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Abstract This study examines the forecast performance
of tropical intraseasonal oscillation (ISO) in recent
dynamical extended range forecast (DERF) experiments
conducted with the National Centers for Environmental
Prediction (NCEP) Global Forecasting System (GFS)
model. The present study extends earlier work by com-
paring prediction skill of the northern winter ISO
(Madden-Julian Oscillation) between the current and
earlier experiments. Prediction skill for the northern
summer ISO is also investigated. Since the boreal sum-
mer ISO exhibits northward propagation as well as
eastward propagation along the equator, forecast skill
for both components is computed. For the 5-year period
from 1 January, 1998 through 31 December, 2002,
30-day forecasts were made once a day. Compared to
the previous DERF experiment, the current model has
shown some improvements in forecasting the ISO during
winter season so that the skillful forecasts (anomaly
correlation>0.6) for upper-level zonal wind anomaly
extend from the previous shorter-than 5 days out to
7 days lead-time. A similar level of skill is seen for both
northward and eastward propagation components dur-
ing the summer season as in the winter case. Results also
show that forecasts from extreme initial states are more
skillful than those from null phases for both seasons,
extending the skillful range by 3–6 days. For strong ISO

convection phases, the GFS model performs better
during the summer season than during the winter sea-
son. In summer forecasts, large-scale circulation and
convection anomalies exhibit northward propagation
during the peak phase. In contrast, the GFS model still
has difficulties in sustaining ISO variability during the
northern winter as in the previous DERF run. That is,
the forecast does not maintain the observed eastward
propagating signals associated with large-scale circula-
tion; rather the forecast anomalies appear to be sta-
tionary at their initial location and decay with time. The
NCEP Coupled Forecast System produces daily opera-
tional forecasts and its predication skill of the MJO will
be reported in the future.

1 Introduction

The intraseasonal oscillation (ISO) is one of the most
prominent large-scale variabilities in the tropics and
undergoes a peculiar seasonal variation, with most ac-
tive oscillation during the northern winter and spring,
and weaker activity during the northern summer (Slingo
et al. 1999). The northern winter intraseasonal oscilla-
tion, also known as the Madden-Julian oscillation
(MJO), is manifested as planetary-scale eastward prop-
agating circulation and convection anomalies with
timescales of about 30–70 days (e.g., Madden and Julian
1994; Hendon and Salby 1994, 1996). Because strong
MJO convection is sustained largely over the warm pool
waters in the Eastern Hemisphere, the phase speed of
large-scale winds has a geographical two-regime struc-
ture. Convectively-coupled circulation in the Eastern
Hemisphere propagates eastward at a rate of �5 m s�1,
while the phase speed over the Western Hemisphere is
�10–20 m s�1. The MJO system is vertically westward
tilted over the western Pacific, whereas it is more verti-
cally aligned over the Indian Ocean (Sperber 2003).
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Meanwhile, the boreal summer ISO (BSISO) has a
complex spatial structure and propagation pattern due
to the off-equatorial thermal equator and the interaction
of Asian summer monsoon (e.g., Lau and Chan 1986a;
Annamalai and Slingo 2001; Hsu and Weng 2001;
Kemball-Cook and Wang 2001; Lawrence and Webster
2001; Jones et al. 2004a). Intraseasonally bandpassed
OLR anomalies display a northward propagating mode
over the Indian Ocean and northwestward moving mode
over the western Pacific Ocean as well as an eastward
propagating component along the equator. Note that in
this study we refer to the northern winter ISO as the
MJO and the northern summer ISO as the BSISO to
take into account the seasonality in the ISO.

The interaction between ISO convection and large-
scale circulation anomalies influences extratropical
regions. The evolution and propagation of ISO con-
vection have been shown to develop persistent North
Pacific circulation anomalies and extreme precipitation
events along the western United States during boreal
winter (e.g., Weickmann 1983; Liebmann and Hart-
mann 1984; Lau and Philips 1986b; Higgins and
Schubert 1996; Mo and Higgins 1998; Jones 2000).
Furthermore, the westerly wind events associated with
the eastward propagation of the ISO significantly
modify the thermocline structure in the equatorial Pa-
cific Ocean via a series of downwelling oceanic Kelvin
waves (McPhaden 1999, 2004). Recently, Seo and Xue
(2005) show from the analysis of global ocean data
assimilation systems at the National Centers for Envi-
ronmental Prediction (NCEP) that the peaks of ISO-
generated oceanic Kelvin wave activity lead ENSO
mature phases by 5–11 months and the Kelvin wave
activity also tends to impact the growth and termina-
tion of ENSO warm events. The Asian summer mon-
soon system is also strongly influenced by the boreal
summer ISO (BSISO). The intraseasonal tropical con-
vection variation over the Indian Ocean and the South
China Sea has been found to be connected to the
fluctuations of the Indian summer monsoon and the
rainy spells in China (Mei-yu) (Sikka and Gadgil 1980;
Lau and Chan 1986a, b; Annamalai and Slingo 2001).
The active and break cycle of the monsoon is signifi-
cantly related to the northward propagation of the
convective anomaly from the Bay of Bengal or the
Indian Ocean to the subcontinent (Krishnan et al.
2000; Annamalai and Slingo 2001). Also, the BSISO
occurring in the eastern Pacific Ocean has been known
to change sea surface temperature and modulate trop-
ical cyclone activity (Maloney and Hartmann 2000;
Maloney and Kiehl 2002). Indeed, there is clear
evidence that a proper representation of tropical
intraseasonal convective forcing helps enhance
extended-range weather forecast skill in the extratropics
(Ferranti et al. 1990). Therefore, it is essential to assess
the ability of global climate models to forecast the
variations associated with the ISO.

Recent observational and modeling studies stress
the importance of air–sea interaction in the develop-

ment and propagation of the ISO (Krishnamurti et al.
1988; Flatau et al. 1997; Sperber et al. 1997; Waliser et
al. 1999b; Woolnough et al. 2000; Kemball-Cook and
Wang 2001; Kemball-Cook et al. 2002). In Kemball-
Cook et al. (2002), however, even an uncoupled
simulation was able to produce an intraseasonal
oscillation and thus the ISO is believed to be primarily
a mode of the atmosphere. They suggest that the
interaction of the ISO and ocean is not solely
responsible for the existence of the ISO, even if it
plays an important role in its organization and inten-
sification. For example, the variations of sea surface
temperature (SST) act to help organize ‘‘horizontal
moisture convergence’’ (Waliser et al. 1999b), the pri-
mary forcing term for the wave-CISK (conditional
instability of second kind) mechanism. Even without
this, however, moisture convergence can also be sys-
tematically induced by the interaction between ISO
convection and large-scale circulation.

Here we assess the prediction performance of the
ISO in the NCEP operational Global Forecasting
System (GFS, formerly the Medium Range Forecast
or MRF) model, utilizing 30-day forecast runs per-
formed once a day for the 5 years from 1998 to 2002.
The previous operational MRF runs for the years
1987 and 1988 showed significant skill score (about
10 days) for strong MJO events based on the 200-hPa
velocity potential (Chen and Alpert 1990). Lau and
Chang (1992) also showed the similar range of pre-
diction skill for the global pattern of intraseasonal
variability for the winter season of 1986/87 using the
upper-level velocity potential. The recent dynamical
extended range forecast (DERF) experiment was per-
formed with the 1996 NCEP reanalysis version of the
MRF model for the 5-year period from 1 January,
1985 to 31 December, 1989 (Schemm et al. 1996). This
DERF experiment was intended to evaluate the fea-
sibility of operational dynamic weather prediction be-
yond the medium-range (i.e., about 1 week). It is
found that the skillful forecasts for the wintertime
MJO extend out to an average of 5–6 days at the level
of anomaly correlation 0.6 with 1–3 more skillful days
for an initially extreme phase of MJO events (Hendon
et al. 2000; Jones et al. 2000). The present study ex-
tends the earlier work by comparing prediction skill of
the northern winter ISO (MJO) in the current global
model with that of the previous DERF experiment.
We also examine prediction skill for the northern
summer ISO (BSISO). As will be shown, the NCEP
GFS model tends to produce more skillful predictions
during the summer season than during the winter
season, for the forecasts initialized during active con-
vection events.

2 NCEP GFS forecast runs and analysis methods

The experiments were done with the NCEP opera-
tional GFS. GFS runs in the T126L28 resolution for
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the first 7 days and in the T62L28 resolution after-
wards. Note that this particular configuration is uti-
lized for NCEP ensemble forecast system. Thirty-day
forecasts were initialized each day, using the 00Z
reanalysis as initial conditions for the 5-year period
from January 1, 1998 through December 31, 2002. The
increased horizontal resolution is an important change
in this model compared to the previous DERF model,
where the horizontal spectral resolution was T62
(Kalnay et al. 1996).

The current operational GFS model has undergone
substantial changes since 1996. These include modifica-
tion of physics package such as the inclusion of prog-
nostic cloud water, boundary layer turbulence and
convection parameterization, a modification of the
evaporation formulation for convective rain, inclusion
of cumulus momentum mixing, enhanced gravity wave
drag, etc. The radiation schemes have also been modi-
fied. Whereas the previous shortwave radiation (SW)
parameterization was developed at the Geophysical
Fluid Dynamics Laboratory, using portions of the
scheme from Lacis and Hansen (1974), a newer, more
accurate method has been developed at NCEP, based on
the work of Chou and Lee (1996). The new SW scheme
incorporates climatological aerosol effects and a new
surface albedo. The longwave radiation (LW) scheme
developed by Fels and Schwarzkopf (1975) is also
modified with a more proper treatment of radiative
heating rates and LW cooling at the cloud top. More
detailed information on the model can be seen at http://
www.emc.ncep.noaa.gov/modelinfo.

Note that in this study, we do not intend to evaluate
the effects of individual changes for the skill of the ISO.
Rather, we wish to assess the overall performance of the
current operational global model associated with the
ISO.

Similar to the previous runs, SST was damped from
its initial observed value to climatology with a 90-day
e-folding time. From these forecast runs, we analyze
zonal winds at 200 and 850 hPa (denoted as U200 and
U850, respectively) and outgoing longwave radiation
(OLR) for this study. The latter variable in the model is
not as accurate as the winds since it depends on a
physical parameterization, but it directly represents
localized ISO-related convection anomalies.

For the forecast verification, the NCEP reanalysis
(Kalnay et al. 1996) and the Advanced Very High Res-
olution Radiometer outgoing longwave radiation (AV-
HRR OLR) on the National Oceanic and Atmospheric
Administration (NOAA) polar orbiting satellites
(Liebmann and Smith 1996) are used for the same
5 years. Both forecast and validation data have
2.5�·2.5� spatial resolution.

Prior to calculating the anomaly correlation, we re-
moved systematic model errors. This is accomplished by
removing an annual cycle from the forecast and verifi-
cation data, separately. The annual cycle for both fore-
cast and analysis was constructed based on 4 years of
data excluding the year of verification. Then, the high

frequency components of the annual cycle were removed
by retaining only the annual mean and first three annual
harmonics. For forecast data, this procedure of obtain-
ing an annual cycle is applied for each lead time ranging
from 1 day to 30 days.

To extract intraseasonal variations associated with
the ISO, we need to apply some filtering techniques.
However, conventional bandpass filtering is not appli-
cable since the forecast extent is 30 days, which is less
than the time scale of the ISO. To overcome this dif-
ficulty, the beginning of the 30-day forecasts is padded
with 30 days of the reanalysis and then the Murakami
filter (Murakami 1979) is applied. In contrast to the
conventional digital filtering technique that uses the
convolution of input time series with a weighting
function of the filter, the Murakami filter is a recursive
filter and requires only two data points in the past.
This filter converges so fast that there is almost no
cutoff problem. The actual calculation is composed of
two steps. At the first step, tentative output is calcu-
lated from the input data from which the mean value
and linear trend are removed. Then this output is re-
versed in time and processed again to obtain the final
output. This procedure results in a zero phase shift at
all local frequencies. To test the accuracy of this fil-
tering, bandpass filtered time series of 60 day (30 days
padded to 30 day forecast) segments of observed U200
anomaly using the Murakami filter and the true
bandpass filtered time series are compared. The per-
centage of the total mean root-mean-square error rel-
ative to the average U200 amplitude for the entire
30 day lead is below 10%.

This filter is also applied to the continuous verifica-
tion data. A preliminary test shows no significant change
in intraseasonal signals with an increase of padding size
to �35–50 days. However, it should be noted that this
procedure tends to inflate forecast skill at short lead time
(see also Jones et al. 2000). The analysis is done for the
boreal extended winter season (1 November–31 April)
and the boreal extended summer season (1 May–30
October).

To identify the most dominant phases of the ISO life
cycle, we perform EOF analysis on intraseasonally fil-
tered AVHRR OLR. The first two EOFs of the observed
OLR anomalies together describe eastward progression
of convection anomalies during the northern winter
season, and eastward and northward propagation dur-
ing the northern summer season. The first two EOFs
account for 18% (23%) of the total variance for winter
(summer, respectively) season with an approximate
period of 45–48 days.

Strong ISO events are identified by selecting the dates
when either of the two leading standardized principal
components exceeds 1.5 standard deviations during the
5-year period (as in Hendon et al. 2000). According to
the sign of the principal components, the four phases of
the life cycle of the ISO are then designated as PC1+,
PC2+, PC1�, and PC2� with each succeeding phase
leading the preceding phase by a quarter cycle or about
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12 days. Null events are defined as the cases where both
leading principal components are simultaneously less
than 0.5 standard deviations. Total days selected by the
above criteria are 75(55), 61(64), 57(60), 77(47), 148(48)
for the winter (summer, respectively) season. Compos-
ites are made based on the dates initialized for these five
extreme phases and forecast skills are evaluated in terms
of anomaly correlation and root-mean-square (RMS)
error (although the latter will not be shown).

3 Systematic model errors and 200-hPa zonal wind
propagation

The climatology of forecasts at each lead time is not
likely to be identical to verification climatology. The
use of verification climatology in the calculation of
model anomalies at each grid point leads to systematic
overestimates or underestimates of forecast anomaly
values. Therefore, the mean model errors should first
be removed prior to forming composites and assessing

the prediction skill. Figure 1 shows 200-hPa zonal
winds in the reanalysis and systematic model errors
(defined as forecast minus reanalysis climatology) at
several forecast lead times for winter and summer
seasons. The northern wintertime mean field (Fig. 1a)
shows upper-level easterlies in the tropics in the East-
ern Hemisphere and over South America. Over the
Pacific and Atlantic Oceans in the Western Hemi-
sphere, westerly wind ducts associated with the Pacific
and Atlantic wave guides are apparent. Mean model
errors (Fig. 1b, c) represent a general weakening of the
northern winter mean zonal winds in both the tropics
and extratropics, resulting in weaker upper-level jets
and decreased horizontal gradient of the zonal winds in
the model. The westerly bias appears over the Maritime
Continents at 3-day lead time. As lead time increases,
model easterly winds weaker than the reanalysis,
develop over the onset region of MJO convection. An
easterly systematic bias develops over the eastern Pa-
cific as in the previous experiments (Hendon et al.
2000; Jones et al. 2000).

a
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d h

Fig. 1 a Mean 200-hPa zonal wind in the reanalysis (contour
interval 3 m s�1) and systematic model error (reanalysis minus
forecast climatology) (contour interval 2 m s�1) at forecast lead
times of (b) 3, (c) 7, and (d) 15 days for the Northern Hemisphere

winter season (1 November–30 April). e Mean 200-hPa zonal wind
in the reanalysis and systematic model errors at forecast lead times
of (f) 3, (g) 7, and (h) 15 days for the summer season (1 May–31
October). Mean model errors are calculated using unfiltered data
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During the summer season (Fig. 1e), monsoonal
easterlies stronger than the wintertime easterlies appear
over the equatorial warm pool regions. The westerlies of
the Pacific and Atlantic wave guides disappear. Over the
Indian monsoon region, model easterly zonal winds are
weaker than the reanalysis and this weaker dynamic
response may indicate that the model has a weak rep-
resentation of the monsoon heat source. As forecast time
progresses, the positive model bias further intensifies
and broadens.

Similarly, Figure 2 shows 850-hPa zonal winds in the
reanalysis and systematic model errors at several fore-
cast lead times for winter and summer seasons. In win-

ter, the equatorial westerly duct appears over the main
development region of the ISO. Beside that region, mean
easterlies dominate in the tropics. There is no systematic
downgrade or discontinuity in the forecast fields asso-
ciated with the equatorial westerly duct. It has been
suggested that if the low-level equatorial westerlies are
weak or discontinuous, then ISO tends to show weak or
discontinuous propagation (Waliser et al. 2003c). Dur-
ing the summer season (Fig. 2e), the dipole structure
over the Indian Ocean represents the mean monsoonal
low-level cross-equatorial circulation with the south-
easterlies in the southern Indian Ocean and the south-
westerlies in the northern Indian Ocean and south Asian
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Fig. 2 Same as Fig. 1 except for mean 850-hPa zonal wind with contour interval 2 m s�1
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monsoon region. Over those regions, the forecast
westerlies in the northern Indian Ocean and the forecast
easterlies in the southern Indian Ocean are slightly
weaker than the observations.

To assess how well the model forecasts intraseasonal
variability, total variance and intraseasonally filtered
variance are compared with verifying analysis. Figure 3
shows the total variance of unfiltered 200-hPa zonal
winds and the ratio of the 30–70 day variance to the
total variance for the reanalysis and 3-day lead forecast
during the entire season. In the reanalysis, it is seen
that the greatest total variance appears in relation to
extratropical jets over the Pacific Ocean in both the
Northern and Southern Hemispheres. In the tropics the
smallest total variance is located over the Maritime
Continents. However, this region shows a ratio of the
bandpass-filtered variance to the total variance
exceeding 14%. The western Indian Ocean is the region
where the ratio attains another maximum. The two
regions of higher ratio are the result of the Gill-type
upper-level circulation response to the tropical diabatic
forcing located over the central Indian Ocean and the
western Pacific. Other large intraseasonal variance re-
gions are situated over the subtropical continents of
America.

The forecast total variance shows a horizontal pat-
tern similar to the reanalysis with a slight difference in its
intensity. The ratio of the intraseasonal variance to the
total variance shows a maximum over the western In-
dian Ocean, but the value is smaller than in the reanal-
ysis. In particular, the ratio over the Maritime
Continents is significantly smaller than the reanalysis.
This may be related to the fact that the model has a

difficulty in capturing eastward-propagating intrasea-
sonal signals, as will be shown later. Such a difficulty
exited in previous studies by Hendon et al. (2000) and
Jones et al. (2000). Figure 4 shows the equatorial ISO
variance of 200-hPa zonal winds for all years as a
function of forecast lead time. It is seen that the ISO
variance decreases approximately linearly with time. The
ISO variance decreases by about 20% for the lead time
of 10 days. Again, this diminishing signal with forecast

a C

b d

Fig. 4 Intraseasonal variance of 200-hPa zonal winds averaged
over the zonal band from 30�S to 30�N as a function of forecast
lead time

Fig. 3 a Total variance of unfiltered 200-hPa zonal winds in the
reanalysis, and (b) ratio of the 30–70 day variance to the total
variance for 200-hPa zonal winds for whole season. Contour

intervals for total variance and ratio are 20 m2 s�2 and 0.02,
respectively and the ratio greater than 0.14 is shaded. c, d Same as
(a) and (b) except for the 3-day forecast
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a b c

Fig. 5 Example of the propagation of the intraseasonally filtered
equatorial (10�S–10�N) 200-hPa zonal wind anomalies for (a) the
reanalysis, (b) and (c) associated 3- and 10-day forecasts and

pattern correlations (small panels) for the year 1999. Note that the
forecast data are not continuous. Anomaly values less than
�2 m s�1 are shaded. Contour interval is 2 m s�1

Seo et al.: Forecast skill of the tropical intraseasonal oscillation in the NCEP GFS dynamical extended range forecasts 271



lead time indicates the decreasing forecast skill with
time, which will be shown in results.

Figure 5 shows an example of the propagation of
the intraseasonally filtered equatorial (5�S–5�N) upper-
level zonal wind anomalies for the reanalysis and
associated 3- and 10-day forecasts and pattern corre-
lations (small panels). Since the filtering was performed
on each 30-day forecast separately, the forecast data
arranged according to verification dates as in the figure
are discontinuous, and this introduces unavoidable
high-frequency variations in the plots. Since the
anomalies are taken along the equator, eastward
propagating oscillation is most pronounced. Also un-
like OLR anomalies, the U200 anomalies tend to ap-
pear over the whole globe. The 3-day forecast data
show relatively modest resemblance to the reanalysis
with an indication of stationary tendency as in the
previous DERF runs (see Waliser et al. 1999a). The
correlation calculated is greater than 0.5 most of the
time in this case. The correct ISO signals appear to
exist east of 120�E through the Western Hemisphere.
This will be discussed in Fig. 10. However, the 10-day
forecasts exhibit irregular patterns. Some forecasts do
capture the strong ISO events such as the one in Sep-
tember 1999. But some do not appear to capture the
strong ISO events. For example, the October 1999
event has a skill smaller than 0.2. In general, the
characteristic eastward propagation is not apparent at
this lead time; rather anomalies seem to move west-
ward sometimes.

4 Prediction skill during northern winter season

4.1 Life cycle of the MJO

Before examining a phase-dependent forecast skill,
composite fields of analyzed OLR and 200-hPa zonal
wind anomalies associated with the ISO are presented.
Applying a two-sided t test, only the fields that are sta-
tistically significant at the 95% level are considered.
Figure 6 shows the composite of analyzed OLR anom-
alies for positive phase (PC1+ and PC2+), negative
phase (PC1� and PC2�), and null cases. The PC1� and
PC2� phases represent the structure similar to the
PC1+ and PC2+, respectively, but the sign is opposite
to the respective phases. The sequence of these plots
represents a canonical life cycle of the MJO convection:
initiation of the cycle over the Indian Ocean, subsequent
eastward propagation of the convection in the Eastern
Hemisphere, and decay of the convection in the Western
Hemisphere.

Associated with this life cycle of the MJO convection,
a composite of U200 anomalies and vector winds in the
reanalysis for each phase is shown in Fig. 7. The dis-
tribution of upper level zonal winds shows the large-
scale circulation response to the eastward moving con-
vection, reminiscent of Gill-type spatial structure. There
is an indication of Kelvin wave response, especially in

the PC2 phases over the Pacific Ocean. Also, equatorial
Rossby waves straddling the equator are evident, sug-
gesting the dominance of the rotational component in
zonal winds (Slingo et al. 1999). The forced Rossby
waves appear to propagate further into the extratropical
regions. The propagation of equatorial Kelvin-Rossby
waves can be better seen in sea level pressure anomalies
(not shown) as in Matthews (2000) and Seo and Kim
(2003).

4.2 Prediction skill of the MJO

Figure 8a shows the anomaly correlation of U200 as a
function of forecast lead time during the winter season.
We define a useful skill as anomaly correlation
exceeding 0.6. It is seen that the forecast skill ranges
from 6 to 8 forecast days with a greater skill in the
1999/2000 and 2000/2001 winter seasons. The average
skill (denoted as thick black line) is around 7 days.
RMS error increases as forecast lead time increases
(not shown). In Fig. 8b, the dotted line denotes the
anomaly correlation for the 5-year winter mean derived
by using reanalysis climatology rather than forecast
climatology in the calculation of forecast anomaly.
This shows only a slight difference between two ap-
proaches (i.e., with model systematic error removed
and retained). However, as Inness et al. (2003) pre-
sented, the basic wind error tends to act as an
impediment to the zonal propagation and fixing the
basic state error in the model prior to run time allows
the ISO system to prognostically generate a more
realistic ISO. The dash-dotted line represents the
anomaly correlation for the persistence for the entire
winter season. The anomaly correlation of the persis-
tence forecast is about 0.6 for first 5 forecast lead days,
but as lead time increases, the correlation drops rap-
idly. The forecast skill of the MJO in the current GFS
model is rather noticeably better than the 85–89 DERF
experiment (dashed line).

The anomaly correlations of U200 anomalies for
the different phases of the life cycle of the MJO are
shown in Fig. 9. In general, extreme phases have a
skill greater than the null case, as in general forecasts
(see van den Dool and Toth 1991), but PC1+ and
PC1� have a skill similar to or slightly smaller than
the total average winter skill. Interestingly, the skill
associated with PC2+ phase is greatest, indicating
better upper-level wind forecasts when MJO convec-
tion is located over the Maritime Continents. Mean-
while, the enhanced convection initially located over
the western or central pacific (PC1�) produces the
smallest skill. The above characteristics also appeared
in the earlier NCEP MRF DERF runs as in Jones et
al. (1999), whereas dynamic potential predictability
experiments using the National Aeronautics and Space
Administration Goddard Laboratory for the Atmo-
spheres (NASA GLA) atmospheric general circulation
model by Waliser (2003a) showed opposite properties,

272 Seo et al.: Forecast skill of the tropical intraseasonal oscillation in the NCEP GFS dynamical extended range forecasts



a

b

c

d

e

Fig. 6 Composite plots of analyzed AVHRR OLR anomalies for
the phase of (a) PC1+, (b) PC2+, (c) PC1�, (d) PC2�, and (e) null
cases during winter season. PC1+ (PC1�) denotes the events
where the magnitude of the first principal component time series is
greater (less) than plus (minus, respectively) 1.5 standard devia-
tions. Similarly, PC2+ (PC2�) denotes the events where the
magnitude of the second principal component time series is greater

(less) than plus (minus, respectively) 1.5 standard deviations. Null
cases correspond to the events where the magnitudes of both first
and second coefficient time series are between 0.5 standard
deviation and minus 0.5 standard deviation. Contour interval is
4 Wm�2. Only statistically significant areas at the 95% level are
plotted
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implying that the most skillful phases are model-
dependent. Figure 10 shows a longitude-time plot of
anomaly correlation for each extreme phase. Typically,

the downstream side of the enhanced convection (solid
arrows for PC1+, PC2+ and PC1�) or suppressed
convection (dashed arrow for PC2�) shows a larger

a

b

c

d

e

Fig. 7 Composite plots of 200-hPa zonal wind anomalies (shaded) and wind vector in the reanalysis for the phase of (a) PC1+, (b) PC2+,
(c) PC1�, (d) PC2�, and (e) null cases during winter season. Contour interval is 1.5 m s�1. Only statistically significant areas at the 95%
level are plotted
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skill mainly from Kelvin wave response so that the
higher skill tends to appear over the Pacific Ocean.
The central and eastern Indian Oceans have a lower
value. Another feature is a sharp drop in the corre-
lation at the western edge of the South America. The
correlation is also large over the Atlantic Ocean and

Africa. It is worth mentioning that forecast skill veri-
fied at the time of extreme PCs is also calculated and
that this approach is not significantly different from
that calculated at the date initialized for the time of
extreme PCs.

In order to compare our results with the previous
DERF experiment (see Fig. 6 of Hendon et al. 2000), we
plot the time evolution of 850-hPa zonal wind (U850)
anomalies averaged between 5�S and 5�N for each
phase, which is shown in Fig. 11. Again the five extreme
phases are determined by the EOF PC of AVHRR OLR
anomalies as in the previous figures. The upper panel is a
composite plot of the reanalysis U850. The lower panel
illustrates the composite plot of forecast U850 for the
corresponding phase. It is seen that the observed wind
anomalies propagate east for the four extreme phases.
On the other hand, the forecast zonal wind anomalies do
not tend to move to the east; instead they are mostly
quasi-stationary or even move slowly westward, indi-
cating that forecast intraseasonal variability cannot
represent the eastward propagation of low-level circu-
lation. The evolution of the forecast convection anom-
alies was also examined. As consistent with the
propagation of the lower-level circulation, predicted
OLR anomalies tend to stay at their initial location and
decay rather more quickly as forecast time increases (not
shown).

Anomaly correlations of U850 and OLR as a func-
tion of forecast lead times are illustrated in Figs. 12 and
13, respectively. It is seen in Fig. 12 that the average skill
of U850 (thick black line) is about 5 days, which is less
than the U200 case. OLR anomaly correlation shows the
average skillful forecast less than 4 days (Fig. 13) with
diminished lead 1 day skill by �0.1 compared to U200
anomaly (Fig. 8b). This lowest skill in OLR compared
to other variables is in agreement with the lowest esti-
mate of potential predictability associated with anoma-
lous convection (Waliser et al. 2003a). These diminished
skills relative to that of U200 anomaly appear to arise
from the fact that convection and U850 perturbations
are largely confined to the Eastern Hemisphere and have
a higher zonal wavenumber (Hendon and Salby 1994),
whereas U200 anomaly associated with the MJO is more
global in extent.

5 Prediction skill during northern summer season

5.1 Life cycle of the BSISO

The boreal summer intraseasonal oscillation (BSISO)
exhibits a complex propagation pattern. Eastward
propagating convection anomalies along the equator
coexist with northward propagating convection anom-
alies from the Indian Ocean to the Indian subcontinent
and northwestward moving anomalies from the western
Pacific (e.g., Yasunari 1979; Krishnamurti and Subrah-
manyam 1982; Wang and Xie 1997; Annamalai and
Slingo 2001). This is illustrated in Fig. 14, which is the
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Fig. 8 a Anomaly correlation of U200 as a function of forecast
lead time averaged over [20�S, 20�N] for individual winters (thin
lines) and 5-year winter average (thick line). b Anomaly correlation
of U200 as a function of forecast lead time averaged over [20�S,
20�N] for 5-year winter average (thick), the case with model error
retained (dotted), persistence forecast (dash-dotted) and previous
(1985–1989) dynamic extended range forecast experiments (dashed)
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Fig. 9 Anomaly correlation of U200 as a function of forecast lead
time averaged over (20�S, 20�N) for the different phases of the
MJO during winter season
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composite of AVHRR OLR anomalies for each phase of
the life cycle of the BSISO. Initiation of the cycle is
marked by growth of the convection in the equatorial
Indian Ocean (denoted as PC1+). This convection
anomaly strengthens and moves eastward with time. In
the Indian Ocean, the convection anomaly elongates to
the north and south as Rossby waves are emitted
(PC2+). The northern lobe propagates steadily north-
westward, while the southern one is diminished (PC1�).
A Kelvin wave response extends toward the date line.
This northern lobe of the Rossby waves and the east-
ward moving convective anomaly from the Kelvin waves
form a diagonally elongated convective band. Along
with these, reduced convection of the previous cycle in
the South China Sea and new reduced convection in the
equatorial Indian Ocean form a quadruple-like config-
uration. This pattern suggests that the Indian monsoon
generally exhibits an opposite phase variation with the
China monsoon (Krishnan et al. 2000). The convection
anomaly near the Maritime Continents, which is isolated
by the eastward moving reduced convection anomaly,
propagates northward (PC2�) and subsequently decays
near the southern China continent (back to PC1+).

5.2 Prediction skill of the BSISO

Figure 15a shows anomaly correlation of U200 aver-
aged over 30�–240�E and 30�S–30�N for the summer
intraseasonal oscillation. The average skill is 7 days,
similar to the winter case (Fig. 8a). However, the year-
to-year variation of anomaly correlation is larger than
the winter anomaly correlation. In Fig. 15b, like the
winter case, the removal of mean model error only
slightly increases the summertime forecast skill during
the first 8 days and anomaly correlation by persistence
forecast (dash-dotted line) drops quickly as time
increases. Note that moderate variation in the above
selected area for the calculation of anomaly correlation
does not affect the main results.

The anomaly correlation of U200 for each phase of
the BSISO is shown in Fig. 16. It is noticed that extreme
phases have a prediction skill extending to more than
9 days; PC1� phase has a prediction skill extending to
12 days. PC2+ phase shows the lowest prediction skill
score among four extreme phases during first 8 days.
This behavior is similar to the results of potential pre-
dictability experiments performed by Waliser et al.

a b

c d

Fig. 10 Longitude-time plot of
anomaly correlation of U200
for each phase during winter
season. Vertical axis denotes the
forecast lead time. Correlations
are shown for (a) PC1+,
(b) PC2+, (c) PC1�, and
(d) PC2�. Anomaly correlation
greater than 0.5 is shaded.
Contour interval is 0.1. The
solid (dashed) arrow represents
the propagation of enhanced
(suppressed) convection
anomaly
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Fig. 11 Time evolution of 850-hPa zonal wind anomalies (U850)
averaged between 5�S and 5�N for (a) PC1+, (b) PC2+, (c) PC1�,
(d) PC2�, and (e) null cases for the winter season. Upper (lower)

panel is the composite plot of the reanalysis (forecast, respectively)
U850. Contour interval is 0.5 m s�1. Only statistically significant
fields at the 95% level are plotted
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(2003b) using the NASA GLA model. That is, their
potential predictability is considerably greater for fore-
casts that begin when the convection anomalies are lo-
cated over the Indian subcontinent, the Bay of Bengal,
Indo-China peninsula, the Philippines and subtropical
far-western Pacific Ocean (i.e., PC1� phase in Fig. 14),
whereas it is the smallest when the convection anomalies
are formed as Rossby waves over the Indian Ocean and
Kelvin waves extending from the eastern Indian Ocean
and Maritime region through the west Pacific (i.e.,
PC2+ phase in Fig. 14). On the other hand, null epi-
sodes yield a prediction skill less than 5 days since null
periods are related to the weather phenomena with
considerably weaker predictability. Thus, extreme epi-
sodes during the summer season provide a higher skill
than their winter counterparts, whereas summertime null
events produce smaller anomaly correlations than in the
winter cases. Yet, it is true that extreme cases are more
skillful than null events for both the seasons. It should
be noted that each extreme phase takes up only 5–7% of
the total summer events, so that the null plus normal
cases lower the seasonal skillful days down to �7 days
(solid thick line in Fig. 15b).

Then, there is a possibility that the predicted circu-
lation anomalies for the extreme phases really exhibit
northward propagation in this season. To investigate
this, latitude-time composite plots of U850 averaged
between 125�E and 170�E for each phase are presented
in Fig. 17. The upper and lower panels are the composite
plots of the reanalysis U850 and forecast U850, respec-
tively. The observed low-level wind anomalies propagate
to the north for the four extreme phases. Indeed, the
forecast zonal wind anomalies also tend to move
northward even though they are rather weaker than the
reanalysis. The characteristic northward propagation is
also evident in the OLR anomalies (not shown). Unlike
the northern winter cases, the GFS summertime forecast
anomalies are seen to propagate to the north as in the
observations. The BSISO also contains an eastward
propagating component. Figure 18 shows time evolu-
tion of eastward propagating 850-hPa zonal wind
anomalies averaged from 5�S to 5�N for extreme phases
for the summer season. Interestingly, eastward propa-
gation along the equator in summer shows a behavior
very similar to the winter case (Fig. 11): the observed
anomalies propagate east but forecast anomalies tend to
be quasi-stationary.

Figures 19 and 20 show anomaly correlations of
U850 and OLR, respectively, as a function of forecast
lead times. It is seen that the average prediction skill of
the northward component (thick black line) is between 5
and 6 days, which is about 1 or 2 days less than the
U200 case. Anomaly correlation of the northward
propagating OLR shows the average skillful forecast to
be less than 5 days (Fig. 20), but this is still greater than
the winter case (Fig. 13) by �1 day. The eastward
propagating component (dashed lines in Figs. 19 and
20) for U850 and OLR has a skill comparable to the
northward propagating counterpart. This comparable
skill can be seen in U200 anomaly (not shown). Similar
to the winter case, anomalous convection has the lowest
skill.

6 Summary and discussion

This study examines the prediction performance of the
tropical intraseasonal oscillation in recent DERF runs
conducted with the NCEP GFS model. For the 5 year
period from 1 January, 1998 to 31 December, 2002,
30-day forecasts were performed once a day. The model
has been updated many times since 1996, including an
upgrade of radiation package, and horizontal resolution
of T126 that is higher than the T62 version of the pre-
vious MRF run. The present study extends the earlier
work by comparing prediction skill of the MJO in the
current and previous DERF experiments. Prediction
skill for the northern summer ISO has been investigated
as well.

As in the previous DERF experiment, the GFS model
still has difficulties in sustaining MJO variability during
the northern winter. The forecast does not maintain the
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Fig. 12 Anomaly correlation of U850 as a function of forecast lead
time averaged over (20�S, 20�N) in the Eastern Hemisphere for 5-
year winter average (thick), the case with model error retained
(dotted) and persistence forecast (dash-dotted)
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Fig. 13 Anomaly correlation of OLR as a function of forecast lead
time averaged over (20�S, 20�N) in the Eastern Hemisphere for 5-
year winter average (thick), the case with model error retained
(dotted) and persistence forecast (dash-dotted)
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observed eastward propagating signals of large-scale
circulation; rather the forecast anomalies seem to be
stationary at their initial location and decay as time

increases. However, compared to the previous experi-
ment, the model has shown some improvements in
forecasting the MJO during the winter season, such that

a

b

c

d

e

Fig. 14 Composite plots of analyzed AVHRR OLR anomalies for the phase of (a) PC1+, (b) PC2+, (c) PC1�, (d) PC2�, and (e) null
cases during summer season. Contour interval is 4 Wm�2. Only statistically significant fields at the 95% level are plotted
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skillful forecasts (anomaly correlation>0.6) extend out
to 7 days lead-time. On average, skill level is comparable
during the summer season to the winter case. The
dynamical model results in forecast skill much lower
than that from the statistical models by Waliser et al.
(1999a), Lo and Hendon (2000) and Jones et al. (2004b)

and the dynamical potential predictability experiments
by Waliser et al. (2003a, 2003b). Those provide skillful
forecasts in the order of 15–25 days. However, the GFS
forecast is better compared to the empirical mode
propagation method developed by van den Dool and
Saha (2005) (see their real-time forecast in http://
www.cpc.ncep.noaa.gov/products/people/wd51hd/
mjo.html).

It should be mentioned that the period of the current
analysis (1998–2002) is different compared to the earlier
DERF runs (1985–1995). This factor may cause a dif-
ference in prediction skill mainly due to the different
amplitude of intraseasonal events between the two
periods. To examine this, the MJO activity index has
been calculated according to the method by Slingo et al.
(1999). The index is calculated as the variance of the
bandpass filtered equatorial zonal mean of the U200
zonal wind (not shown). For the two DERF run periods,
there is no significant difference in the MJO activity in-
dex. Therefore, the interannual variation of the MJO
activity does not seem to play a critical role in the
change of forecast skill of the ISO between the two
specific periods.

Recently, the NCEP has performed a long-term
climate simulation (referred to GFS AMIP run), in
which observed SST is used as boundary forcing (not
shown). Also the NCEP has coupled the GFS model
with the GFDL (Geophysical Fluid Dynamics Labo-
ratory) Modular Ocean Model version 3 (referred to
Coupled Forecast System or CFS) (e.g., Wang et al.
2004). Preliminary analyses on ISO variations in these
simulations show that the eastward propagation in
CFS is much more evident compared to the GFS long-
term climate (AMIP) run and GFS forecasts (i.e., this
study). But the ISO simulated by CFS seems too strong
and slow. However, the phase relationships among the
winter ISO (MJO) convection, large-scale circulation
and surface variables (surface fluxes and surface tem-
perature) in CFS seem to be more consistent with
observations compared to the AMIP run. For the
boreal summer ISO (BSISO), CFS simulated realistic
summer intraseasonal variations and meridional prop-
agation. Also, on coupling, the phase relationships
between model precipitation and various surface vari-
ables are more consistent with observations. Therefore,
when SSTs are fixed or specified, model surface fluxes,
surface temperature, surface moisture convergence are
phased rather incorrectly relative to model convection
as in previous studies by Fu and Wang (2004) and
Zheng et al. (2004). Full interactive coupling between
atmosphere and ocean tends to warrant correct ISO
structure and dynamics. All these aspects of the GFS
AMIP and CFS free runs will be documented in the
near future. Additionally, 45 day data from NCEP
CFS operational forecasts has been archived on a daily
basis so that the ISO forecast skill can be evaluated.
With this improved signal from the air–sea coupling in
the CFS run, improved forecast skill of the ISO is
expected.
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Fig. 15 a Anomaly correlation of U200 as a function of forecast
lead time averaged over (30�–240�E, 30�S–30�N) for individual
summers (thin lines) and 5-year summer average (thick line). b
Anomaly correlation as a function of forecast lead time for 5-year
summer average (thick), the case with model error retained (dotted)
and persistence forecast (dash-dotted)
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Fig. 16 Anomaly correlation of U200 as a function of forecast lead
time averaged over (30�–240�E, 30�S–30�N) for the different phases
of the intraseasonal oscillation during summer season
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Fig. 17 Time evolution of northward propagating 850-hPa zonal
wind anomalies (U850) averaged between 30�–240�E and 30�S–
30�N for (a) PC1+, (b) PC2+, (c) PC1�, (d) PC2�, and (e) null
cases for the summer season. Upper (lower) panel is the composite

plot of the reanalysis (forecast, respectively) U850. Contour
interval is 0.5 m s�1. Only statistically significant fields at the
95% level are plotted
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Fig. 18 Time evolution of eastward propagating 850-hPa zonal
wind anomalies (U850) averaged from 5�S to 5�N for (a) PC1+,
(b) PC2+, (c) PC1�, (d) PC2�, and (e) null cases for the summer

season. Upper (lower) panel is the composite plot of the reanalysis
(forecast, respectively) U850. Contour interval is 0.5 m s�1. Only
statistically significant fields at the 95% level are plotted
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