adjacent 90°
sectors. The patterns found are shown in Fig. 1b. The
90° sector patterns closely resemble the full 360° pat-
terns. The better fit of the p' patterns than of the p?
patterns is simply due to the fact that the (above-men-
tioned) rotation of the POPs favours the fit of the first
patterns.

The characteristic numbers, listed in rows C-F of
Table 1, deviate little from the 360° results given in
rows A and B.

percentage of variance explained by POP coefficients. Units: vel-
ocity potential, 10°m?s~"'; OLR, Wm ~2; variance, %

The e-folding times in the 90° sectors are considera-
bly smaller than in the 360° circle. This difference is
reasonable: the POPs describe a global, travelling fea-
ture which will be traced for a longer time in the 360°
circle than in the 90° sectors. Interestingly, the damp—
ing time in the eastern hemisphere (E and F), 7 days, is
about double that in the western hemisphere (C and D),
4 days. This finding is consistent with the observation
that the 30- to 60-day oscillation is markedly stronger in
the eastern hemisphere (see Section 5).
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The differences in the periods in the four 90° sec-
tors are consistent with the variable phase speed of the
minimum of velocity potential depicted in Fig. 2. In the
E sector 90°-180° the oscillation was found to be slow-
est — and the period in this sector was found to be 62
days. In the C and D sectors, 0°-90° E and 90° W-0°,
the oscillation propagates with medium wave speed -
and the period is 42 days. Finally, in the D sector 180°-
90° W the propagation is fastest and the period is a

von Storch and Xu: POP analysis of oscillation in troposphere

minimum, namely 33 days. The average of the C-F pe-
riods is 45 days, i.e. almost identical to the period of the
360° analyses A and B.

The time series of 1985 are shown in Fig. 5. The
eastern hemisphere sectors, E and F, yield time series
very similar to cases A and B. Here the correlations be-
tween the POP coefficients are of the order of 80% (Ta-
ble 1). The signals become less clear in sectors C and D,
where the correlations are about 70%.
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Fig. 7. Same as Fig. 6, but for northern winter (NDJF). Associated
correlation patterns of 45° N-45°S 200-mbar velocity potential
(lines) and of outgoing long-wave radiation (OLR; shading). Top,

qZ and qd.r; middle, ) and qbir; bottom, perceatage of var-
iance explained by POP coefficients. Units: velocity potential,
10°m?s~'; OLR, Wm~2; variance, %
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Fig. 8. Same as Fig. 6, but for northern summer (MJJA). Asso-
ciated correlation patterns of 45° N-45° S 200-mbar velocity po-
tential (lines) and of outgoing long-wave radiation (OLR; shad-

4.3 Meridional shift of analysis area

In another set of analyses, the area was shifted merid-
ionally to 40° N or 40° S and yielded patterns and char-
acteristic times similar to the A and B case (not shown).
The variance of the POP coefficients, however, de-
creases with increasing latitudinal distance from the
equator.

ing). Top, q3 and q&ir; middle, 9}, and qb,g; bottom, percentage
of variance explained by POP coefficients. Units: velocity poten-
tial, 10°m?s~'; OLR, Wm ~?; variance, %

5 Associated correlation patterns: tropical velocity
potential and OLR

5.1 Summary of the concept of associated correlation
patterns

If a pair of POPs, p' and p?, is identified in the key
variable with time coefficients z'(7) and z%(¢), the sig-
nal’s appearance in another variable, say y, may be
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identified by deriving associated correlation patterns q;
and q2, which are defined by

(ly(n—2'(nqy—2*(1) qylI’)=min

2(r) indicates a POP coefficient that is divided by its
standard deviation (Storch et al. 1988). The normaliza-
tion is introduced to obtain associated patterns with the
same units as the analysed variable y. The associated
correlation patterns is interpreted in a similar way to
the POPs themselves: if the POPs perform one cycle,
...—»>p'—p?*—> —p'—>p’>p'—..., the associated corre-
lation patterns do the same

B Gl e N FR

The concept of associated correlation patterns al-
lows one to separate the seasonal differences of the sig-
nal. To do so, the minimization is limited to dates from
a particular season. We have done this for northern
winter (NDJF) and summer (MJJA).

The associated correlation pattern analysis was car-
ried out with two variables: velocity potential at 200
mbar in the 45° N-45° S belt - to check whether rele-
vant information was disregarded when confining the
POP analysis to the equator - and outgoing long-wave
radiation (OLR). Since velocity potential is the output
of an involved analysis scheme and OLR a directly
measured quantity, the intercomparison of the patterns
is an implicit consistency check.

5.2 Velocity potential and OLR patterns derived for
all-year data

The patterns are shown in Fig. 6: velocity potential by
isolines and OLR by different grades of shading. Not
unexpectedly, the patterns of the velocity potential pat-
terns along the equator are almost identical to the
POPs. They are fairly symmetrical with respect to the
equator - consistent with Section 4.3. q, is shifted
slightly northward, its extremes being located over the
southern tip of India and in the Pacific ITCZ. In pat-
tern g2, the Australian sector minimum is somewhat
south of the eqiiator. Thevariance explained by the two
patterns is more than 50% almost everywhere along the
equator, with maximum values of 79% in the Indian
Ocean. Off the equator, the explained variance drops to
about 40% at 45° N and 45° S.

The associated correlation OLR patterns appear
well organized and explain up to 25% of the variance.
The patterns are fairly symmetrical about the equator.
The OLR and velocity potential patterns are mostly in
phase. However, the largest anomalies of OLR and vel-
ocity potential are not at the same locations. In particu-
lar, the negative extreme of q, is at about 120° W and
that of q&Lr at 170° E. The OLR anomalies are concen-
trated in those areas where, in the long term, mean pre-
cipitation is large - which is physically plausible.

In the 5° N-5°S/75° E-95° E box from which the
area-averaged OLR time series (Fig. 4) was derived, vel-
ocity potential and OLR are not quite in phase. OLR
leads velocity potential, so that the angle
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$(90° E) =~ 150° is slightly smaller than »(90° E)~ 170°
(see Fig. 2).

5.3 Associated correlation patterns for northern winter

The associated correlation patterns of 200-mbar veloci-
ty potential and OLR in winter (NDJF) are displayed in
Fig. 7. As expected, the winter patterns are shifted
southward relative to the all-year patterns (Fig. 6).

In the eastern hemisphere a strong signal migrates
eastward from the Indian Ocean across North Australia
into the region of the SPCZ. In that area, the POPs ac-
count for more than 70% (30%) of the variance of veloc-
ity potential (OLR) (Fig. 7c). The western hemisphere
appears less active: here, the velocity potential field is
fairly flat and in the OLR no coherent structures are
present. These results are consistent with the findings
of Weickmann et al. (1985) and Madden (1986).

5.3 Associated correlation patterns for northern summer

The summer (MJJA) patterns (Fig. 8) are shifted north-
ward relative to the all-year patterns (Fig. 6). In the vel-
ocity potential patterns, an eastward motion from the
Asian monsoon area along the ITCZ to South America
can be identified. In contrast to the winter situation, the
patterns are well defined in the western hemisphere
also. The maximum percentage of velocity potential
variance represented by the POPs is 80% over the In-
dian Ocean and 60% over South America.

The centres of OLR action are in the northern hem-
isphere: northern Indian Ocean, India, the African and
the Pacific ITCZ and northern South America. Maxima
of explained variance are 20% in the Caribbean and at
the Peruvian coast, and 25% in the Bay of Bengal. Over
India, however, the amount of OLR variance which
may be attributed to the 30- to 60-day oscillation is
mostly less than 10%. In the Asian sector, the two pat-
terns describe a northeastward propagation, and in the
western hemisphere an eastward propagation.

These summer results are in accord with previously
published results by Knutson et al. (1986) and Madden
“(1986).

6 Forecast experiments
6.1 Technique

The POP technique is naturally suited for predictions
as it implies a forecast equation for the POP coeffi-
cients (Xu and Storch 1990, Penland 1989), namely

2n
7

@'+ 2@+ D=pe 7 '+ 2%
where " denotes the rotation time (44 days in the pres-
ent example) and p the damping rate (corresponding to
13 days in the present example). The equation describes
the damped persistence of a trajectory in the complex
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plane. Thus, in the framework of POP prediction, it is
necessary only to identify the location in the complex
state space of the system at a given time to predict fu-
ture locations. For a limited time this prediction might
be useful, but at longer lead times the built-in linearity
of the POP analysis will result in a deterioration of the
forecast skill.

There is a basic limitation of the POP forecasts: it is
possible to predict only the regular changing phase of
the oscillation and impossible to predict an intensifica-
tion or a decay of the oscillation. However, a prediction
of phase is potentially valuable even if the amplitude is
not well predicted. Therefore, we predict the amplitude
by persistence by setting p=1 in the above prediction
equation.

In view of the noisy character of the analysed varia-
ble, it is not sufficient to estimate the POP coefficients
for a certain date and to use these as initial values. In-
stead, some “initialization” is necessary, e.g. the “time-
averaging” approach or the “time-filtering” ansatz. The
latter approach was introduced by Xu and Storch
(1990): it operates with a one-sided digital filter sup-
pressing variance on short time scales. We tested this
approach, suppressing all variability shorter than 20
days. The results were essentially the same as those ob-
tained with the “time-averaging” ansatz.

In the “time-averaging” ansatz, which is used
throughout this paper, the POP coefficients are derived
for the last few days. A 1-day POP forecast is made
with the POP coefficients analysed at day — 1, a 2-day
forecast is made with the data of day —2 etc. A
weighted average of the various forecasts and of the
analysis at day 0 is used as an initial value. More
weight is given to the recent information, and less to the
older information. In this study, the POP coefficients of
days 0 to —4 are used.

POP coefficients which are small and move irregu-
larly in the 2-dimensional phase space indicate that the
30- to 60-day oscillation is not active and that the entire
system is in a “quiet phase”. In that case it would be
reasonable not to rely on the formal POP forecast. In-
stead, the adequate POP forecast is that the system will
stay in the “quiet phase”.

6.2 Case studies

The forecasts are presented in the form of a “dial dia-
gram showing the analysed evolutions of the POP coef-
ficients before and after the forecast date, and the fore-
cast itself. Ten randomly chosen cases are presented
(Fig. 9 - for the details of the diagrams, see figure cap-
tion). They are all from the year 1985 and the forecast
dates are about 30 days apart. The forecasts are made
for 10 days in advance, which is about the e-folding
time derived in the POP analysis. Note that all forecasts
are from the verification interval, i.e. independent of
the data the POP model is fitted to. Recall that the
quality of the POP forecast has to be judged primarily
by comparing the observed and predicted phases, rath-
er than the amplitudes.
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a) 22. 1. 1985. This case covers an early stage of the big
event in late winter 1984/1985 (Fig. 3) and is a very use-
ful forecast.
b) 23. 2. 1985. This forecast is successful for the first
few days until the disruption of the oscillation’s east-
ward propagation. The prediction is that the oscillation
would continuously migrate eastward towards South
America. In reality, however the oscillation changed di-
rection after a few days, travelled westwards for a few
days, and finally returned to its original orbit.
¢) 26. 3. 1985. The big January/March 1985 event is
over and the oscillation is weak. Accordingly, the fore-
cast is that the amplitude will remain small. What ac-
tually happened was, however, that the oscillation re-
covered.
d) 25. 4. 1985. Quiet a realistic forecast.
e) 25. 5. 1989. The eastward propagation is heavily un-
derpredicted.
f) 24. 6. 1985. A fairly successful forecast.
g) 6. 8. 1985. A good forecast — the POPs forecast the
phase and cannot account for changes of the strength
or for day-to-day variations.
h) 3. 9.1985. The situation prior to day 0 is inconsistent
with the POP notion of a counterclockwise trajectory.
This inconsistency is indicative that the system is in a
quiet phase. The adequate - and correct - forecast is
that the system will stay in the quiet phase.
i) 3. 10. 1985. The forecast is good even though the sud-
den intensification was not foreseen.
j) 2. 11. 1985. This forecast is quite good even though
the phase propagation is underestimated.

To summarize subjectively: about half fo the fore-
casts seem to be skillful and one is wrong (c).

6.3 Measures of skill

To measure the quality of the POP forecasts, two meas-
ures of skill are used: the correlation skill ~”(7) and
the “RMS” skill .Z7(1)

fac(@-b@)
(a0)*) (b(1)*)
F(1) = Y(a(t) — b (1))

Here, a,(f) denotes a (bivariate) forecast issued at day ¢
for 7 days in advance. b(f) is a (bivariate) verifying
quantity, in our case the POP coefficient time series it-
self. The brackets, (), indicate ensemble averages. In
our case, the ensemble consists of the forecasts made
for each available day from May 1984 to April 1989.

The correlation skill .57(7), being insensitive to am-
plitude errors, is an indicator of phase errors only. With
respect to the amplitude, the POP forecast is a persis-
tence forecast. Therefore, the correlation skill appears
to be an adequate measure of skill of the POP method.
The RMS error, Z7(1), is sensitive to both phase and
amplitude errors. It may be anticipated, therefore, that
the POP forecast appears less successful if measured in
terms of RMS error.

(1) =
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Fig. 9a-j. POP forecasts for 10 randomly chosen dates in 1985.
The forecasts are made in the 2-dimensional POP coeffient plane
with the x-asis representing the z' coefficient, and the y-axis the z>
coefficient. The POP forecast model implies a clockwise rotation
of the trajectory. The indicated geographic areas are ones that the
minimum of the 200-mbar velocity potential passes over with giv-
en z' and z% See also Fig. 2. The light continuous line indicates the

To evaluate the merits of the POP forecast, its skill
is compared with an even simpler forecast - the persis-
tence forecast. Persistence is a fair choice as the POP
forecast and the persistence may be seen next to each
other in a hierarchy of forecast schemes of increasing
complexity.

In the following subsection, the overall skill of the
POP forecast is compared with that of persistence. It is

POP coefficients from day —4 day 0 and the heavy continuous line
the POP coefficients found on days + 1 to + 10. The forecast itself
is given by triangles. Dashed lines mark missing values in the ob-
servations. a: day 0is 22. 1. 1985; b: 23. 2. 1985; ¢:26. 3.1985; d:
25. 4. 1984; e: 25. 5. 1985; f: 24. 6. 1985; g: 6. 8. 1985; h: 3. 9.
1985; i: 3. 10. 1985; j: 2. 11. 1985

reasonable to hypothesize that the forecast skill might
depend on various factors such as season, strength of
the signal and phase of the oscillation. In Subsections
6.5-6.7 the forecast skill is examined in this respect.
Differently from most studies, the stratifications are
made with respect to the state of the oscillation on the
predicted day and not with respect to the state on the
forecast day.
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Fig. 10a, b. Measure of skill of the POP forecast (solid) and of
persistence (dashed). The skills have been derived from daily fore-
cast experiments for the entire period, May 1984 until April 1989.
a Correlation skill, .57 (1): a “100%” indicates perfect skill, a “0” a
useless forecast. b RMS skill, .2(7)

6.4 Skill scores for all data

The correlation skill, .%’(z), and the RMS error skill,
G2(1), derived from all forecast experiments, all dates,
peristence and POP, are shown in Fig. 10. During the
first 2 days the persistence appears more skillful than
the POP forecast, but after this time the peristence fore-
cast rapidly loses its skill. After about 20 days its skill
has a negative extreme indicating the 30- to 60-day os-
cillatory behaviour of the oscillation. The RMS error
skill reaches its saturation level of about 8.5-10° m?s !
at day 18 (Fig. 10b).

The POP forecast correlation skill slowly decreases
with time, yielding 60% after 7 days and 40% after 15
days. The increase of .97(7) is considerably slower than
in the case of the persistence. Even after 24 days, the
saturation level is not yet reached.

It might be argued that the forecasts should be ver-
ified not against unfiltered POP coefficients but against
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low-pass filtered data - since it is the 30- to 60-day os-
cillation which is supposed to be predicted and not the
day-to-day variations. We tried this, and used the mean
of the last 3 days for the persistence. The results (not
shown) are somewhat better than those shown in Fig.
10: the POP forecast was superior to the persistence
forecast almost from the first day. The 60% (40%) line
was passed after a lag of 10 (18) days.

6.5 Stratification with respect to seasons

We consider four seasons: DJF (December, January,
February), MAM, JJA and SON. In terms of the corre-
lation skill (Fig. 11a), the POP forecast is clearly su-
perior to the persistence forecast in all four seasons.
Both the persistence and the POP forecast score best in
DIJF, passing the 60% level after 5 days (persistence)
and 11 days (POP forecast). The POP forecast has a
minimum correlation skill in JJA.

Also in terms of the RMS skill score, the POP fore-
cast is better than the persistence in all seasons (not
shown). The POP forecast performs best in SON and
worst in MAM. In the solstice seasons the RMS skill is
about that of the all-year data.

6.6 Stratification with respect to strength of the signal

The strength of the signal is measured by the length
1(z)=1zi+z5 of the bivariate POP coefficient
Z =(z,,2,). If it; denotes the mean length 1(z), the skills
are derived for all z with 1(z)=9, p, 3, 2u,.

Interestingly, the persistence correlation skill is the
same for 1(z) =0, y,, 34, (Fig. 11b). For 1(z) = 2u,, how-
ever, the skill curve is somewhat irregular, indicating
sampling problems. The sample size for 1(z)=2y; is
only 29, and not all samples are independent of each
other. For the other three cases, 1(z)=0, u,, 3u,, the
sample sizes are 1750, 661 and 179. We conclude that
the correlation skill of the peristence is independent of
the strength of the signal.

The correlation skill of the POP forecast increases
with the strength of the signal (Fig. 11b). The 60% level
is passed after 7 days for all data, after 10 days if
1(z) =y, after 12 days if 1(z)=3u,, and after 21 days if
1(z)=2y,. The last estimate, however, is probably con-
taminated by sampling uncertainties.

As expected, the RMS skill of the persistence fore-
cast and the POP forecast increase with the strength of
the signal (not shown). Interestingly, however, the dif-
ference between the peristence and the POP forecast
also increases with the strength of the signal. The dif-
ferences in Z2(9 days) are about 2x 10°m?s~' for
1(z)=0, 3x10°m?s~" for I(z)=u,, 4x10°m?*s~" for
1(z)=3u, and 5x 10 m?s~" for 1(z) =2, (the last esti-
mate is questionable).

6.7 Stratification with respect to phase of the oscillation

The correlation skills for the four equatorial 90° sectors
(see Section 4) (A) 90° W-0°, (B) 180°-90° W, (C)
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90° E-180° and (D) 0°-90°E are shown in Fig. 1lc.
Having found in Section 4.2 that the signal is best de-
veloped in the eastern hemisphere, it is not surprising
to find maximum correlation skill along that part of the
equator. In the 90° W-0° sector the skills are worst.

7 Summary and outlook

Without applying any time filter, the POP analysis
leads to the definition of an index of the 30- to 60-day
oscillation. This index is highly correlated with a local
OLR time series and it is possible to derive essential
properties of the oscillation, e.g. the meridional dis-
placement of its track from summer to winter, by ex-
ploiting the index.

The characteristics of the index do not depend on
the choice of analysis period or analysis area. If the en-
tire 5-year data set is analysed, the same index is ob-
tained as from the 2-year interval used here. The analy-
sis of 90° longitude sectors along the equator also leads
to essentially the same index. The signal appears most
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Fig. 11a-c. Correlation skill .5 (7) of the POP forecast and of per-
sistence. The skills have been derived from daily forecast experi-
ments for the entire period, May 1984 to April 1989. A “100%”
indicates perfect skill, a “0” a useless forecast. a Stratification by
season; b stratification by strength of the signal 1(z); ¢ Stratifica-
tion by longitudinal location of the minimum of velocity poten-
tial

clearly in the eastern hemisphere, i.e. in the 0°-90° E
and 90°-180° sectors.

The POP index of the 30- to 60-day oscillation is
predictable for several days. The POP forecast scheme,
which is considerably better than persistence, scores a
correlation skill of more than 60% during the first 7
forecast days. The POP forecast seems to be most skill-
ful in northern winter, and in the eastern hemisphere,
provided that the signal is strong.

The existence of an easy-to-handle index of the 30-
to 60-day oscillation allows a number of questions re-
lated to the oscillation to be studied in a relatively
straightforward manner. For instance, changes of the
global atmospheric energetics and of the general circu-
lation connected with the course of the oscillation may
easily be inferred from daily analyses by applying the
“associated correlation pattern” analysis. Another ex-
ample is the possible relationship between the state of
the oscillation and extratropical predictability.
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