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A b s t r a c t .  In Part I (Storch and Xu 1990) the principal 
oscillation pattern (POP) analysis of 200 mb equatorial 
velocity potential leads to the definition of a bivariate 
(POP-) index of the tropical 30- to 60-day oscillation. 
Using the POP prediction scheme this index is predict- 
able for a few days in advance. In Part II, the predic- 
tion of the equatorial velocity potential field, made by 
the POP method and made by two GCMs, is investi- 
gated. The POP index forecast can incorporate skillful 
forecasts o f  the equatorial velocity potential (Z) field. Its 
ensemble correlation skill score passes the 0.50 level at 
7 days, whereas persistence passes after 3 days. If there 
is a strong 30- to 60-day oscillation signal in the initial 
state, useful forecasts of more than 20 days are some- 
times possible; if the initial signal is weak, the POP 
forecast fails• Also, the forecast skill of two GCMs is 
considered. The NCAR T31 GCM appears to be quite 
skillful in predicting the equatorial Z-field, and in parti- 
cular the 30- to 60-day oscillation• Its skill, however, is 
less than that of the POP scheme• The CNRM T42 
GCM seems not to be able to predict the regular devel- 
opment associated with the tropical 30- to 60-day oscil- 
lation• The power of the POP index in explaining the 
equatorial z-field is a measure of the strength and dom- 
inance of the 30- to 60-day oscillation• This measure at 
day 0 is an a priori indicator of the NCAR T31 GCM's 
skill in predicting the equatorial velocity potential 
field• 

I n t r o d u c t i o n :  t h e  P O P  i n d e x  o f  t h e  3 0 -  t o  6 0 - d a y  

o s c i l l a t i o n  

In Part I (Storch and Xu 1990; hereafter abbreviated as 
SX) the POP analysis was used to objectively identify 
the 30- to 60-day oscillation (Madden and Julian 1972) 
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in the equatorial velocity potential at 200 mbar. In ap- 
peared that the 30- to 60-day oscillation may conve- 
niently be described by two POP-patterns, ~1 and ~2 
(Fig. 1), and their time-dependent POP-coefficients zl 
and z2 which may be regarded as an index of the dy- 
namic state of the oscillation• In the following, we refer 
to the paired POP coefficient (zl, z2) simply as the index 
o f  the tropical 30- to 60-day oscillation. The index satis- 
fies a linear dynamic equation which describes a dam- 
pened oscillatory infinite sequence of the patterns, 

• • " - ~  - ~ 1 ~ 1 ~ 2 ~ I ~ 1 - ~  - 1~2--, - I~1-~ • • • 

(see also Appendix)• This oscillatory behavior is nicely 
reflected in the complex auto-correlation function 
t9 (A) = 7/(A)/y(0), with ?'(A) = s((z~ + iz2 (t). (z~ - iz2) (t + A)), 
of the index (Fig. 2) and in the scatter diagram of the 
bivariate index (zl, z2) (Fig. 3). i denotes the imaginary 
unit and s the expectation operator• The fact that 
t9(10 days) is almost purely imaginary is interpreted 
that, on average, the index is rotated clockwise by 90 ° 
after 10 days in the two-dimensional z~/z2-plane rela- 
tive to its initial position (Fig. 2). Similarly the rotation 
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Fig. 1. POP-patterns ~1 and i02 of the tropical 30- to 60-day oscil- 
lation as derived by Storch and Xu (1990, abbreviated by SX). The 
coefficients of these patterns satisfy a linear dynamical equation 
which describes a dampened oscillatory infinite sequence of the 
p a t t e r n s ,  • . . . .  I~1 " ~  ~ ) 2 " - ~ 1  - ' ~  - ~)2 "-'~ - ~31 . . . .  
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Fig. 2. The complex auto-correlation function p(A)=~,(A)/),(0) 
of the (zb z2)-index of the tropical 30- to 60-day oscillation. 7/(A) 
is the complex auto-covariance function, 
e((z] + izz)(t). (z~- iz2)(t+A)), with i denoting the imaginary unit 
and e the expectation operator. Vertical axis: real part of ~, hori- 
zontal axis: imaginary part of p. The lags 10, 20, 30 and 40 days 
are marked by small circles. The fact that ~(10 days) is almost 
purely imaginary indicates that, on average, the index after 10 
days is rotated clockwise by 90 ° in the two-dimensional z]/zz- 
plane relative to its initial position. Similarly the rotation is 180 ° 
after 22 days and 270 ° after 34 days 
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Fig. 3. Scatter diagram of the (zl, z2)-index of the tropical 30- to 
60-day oscillation, derived from all available data from January 
1985 through April 1989. The distribution of the index is approxi- 
mately binormal and shows no preference for certain sectors. 
Units: 106 m 2 s 

is 180 ° after 22 days and 270 ° after 34 days. The distri- 
bution of  the index is approximately binormal and has 
no preference for certain sectors (Fig. 3). 

In SX it was also shown that the index of the 30- to 
60-day oscillation may be predicted by the P O P  forecast 
scheme (Xu and Storch 1990) for several days. If  this is 
done, the POP forecast scheme is superior to the persis- 
tence forecast. The POP index forecast passes the 50% 
correlation skill score level after about 10 days. 

In the present paper, the usefulness and the skill of  
the POP forecast scheme is further examined. It is, in 
particular, extended to allow for predictions of  fields, 
such as the equatorial velocity potential (Z) and the lo- 
cal outgoing long wave radiation (OLR), that  are domi- 
nated by the tropical 30- to 60-day oscillation and, thus, 
are well described by the index (see second section). 
One might expect useful forecasts of  the fields only in 
those (frequent) situations when the 30- to 60-day oscil- 
lation is active. 

In the third section, the POP forecasts of  the index 
and of  the equatorial velocity potential field are com- 
pared with two sets of experimental forecasts which 
have been prepared by two general circulation models: 
the T31 NCAR CCM (Baumhefner 1989) and the T42 
C N R M  model (Coiffier et al. 1987; Geleyn et al. 1988). 
The question of  whether the POP analysis yields a pri- 
ori clues on the GCMs skill in predicting a certain Z- 
field is briefly addressed in the fourth section, which 
discusses the overall results obtained. 

The concept of the POP analysis and of the POP 
forecast are briefly summarized in the Appendix. 

In the paper, a possibly confusing number  of  fore- 
cast schemes and of predictants are used. I f  the predic- 
tant is the POP index (z], z2) of the tropical 30- to 60- 
day oscillation, the expression P OP index .. .  forecast is 
used. This forecast is either a persistence forecast  or a 
P O P  forecast. If the predictant is the equatorial velocity 
potential (Z) at 200 mbar, or outgoing long wave radia- 
tion, we refer to it as Z-field or O L R  ...  forecast, with 
the specification persistence, POP, or G CM (NCAR T31 
or C N R M  T42). Thus, a POP index POP forecast is a 
forecast of  the POP index using the POP forecast sche- 
me, and a Z-field persistence forecast is a prediction of 
the equatorial velocity potential using persistence. 

T h e  P O P  f o r e c a s t  s c h e m e  

The POP coefficients, z] and z2, form a bivariate index, 
z=(z] ,  z2), of the state of the 30- to 60 day oscillation 
(SX). Using the POP forecast scheme (see Appendix;  
SX) z may be skillfully predicted for a few days in ad- 
vance. This predictability of  the index incorporates a 
potential to predict the state of (vector) variables which 
are directly influenced by the 30- to 60-day oscillation. 
If  this variable is denoted by $ a prediction of  its future 
states requires the knowledge of two states g] and ~2 
which typically occur if z=(1,O) and z=(O,1). I f  t is 
the initial date and r the forecast lag, and ~ ( t + r ) =  
(~] (t + ~-), ~2 (t + r)) the POP predicted index, then the 
POP-forecast ~ (t + r) is: 
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~(t + r) = d ,  (t + r).  ~1 ~- z2 ( t'[- ~')" ~2 (1) 

Since the POPs  were derived f rom the equator ia l  veloc-  
ity potent ia l  fields (SX), the POPs I01 and  I~2 (Fig. 1) 
themselves serve as ~1 and  g2 to predict  the equator ia l  
veloci ty potent ia l  2' (next section). For  O L R  the "asso-  
ciated corre la t ion  pat terns"  o f  O L R  (see SX) are used. 
A forecast  o f  the Z-field using Eq. 1 is n a m e d  a Z-field 
POP forecast  whereas  ~ ( t +  ~-) is a POP  index POP  fore- 
cast. 

A measure  o f  the skill o f  an individual  vector  fore- 
cast is given by the anomaly  correlation skill core ~ : 

~( t+ r ) r . ~ ( t +  r) 

J ( t ,  r) = ] / l l~( t+ r)ll II~(t+ ~')11 (2) 

The symbol  7- indicates t ransposi t ion  so that  the nomi-  
na tor  in Eq. 2 is the do t  p roduc t  o f  the forecast  and  the 
verifying analysis at day  t + r .  The symbol  I1~11 refers to 

2 T anomaly  the n o r m  o f  the vector  ~--I1~11 =~  ~. The mean 
correlation coefficient ~ ( r )  is derived by  s imply averag- 
ing the a n o m a l y  corre la t ion coefficients f rom an en- 
semble o f  individual  forecasts.  

Ano the r  measure  o f  the overall  forecast  skill is the 
correlation skill score ~ : 

(~7-(t + r)-~ (t + r)) (3) 

~ ( r )  = 1/~ll~(t+r)ll)(ll~(t)ll) 

In  contras t  to Eq. 2, 3 is def ined with ensemble  pa ram-  
eters: the brackets,  (.), indicate ensemble  averages. 

A skill score o f  S "~ = 1 or  ~ = 1 indicates a perfec t  
forecast .  To establish the lower  limits o f  usefulness o f  

and  ~ ,  we de termine  the skill o f  a forecast  whose  
error variance, (11~-~112) or  I1~-~112, is identical  to the 
error var iance  obta ined  for  the climatological forecast  
(~=0)  ( M u r p h y  and  Epste in  1989; Tribbia  and  Baum-  
hefner  1988): 

(11~-~112)=(11~112) or 11~-~112=11~112 

Then  2(~T~)=(II~II 2) or  2~T~= I1~112 

a n d  ,~¢rnin=½]/~[[2)//([]~[[ 2) or  Jmin= l ] / / [ ]~ ] ]2 / [ ]~ [ [  2 

Thus,  if the var iance o f  the ensemble  o f  all forecasts,  
(11 ~ II 2), or  the spatial  var iance o f  an  individual  forecast ,  
I1~ II 2, is identical  to the var iance o f  the respective ver- 
ifying quanti ty,  (11 ~ II z) or II g II 2 the lower  limits, ~ m i ,  
and  J m i n ,  for  useful  forecasts are 0.5. This condi t ion  is 
fulfilled by  the POP  forecasts used in this study. 

To check  the physical  skill in t roduced  by  the POP  
model ,  the skill scores are c o m p a r e d  with a trivial fore- 
cast  scheme,  the persistence ~ (t + r) = ~ (t). 

P O P  forecasts o f  the equatorial velocity potent ial  f ie ld  

The 30- to 60-day oscil lat ion describes the bulk  o f  the 
daily var iance o f  equatorial  veloci ty potent ia l  Z in 
200 mb (SX). Since the index of  the oscil lat ion is pre- 
dictable with the POP  scheme, it is reasonable  to expect  
useful  Z-field POP  forecasts,  as long as the 30- to 60- 
day  oscil lat ion is active. 

In  this section we consider  first, a set o f  r a n d o m l y  
chosen  cases, and then the overall  skill as given by the 
corre la t ion skill score 9 .  The annua l  cycle has been  
r emoved  f rom all da ta  and only  anomal ies  are consid-  
ered. 

Case  studies 

In  SX, the POP  index and  its POP predic t ion  were ex- 
amined  in some detail for  10 r a n d o m l y  chosen  cases, 
deno ted  by A to J, f rom 1985. These cases are re-exam- 
ined here with respect  to the predic t ion  o f  the equato-  

Table 1. Anomaly correlation coefficients J ( t ,  r) of Z-field POP forecasts in ten randomly chosen cases from 1985. These ten cases have 
been examined already in SX. If no verification data is available, a "**" is given. If there is an initial interval with ~ > 50% the numbers 
are given in italics, indicating a skillful forecast 

Day in 1985 22. 1. 23. 2. 26. 3. 25.4. 25. 5. 24. 6. 6. 8. 3.9. 3. 10. 2. 11. 

Number used in Part I A B C D E F G H I J 
quality of Very Good False Good Not good Good Good False Good Good 
POP index good until 
forecast day 5 

Nowcast 
r = day 0 94% 72% 18% 91% 86% 67% 4% 36% 54% 91% 

Forecasts 
r = day + 1 91% 70% 8% 82% 66O/o 69% - 11% 68% - 6% 90% 

day + 2 77o/0 63% 4% 73% 61% 83% ** 26% 45% 90% 
day + 3 89% 70% -27% 76% 64% 86% - 3% - 19% 9% 88% 
day +4 87% 91% - 4% 65% 27% 85% 6% - 16% 23% 82% 
day +5 83% 67% - 4% 66% 32% 86% -31% 17% 38% 84% 
day +6 93% -11% -12% 79% 41% 85% -16% -53% 78% 71% 
day +7 80% ** 15% 32% 30% 64% -22% 35% 77% 51% 
day + 8 87% - 50% 28% 22% - 37% 65% - 23% - 15% 74% 58% 
day + 9 84% - 44% 23% 44% - 42% 74% - 48% 7% 93% 55% 
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Fig. 4a-c.  Three cases of  POP-predicted (solid) and observed 
(dashed) equatorial velocity potential from day 0 (bottom) until 
day 9 (top). a case A, 22. 1. 1985, b case B, 23.2.  1985, c case J, 3. 
11. 1985. Note the different scales in the diagrams 

rial Z-field. Other cases are discussed in the third sec- 
tion when considering the skill of  the two GCMs. The 
choice of 1985 is random; the 1985 data did not enter 
the fit of  the forecast scheme. 

The anomaly correlation skill-scores J for the ten 
cases are given in Table 1. Generally the Z-field POP 
forecasts have large J values if the POP index POP 
forecast was classified as "good" in SX (lst  row in Ta- 
ble 1). The "false" POP index forecasts, C and H, often 
have negative anomaly correlation coefficients. The 
cases A, B, G and J are discussed in some detail. 

In case G, a mostly negative anomaly correlation 
skill score goes along with a "good" POP index POP 
forecast. This result is due to the fact that, at that time, 

the 30- to 60-day oscillation accounted for only a small 
part of  the spatial variance of  the X-field, as can be de- 
duced from the very small J ( 0 ) = 0 . 0 4  at the initial 
time. 

For three of the ten forecasts, A (22.1.1985), B 
(23.2. 1985) and J (2.11. 1985), the POP-predicted and 
the observed values of  Z are plotted for day 0 and the 
subsequent 9 days (Fig. 4). The POP-predicted X-fields 
are linear combinations of lh and I~2; as such, they have 
to exhibit a smooth wave number 1 pattern, and the ac- 
tually observed small-scale features cannot be pre- 
dicted by the POP forecast scheme. 

In case A, the POP index is large and its forecast 
was classified as "good" throughout the first 10 days. 
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The observed evolution is fairly uniform; the maximum 
and the minimum of the velocity potential field propa- 
gate slowly eastward. The location of Z = 0 in the east- 
ern hemisphere migrates somewhat slower than the 
zero in the western hemisphere. This evolution of the 
large scale pattern is very well predicted by the POP 
scheme for the entire forecast time (Fig. 4a). 

The second case, B, is somewhat unexpected: ac- 
cording to the POP index, the 30- to 60-day oscillation 
exhibited a regular eastward propagation in the first 
few days. But after 5 days the oscillation changed direc- 
tion and propagated westward. This finding is substan- 
tiated by a visual inspection of the Z-fields (Fig. 4b). 
Not unexpectedly, the POP index POP forecast was 
correct in the first phase, but wrong in the second 
phase. A similar result is obtained for the Z-field POP 
forecast (Table 1 and Fig. 4b): the predicted fields con- 
tinue also after day 5 to travel smoothly eastward. We 
will return to this case in the third section. 

In the third example, case J, the Z-field POP forecast 
is less successful than in case A. Initially, the observed 
and predicted large-scale patterns are quite similar but 
after a few days the phase of the predicted 30- to 60- 
day oscillation significantly lags behind the phase of 
the observed oscillation (Fig. 4c) - a fact that was al- 
ready visible in the POP index POP forecast (Fig. 9j of 
SX). 

From the examples, it is concluded that, in general, a 
skillful POP forecast of the POP index is associated 
with a skillful POP forecast of the broad patterns of the 
equatorial velocity potential field. If, however, the 
equatorial X-field is not dominated by a zonal wave 
number 1 spatial scale and if it is not temporally coher- 
ent (that is, if the 30- to 60-day oscillation is not domi- 
nant) the POP forecast fails. 

The correlation skill score derived from the entire 
ensemble 

The entire ensemble of Z-field POP forecasts consists of 
daily forecasts prepared for the period from May: 1984 
through April 1989. The operational analyses prepared 
by NMC serve as initial and verifying data. Even 
though a major change in the NMC analysis procedure 
was introduced in May 1985 (Trenberth and Olsen 
1988), no inhomogeneities in the data set were appar- 
ent. Less than 10% of days were disregarded because 
the analysis of 200 mb velocity potential was not avail- 
able. Note that the original POP model was derived 
from data from May 1986 through April 1988 only. 
Therefore 60% of the data used to compute the skill 
scores represents independent data. The forecasts ob- 
tained for the training sample, May 1986 through April 
1988, were not systematically better than for the inde- 
pendent data. 

The skills of the POP forecast and of the persistence 
forecast of the equatorial velocity potential fields are 
quantified by the correlation skill score S "~ derived 
from the entire ensemble (Fig. 5). The POP forecast is 
inferior to persistence as a "nowcaster" but from day 3 

1.0 bX x I 

' \ \  I POP 

s o ,,~., 

' \  \ ~ 2  5 -- q - - - -  I persistence 

-0.5 i 
0 6 9 12 15 18 21 24 

lag (daysl 
Fig. 5. Correlation skill scores ~ of forecasts of equatorial veloc- 
ity potential (heavy lines) and of the POP index (light lines). A 
forecast with ~ < 0 . 5  is considered useless whereas ~9~= 1 indi- 
cates a perfect forecast. Solid lines: Forecasts prepared by the 
POP method. Dashed lines: Forecasts made by persistence 

onward the POP scheme is a better forecaster. The 0.5 
level of J '¢ is reached after 7 days and persistence loses 
skill after 3 days. The negative scores in the 15-25 day 
range for persistence is an other indicator of the domi- 
nance of the 30- to 60-day oscillation. 

The skill obtained for the Z-field POP-forecast 
(heavy lines in Fig. 5) is less than those of the POP in- 
dex POP forecast (thin lines). For as long as the persis- 
tence forecast is not completely useless, a similar de- 
crease of skill is found for persistence. This deteriora- 
tion, which accounts for a loss of skillful prediction 
time of the order of 3 days (POPs) and 2 days (persis- 
tence), is not unexpected. The index describes only the 
30- to 60-day oscillation (with only two degrees of free- 
dom) whereas the variability of the equatorial velocity 
potential field is due not only to the 30- to 60-day oscil- 
lation but also to high-frequency and small scale fea- 
tures. 

It is interesting to see if the skill depends on the 
strength of the signal. To examine this aspect, the spa- 
tial variance, o -z, of the Z-field, is introduced as an indi- 
cator of the strength of the signal. With this measure 
two subsets are defined: 

"strong" signals o-z>(o-z)2 2 
"very strong" signals o-~,>x(o-z)Z 3 2 

With (o -2 ) the ensemble average of spatial variance is 
abbreviated. The correlation skill scores ~ obtained 
for these two subsets and for the entire ensemble are 
shown in Fig. 6a. Quite clearly a stronger signal is more 
predictable than a weaker signal. In the "strong" ("very 
strong") subset ~ passes the 50% level after 11 (20) 
days. Similarly to the complete ensemble, the subsets 
exhibit a larger skill for persistence than for the fore- 
cast on day zero and day 1, but from day 2 onwards the 
POP technique scores better (not shown). 
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Fig. 6a, b. Correlat ion skil l  scores ~ of  POP forecasts of  equato- 
rial velocity potential. A forecast with ~ < 0.5 is considered use- 
less whereas ~ = 1 indicates a perfect forecast. The numbers are 
derived from approximately 1600 forecasts from May 1984 
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through April 1989. a All data, and the subsets of strong and very 
strong signals, h Stratification by seasons: DJF (December/Jan- 
uary/February), MAM, JJA and SON 

In Fig. 6b, the correlation skill score ~ ,  stratified 
by season, is shown. In this case, too, the POP forecast  
scores better  than the persistence after 3 days (not 
shown). ~ shows a marked  annual  cycle: the largest 
scores are obtained in the northern winter ( ~  = 0.50 at 
day 12) and spring ( ~ = 0 . 5 0  at day 8); least skill is in 
the northern summer  (5 '~=0 .50  at day 4) and fall 
( ~ =  0.50 at day 7). 

POP forecast of area averaged OLR 

It was shown in SX that there is a close relationship 
between the POP index, derived f rom equatorial  veloc- 
ity potential,  and equatorial  OLR, in part icular  in the 
eastern hemisphere.  Therefore,  this parameter  is poten- 
tially predictable by the POP forecast method.  

For three areas, one at the equator  (750-95 ° E, 5 ° N -  
5 ° S), one near  Darwin (125°-149 ° E, 10°-20 ° S) in the 
Southern Hemisphere ,  and one in the Nor thern  Hemis-  

phere (115 °-130 ° E, 10°-20 ° N), associated correlation 
patterns, ~1 and ~2, were derived. The three areas were 
chosen because of their max imum contribution to the 
variance in the 30- to 60-day band (Weickmann et al. 
1985; Knutson et al. 1986). 

The correlation skill scores ~ obtained for the two 
off-equatorial  areas are low, in all seasons, for the POP 
forecast  and for the persistence forecast even though 
the POP forecast  exhibits a larger skill than persistence 
after a few days (not shown). At the equatorial  location, 
however,  the POP forecast performs fairly successfully, 
in part icular  in DJF;  the ~ =  0.50 level is passed after 
12 days, which is considerably better than the 7 days 
obtained by persistence (Fig. 7). 

The failure of  the off-equatorial  O L R  POP forecast 
might be due to the fact that the basic POP model,  de- 
rived by SX, was established as an all-year model  disre- 
garding the large systematic seasonal differences intro- 
duced by the Indian monsoon  and the Australian mon- 
soon. 
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12 15 18 21 24 
lag (days) 

Fig. 7. Correlation skill score , Z  of the POP and the persistence 
forecast of outgoing long wave radiation (OLR) averaged over 
750-95 ° E, 5 ° N-5 ° S. The skill score is stratified according to sea- 
son: December/January/February (DJF), MAM, JJA and SON 

GCM forecasts of the equatorial velocity potential 

Experimental  extended range forecasts were per formed 
with two GCMs.  All cases are northern winter cases. 
These experiments were mainly made with the purpose  
of  studying problems of  extratropical predictability. 
However,  it is worthwhile examining the models '  capa- 
bility of  predicting the state of  the 30- to 60-day oscilla- 
tion, in terms of  its POP index, and in terms of  the ano- 
malous equatorial  velocity potential  field. The anomal-  
ies are defined as the forecast data minus the annual  
cycle minus the model ' s  systematic errors. The POP in- 
dices of  the G C M  predictions are derived by projecting 
the forecast z -anomal ies  on the adjoint POPs. 

In the next section, the N C A R  T31 C C M  forecasts 
are considered in some detail, and in the following sec- 
tion, the per formance  of  the C N R M  T42 G C M  is 
briefly described. 



The NCAR T31 CCM forecasts 

Case studies 

With the NCAR T31 CCM, a systematic experiment on 
the model's performance was made (Baumhefner 1989). 
For nearly every December 1, January 1 and January 30 
from 1978 through 1989, a Monte Carlo set of forecasts 
was conducted. All forecasts were initialized with the 
standard operational NMC analysis. In this paper, only 
the control forecast of each set is used. 

The model exhibits an initial drift reflecting the in- 
consistencies of the initial state and the model's dynam- 
ics. This trend is removed, together with the annual cy- 
cle, by forming averages for the forecast days 0 to + 31 
from all integrations which are initialized on the same 
day in the year. 

First, two individual forecasts are discussed in some 
detail, and after that the mean anomaly correlation skill 
score J and the ensemble correlation skill score 

are derived. 

b) P O P s  3 0 . 1 . 1 9 8 5  

The Z-field NCAR CCM prediction from 30 January 
1985 is a very successful forecast (Fig. 8a), with ano- 
maly coefficients ~ > 50% throughout the first 9 days 
(Table 2). The observed and predicted spatial patterns 
are similar in the first few days; some differences ap- 
pear after about 6 days. The GCM forecast seems to be 
slightly more variable than the observed field. Interest- 
ingly, the Z-field POP forecast (Fig. 8b) is also very 
good, and scores ~>_75% during the first 9 days (Ta- 
ble 2). 

The forecast of the complex POP index z may be 
given in terms of a dial diagram. If the complex index 

is written in polar coordinates, z = r. exp (i¢), the ampli- 
tude r represents the present strength of the oscillation. 
The phase ~b is connected with a longitudinal position 
of the minimum of the propagating spatial pattern. In 
Fig. 9 the phases associated with Darwin and with the 
Dateline are marked. A more detailed diagram is given 
in SX. 

The trajectory in the two-dimensional index-plane, 
as predicted by the GCM and the POP scheme and as 
observed, is shown as a dial diagram in Fig. 9 for the 30 
day forecast from 30 January 1985. Throughout all Fe- 
bruary 1985, the 30- to 60-day oscillation was strong; its 
phase, in terms of the spatial minimum, travelled regul- 
arly from Africa to about the Dateline within 20 days. 
After 26 February, however, the oscillation changed its 
direction and moved westward for a few days (see also 
Fig. la, and Fig. 9b in SX). The GCM was very success- 
ful in capturing the development in the first 25 days 
(the deterioration after 6 days was intermittent only) in- 
cluding the initial intensification. The model failed, 
however, to forecast the westward progression in late 
February. Similarly to the dynamic GCM forecast, the 
statistical POP scheme performed well within the first 
25 days but failed at the end of the month (see also in 
the second section). 

Another example is shown in Fig. 10: the GCM and 
the POP forecasts from 1 December 1988. The 30- to 
60-day oscillation is weak in the initial state and later 
also; there was no well organized zonal wave number 1 
pattern in the observed state. It is, therefore, not sur- 
prising that this forecast is worse than the previous one. 
The minimum J of the GCM forecast is only 11% 
(day 8), and the POP forecast even scores negative 
numbers ( J  = 50% on day 8). On day 1 the GCM has 
generated rather strong small-scale features which fade 
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Fig. 8a, b. Predicted (dashed) and observed (solid) evolution of equatorial velocity potential field from day 0 (bottom) until day 9 (top). 
Day 0 is 30 January 1985. a NCAR T31 CCM forecast, b POP forecast. Note the different scales in the two diagrams 
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Table 2. Anomaly correlation coefficients ~ of Z-field forecasts prepared by the NCAR CCM and by the POP method. The entry ** 
marks missing observations. If there is an initial interval with J _ >  50% the numbers are given in italics, indicating a skillful forecast. The 
cases are ordered after the initial J ( t ,  0) of the POP forecast 

Date day 0 1 2 3 4 5 6 7 8 9 

30. 1. 85 91% 77% 72% 83% 66% 77% 68% 68% 52% 59% NCAR 
90% 870/o 92% 87% 92% 95% 88% 86% 84% 75% POP 

1. 12. 87 95% 63% 74% 50% 50% 46% 68% 25% 58% 46% NCAR 
88% 87o/0 75% 700/0 65% 88% 73% 66% 70% 55% POP 

30. 1.88 90% 61% 65% 73% 36% -23% -35% 63% 47% 57% NCAR 
87o/0 91% 83% 57o/0 17% - 14% 7% 13% 42% 61% POP 

30. 1.86 84% 56% -47% -48% -66% -66% -61% -59% -19% -44% NCAR 
870/0 90% 86% 88% 75% 60% 48% 82% 60% 72% POP 

1. 1.86 92% 66% 73% 87o/0 69% 61% 32% 34% 47% 42% NCAR 
85% 74% 55% 84% 89% 87% 85% 88% 91% 90% POP 

30. 1.87 93% 42% -70% 48% 39% - 2% 31% 38% ** 6% NCAR 
80% 600/0 66% 68% 86O/o 83% 38% 71% ** 73% POP 

30. 1.89 81% 61% 51% 82% 63% 45% 15% - 1% 52% 55% NCAR 
79% 74% 82% 81% 84% 90% 64% 47% 45% 63% POP 

1. 12. 85 81% 20% 29% 39% 9% 33% -24% -42% -39% -57% NCAR 
79% 67% 51% 72% 79% -33% 16% -28% 16% -43% POP 

2. 12. 84 70% 70% 76% 51% 66% 59% 39% 31% 14% ** NCAR 
770/0 85% 95% 81% 76O/o 82% 81% 55% 24% ** POP 

1. 12. 88 88% 45% 54% 43% 69% 21% 26% 24% 11% 27% NCAR 
68% 78% 51% 48% 61% 45% 30% - 34% - 50% - 33% POP 

1. 12. 86 62% 38% -29% -49% - 3% -18% -16% -36% 32% 68% NCAR 
59% - 44% - 69% - 38% - 48% - 61% - 29% - 25% 48% 54% POP 

1. 1.89 75% 56% 43% -93% 13% 24% 59% 36% 44% 41% NCAR 
57% 62% 39% 35% 59% 55% 50% 47% 46% 34% POP 

1. 1.87 84% 10% ** -46% 57% -13% 18% 32% - 16% -26% NCAR 
55% - 8% ** 36% 41% 44% 65% 72% 53% 49% POP 

1. 1.85 82% 49% 32% 34% 37% 76% 46% 66% 66% 72% NCAR 
53% 62% 72% 79% 53% 59% 71°.4 74% 40% 80% POP 

1. 1.88 85% -21% 47% 70% 66% 65% 57% - 14% 10% -22% NCAR 
50% 65% 56% 59% 49% 31% 37% 15% 13% 7% POP 

Mean 84% 46% 36% 34% 35% 26% 24% 18% 23% 23% NCAR 
73% 62% 59% 60% 59% 47% 48% 42% 42% 45% POP 

Standard 9% 25% 38% 47% 36% 41% 36% 38% 32% 40% NCAR 
deviation 14% 37% 39% 31% 35% 46% 31% 42% 34% 40% POP 

away in  the fo l lowing days. In  the dial  d iagram of  the 
POP index  (Fig. 11), it is ev ident  that  the G C M  pre- 
dicted 30- to 60-day osci l la t ion propaga tes  too quickly,  
whereas  the POP index  POP forecast is f ine with re- 
spect to the ampl i t ude  bu t  the pred ic ted  phase  consid-  
erably  lags the real phase.  Cons i s t en t  with the weakness  
of  the 30- to 60-day osci l la t ion,  the POP forecast  of  the 
X-field is wi thou t  skill after a few days. Thus,  the bas ic  
a s s u m p t i o n  of  the POP forecast,  the d o m i n a n c e  of  the 
30- to 60-day osci l la t ion,  is violated.  

m 

50% level is passed  by the G C M  on day 1 bu t  by the 
P O P  scheme after day 4. 

In  terms of  the ensemble  corre la t ion  skill score 5 ~, 
the nume r i c a l  mode l  is bet ter  than  the empir ica l  model  
on ly  on  day 0 (Fig. 12). The cor re la t ion  skill score 
of  the POP is larger t han  50% th rough  day 9, whereas 
the G C M  is 48% already on  day 1. The noisy  c h a r a c t e r  
of  the ~9~-curves indicates  that  an  ensemble  of on ly  15 
forecasts is no t  suff icient  to yield a rel iable est imate of 
the t rue skill scores. 

Ensemble  skill scores 

m 

The m e a n  a n o m a l y  corre la t ion coefficients  ~ o f  the 
equa tor ia l  veloci ty po ten t ia l  fields, ca lcu la ted  for the 
days 0 to + 9  of all N C A R  C C M  forecast  exper iments  
and,  in paral lel ,  of  the POP forecasts, pe r fo rmed  for the 
same dates,  are given at the bo t tom of Table  2. The 

The T42 C N R M  m o d e l  

With the T42L20 vers ion  of the C N R M  mode l  (Coiff ier  
et al. 1987; Ge leyn  et al. 1988), exper imenta l  lagged av- 
erage forecasts were performed.  In i t ia l ized  E C M W F  
analyses  in te rpo la ted  on the mode l  grid were used as 
ini t ia l  condi t ions .  For  each of  9 di f ferent  no r the rn  
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Fig. 9. Dial diagram of the analysis and 30-day predictions of  the 
bivariate POP index in the index-plane. Day 0 of  the N C A R  T31 
CCM and POP forecasts is January 30, 1985. The POP forecast 
scheme implies a clockwise rotation of  the trajectory. The indi- 
cated geographic positions mark the location of  the minimum of  
the spatial pattern, if  the (Zl, z2) spans the respective angle with 
the horizontal axis (see also Figs. 2 and 9 in SX). The days 11, 21 
and 30 are marked as A, B and C. Note that a few NMC analyses 
are missing 

winter dates, a set of 5 forecasts were integrated from 
initial conditions which were 12 hours apart from each 
other. So, the day 0 "nowcast" is actually the mean of 
the analysis of day 0, and of four forecasts prepared 
with initial conditions 12, 24, 36 and 48 hours earlier. 
The observed annual cycle has been removed from the 
raw data and also the model's systematic error, by sub- 
tracting the 15 day running mean error. This estimate of 
the model's systematic error is certainly not very accu- 
rate because of the small sample size. Due to logistic 
problems, day 0 Z-fields simulated by the model are not 
available. 

The averaged anomaly correlation coefficient ~//as 
a function of lag is given in Table 3 and the ensemble 
correlation skill ~ is shown in Fig. 13. Because of the 
small sample size, both measures of skill, ~ / a n d  ~ ,  
are not strictly monotonic functions of  the lag r but 
quite variable. Nevertheless, the statistical approach 
appears much better than the dynamical model. This 
finding is substantiated by inspection of the individual 
cases (not shown). The CNRM GCM scores better than 
the POPs only if there is no well-defined wave number 
1 pattern present in the initial state. 

The characteristic eastward propagation of the large- 
scale signal often does not occur in the GCM data. An 
example is given in Fig. 14, which shows the observed 
and predicted temporal evolution of the POP index 
from 16 November 1987 onwards. Initially the POP in- 
dex is strong, and it travels clockwise, indicating regu- 
lar eastward propagation, in the two-dimensional 
plane. This behavior is correctly predicted by the POP 
model. The CNRM model is capable of predicting the 
first few days, but the signal is then quickly dam- 
pened. 
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Fig. 12. Ensemble corre la t ion ski l l  ~ der ived f rom 15 forecasts 
prepared with a the NCAR T31 CCM and the POP method. A 
forecast with 5 '~ < 0.5 is considered useless whereas ~ = 1 indi- 
cates a perfect forecast. Note that the curve for the POP forecast 
deviates from that in Fig. 5; only the 15 cases covered by the 
NCAR T31 CCM experiment have been used to estimate the skill 

Summary and discussion 

In Part I (Storch and Xu 1990) it was found that the 
POP scheme is remarkably skillful in predicting the in- 
dex of the 30- to 60-day oscillation. In this Part I I  we 
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considered equatorial velocity potential  Z at 200 mb 
and questioned whether this parameter ,  and OLR, 
might be predicted skillfully successfully by the POP 
method.  The POP technique was indeed successful in 
forecasting the Z-field along the equator  and OLR in 
the equatorial  Indian Ocean area. 

It was found that  the POP forecast is most  successful 
in DJF  and when the initial 30- to 60-day oscillation 
signal is strong. Possibly, these two facts are not inde- 
pendent  of  each other; the annual  cycle of  the skill 
(Fig. 6b) might reflect the annual  cycle of  the mean 
strength of  the signal shown in Fig. 15. This is at least 
part ly true: the mean signal is strongest in the northern 
winter season when the skill is largest. 

There is one more potential  candidate that might be 
responsible for the annual  cycle of  the scheme's  skill: 
the basic statistical model  was fitted with all-year data 
disregarding the strong monsoon  signals. Recently, a 
generalization of the POP method,  named  cyclostation- 
ary POP analysis, has been developed (Blumenthal  
1991 (submitted);  Alonso et al. 1990, personal  commu-  
nication). It might be rewarding to redo our POP anal- 
ysis with this improved technique, which explicitly con- 
siders seasonality. 

The POP scheme is considerably better than the per- 
sistence forecast. I f  there is a significant 30- to 60-day 
oscillation in the initial state the Z-field POP forecast 
also scores better than dynamical  forecasts made with 
the N C A R  T31 C C M  and with the C N R M  T42 GCM.  
In some cases, the N C A R  C C M  was also quite success- 
ful. 

The fact that the G C M s  are not overall superior to 
the simple "persistence of  mot ion"  POP forecast is in 
some sense encouraging. It should be possible to im- 
prove the dynamical  models, or their initializations, so 
that they are at least as good as the POPs. For both  
models,  no particular attention was paid to the initiali- 
zation of the tropical circulation. The fact that, the 
lower resolution N C A R  T31 model  yields better results 
than the higher resolution C N R M  T42 model,  indicates 
that a model ' s  physics might be more important  in re- 
producing realistically large-scale tropical  variations 
than the model ' s  horizontal resolution. 

It  is interesting to examine the G C M ' s  forecast skill 
as a function of the initial strength of  the 30- to 60-day 
oscillation. This initial strength is measured by the cor- 
relation ~ o p ( t ,  0) between the Z-field POP "nowcast" ,  
~(t + 0), and the verifying analysis, g(t), i.e., the initial 
anomaly  correlation coefficient J .  

m 

Table 3. Mean anomaly correlation skill J o f  9 Z-field forecasts prepared by the CNRM T42 GCM and by the POP method. A fore- 
0 cast with .=J< 50% is considered useless, and J =  100V0 indicates a perfect forecast 

Prediction Forecast day 
method 

Day 0 1 2 3 4 5 6 7 8 9 

CNRM GCM -- 51% 36% 32% 40% 50% 30% 27% 11% 9% CNRM 
POP 54% 45% 52% 52% 50% 68% 61% 60% 46% 43% POP 
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Fig. 16. To demons t ra te  the tentative f inding that  the size o f  the 
initial ~¢~pop(t, 0) is an indicator  o f  the N C A R  C C M ' s  skill in pre- 
dict ing the equator ial  Z-field, the set o f  all N C A R  C C M  forecasts  
is split  up into two subsets:  $ 2 , = { t ; ~ o p ( t ,  0)>88%} and 
$2, = It; J p o p ( t ,  0)_< 88%}. The dashed line is the mean  anomaly  
correla t ion skill score J ( v )  o f  $2, and  the solid line that  o f  f2,. The 
hatched area indicates  _+ one  s tandard  deviat ion of  the '~J/'s in 
$2,. The number  of  samples  is, however,  too small to make the 
di f ferences  statistically significant:  If211= 13 and  1£2~ 1=2 

While no useful relationship was found for the 
CNRM T42 model, the size of ~ o p ( t ,  0) appeared to 
be an indicator of the NCAR CCM's skill in predicting 
the equatorial Z-field (Table 2). To demonstrate this 
tentative finding, the set of all NCAR CCM forecasts is 
split up into two subsets: ,Q,={t; Jpop ( t ,  0)<o9} and 
O , = { t ;  ~ o p ( t ,  0)_<o9} with some arbitrary number o9. 
Then the means of both subsets and the standard devia- 
tion of f2, are derived for each lag r. The result for 
o9 = 88% is plotted in Fig. 16. Clearly the NCAR CCM's 
skill in predicting the equatorial velocity potential in 
the subset Ou is better than in the subset f2,. The num- 
ber of samples is, however, too small to make this find- 
ing statistically significant. 

Also, it is worthwhile studying the GCM's  skill in 
predicting the extratropical height fields stratified 
either by the strength of the 30- to 60-day oscillation in 
the initial field or by the model's capability of correctly 
forecasting the oscillation. An analysis of the NCAR 
CCM performance is presently underway. In the case 
of the CNRM T42 GCM, no useful relationship be- 
tween extratropical predictability (in terms of the 15- or 
30-day mean field) and the tropical flow was found. 

Appendix 

POP analysis 

The POP analysis (Hasselmann 1988; Storch et al. 
1988; Storch et al. 1990) is based on the statistical as- 
sumption that the considered vector time series ~ might 
be modeled by a first order autoregressive vector proc- 
ess, i.e., that the space-time statistics of the process: 
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(t + 1) = 2~. ~ (t) + no ise  (A) 

are  an  a d e q u a t e  a p p r o x i m a t i o n  o f  the  space - t ime  stat is-  
t ics o f  the  t ime  ser ies  g. The  ma t r ix  9Y is e s t i m a t e d  f rom 
the  data .  Then,  the  Principal Oscillation Patterns (POPs)  
are  the  e igenvec tors  o f  7Y which  are,  in g e n e r a l ,  com-  
plex.  E x p a n d i n g  a vec to r  ~(t) in to  the  e igenvec to r s  1~ 
y ie lds  the  r e p r e s e n t a t i o n :  

~(t) = Z z '  (t) l~, (B) 
i 

with  the  P O P  coef f ic ien ts  z i (t). I n se r t i on  o f  (B) in to  (A) 
y ie lds  a t ime  evo lu t i on  e q u a t i o n  for  the  P O P  coeff i -  
cients ,  wi th  )-i d e n o t i n g  the  e igenva lue  c o n n e c t e d  wi th  
the  e igenvec to r  l~i 

z i (t + 1) =2.~. z '  (t) + no ise  (C) 

i f  the  e igenva lue  is c o m p l e x  then  the P O P  coef f ic ien t s  
are  a lso  c o m p l e x  a n d  equa t ions  (C) desc r ibes  the  char-  
ac ter i s t ic  evo lu t i on  m e n t i o n e d  in the  I n t r o d u c t i o n  

. . . . .  ~1 ~l~z--, I~1-* - 1~2-* - 1~1-~" • • 

POP forecast 

The P O P  fo recas t  t e c h n i q u e  is p r e d i c t i n g  the  evo lu t i on  
o f  the  P O P  coef f ic ien t s  z( t)  by  m e a n s  o f  (C) (Xu  a n d  
S to rch  1990; SX). O f  course ,  the  u n k n o w n  no i se  is set 
to zero  so tha t  the  fo recas t  e q u a t i o n  is s imp ly :  

~(t + 1) =)1,. z( t )  (D)  

Af te r  hav ing  iden t i f i ed  the  e igenva lue ,  the  on ly  p r o b -  
lem left  is to de r ive  the  in i t ia l  va lue .  In  mos t  a p p l i c a -  
t ions ,  the  d a t a  exh ib i t  a subs t an t i a l  d a y  to d a y  (or  
m o n t h  to m o n t h )  va r i ab i l i t y  m a s k i n g  the  signal .  Thus ,  it  
is o f ten  neces sa ry  to der ive  the  in i t ia l  va lue  f rom a 
w e i g h t e d  ave rage  o f  the  obse rva t i on  at  d a y  0 a n d  a few 
days  ear l ier .  
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