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[1] Sensitivity of monsoon intraseasonal forecasting to
different initial conditions is examined with the University of
Hawaii Hybrid Coupled Model (UH_HCM). The target
period is May to September 2004. We found that in the
NCEP reanalysis the amplitudes of the convective activities
associated with monsoon intraseasonal oscillation (MISO)
are smaller than the observed counterparts by a factor of two
to three. Motivated by this fact, we carried out a suite of
forecasting experiments to explore the impacts of initial
conditions on intraseasonal forecast skills. Our results reveal
that with the original NCEP reanalysis as initial conditions
the monsoon intraseasonal forecast skills of 850-hPa zonal
winds and rainfall are only about a week over the global
tropics (30�S–30�N) and Southeast Asia (10�N–30�N,
60�E–120�E). The predictability increases steadily with
increased amplitudes of MISO in the initial conditions.
When the MISO signals in initial conditions are recovered to
a level similar to that in the observations, monsoon
intraseasonal forecast skills reach 25 days for 850-hPa
zonal winds and 15 days for rainfall over both the global
tropics and Southeast Asia. It is also found that high-
frequency weather in initial conditions generally extends
rainfall predictability by about 5 days. Citation: Fu, X.,

B. Wang, Q. Bao, P. Liu, and J.-Y. Lee (2009), Impacts of initial

conditions on monsoon intraseasonal forecasting, Geophys. Res.

Lett., 36, L08801, doi:10.1029/2009GL037166.

1. Introduction

[2] Monsoon Intra-Seasonal Oscillation (MISO) with
30- to 90-day period is a fundamental building block of
summer monsoon. The MISO influences the onset, retreat
and wet/dry phases of monsoon [Yasunari, 1979]. The
active phase of MISO also modulates the genesis/intensi-
fication of tropical cyclones [e.g., Maloney and Hartmann,
2000; Wang and Zhou, 2008]. The MISO originates in the
western tropical Indian Ocean and propagates northeast-
ward to Southeast Asia and the Western North Pacific
(WNP) [e.g., Wang et al., 2006]. It also propagates
eastward along the equatorial Pacific and is amplified over
the Eastern North Pacific [Maloney and Esbensen, 2003],
where it propagates northward to significantly influence
the North American summer monsoon [Jiang and Waliser,
2008]. The capability of forecasting monsoon intraseasonal

oscillation beyond two weeks is extremely desirable and
has great benefits for the inhabitants of monsoon regions.
The present study is a step towards this goal by expanding
our understanding of the impacts of initial conditions.
[3] Due to the chaotic nature of Earth’s atmosphere,

numerical weather prediction is very sensitive to atmo-
spheric initial conditions [Lorenz, 1993]. On the other
hand, seasonal forecasts (largely based on ENSO) are
primarily determined by sea surface temperature anomaly
[Shukla, 1998]. For an intraseasonal variability with a time
scale between synoptic weather and seasonal climate, the
predictability of MISO is sensitive to both atmospheric
initial conditions and lower boundary conditions [Waliser
et al., 2003; Fu et al., 2007]. The recent study of Fu et al.
[2008a] further demonstrated that, in order to allow the
underlying SST anomaly to extend the MISO potential pre-
dictability, the atmospheric initial conditions must be suffi-
ciently accurate. The possible impact of under-represented
intraseasonal variability in initial conditions on the practical
predictability of MISO will be investigated in this study.
[4] Many previous studies on ISO forecasting [e.g.,

Hendon et al., 2000; Vitart et al., 2007; Fu et al., 2008b]
have commonly used two reanalysis datasets (NCEP and
ECMWF) as atmospheric initial conditions. One of our
concerns is the accuracy of the initial conditions. From an
observational point of view, the strongest convective signals
of ISO exist in the equatorial Indian and western Pacific
Oceans [Wang et al., 2006], where only very sparse in-situ
observations are available. Over these oceanic regions, the
quality of reanalysis datasets largely depends on the physics
of individual models that were used for data assimilation. It
is well-known that most contemporary global models con-
siderably underestimate ISO variability [Lin et al., 2006].
These limitations suggest that the intraseasonal variability in
current reanalysis datasets may be underestimated. Shinoda
et al. [1999] found that the convective activities associated
with ISO in the NCEP reanalysis are smaller by a factor of 2
to 3 than that in the observations during 1982–1989.
Furthermore, the experimental forecasts conducted by
Krishnamurti et al. [1992] have used a special procedure
to generate atmospheric initial conditions, in which only
time-mean and intraseasonal variability are included. It is
unknown how this initial filtering of the weather component
impacts the MISO forecast skill.
[5] In the present study, the impacts of including/exclud-

ing weather activities in initial conditions [e.g., Krishnamurti
et al., 1992] on MISO forecasting will be assessed. More-
over, we will explore various ways to modify the strength
of the intraseasonal variability in the NCEP reanalysis
and examine how the modified initial conditions will
impact MISO forecast skills. The model used in this study
and the experimental designs are described in section 2,
followed by sensitivity experiment results. In section 4, we
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summarize our chief findings and discuss possible future
studies.

2. Model and Experimental Designs

[6] The model used to carry out experimental MISO
forecasting is the University of Hawaii Hybrid Coupled
Model (UH_HCM), which comprises ECHAM-4 AGCM
with an intermediate ocean model. The UH_HCM can
simulate Asian summer monsoon and the associated intra-
seasonal oscillation reasonably well [Fu et al., 2003; Fu and
Wang, 2004]. The potential predictability of MISO in the
UH_HCM reaches about 40 days over Southeast Asia [Fu et
al., 2008a]. In order to explore the impacts of initial ISO
amplitudes and high-frequency weather on MISO forecast
skills, five forecasting experiments were conducted by
modifying the ISO amplitudes and by including/excluding
high-frequency weather in initial conditions. The details of
the experiments are given in Table 1.
[7] Summer of 2004 was selected as the target season.

Under each initial condition (Table 1), ten ensemble fore-
casts are initiated from May 1st to October 1st in about 10-
day interval. The ensemble initial conditions are generated
by adding day-to-day differences of four prognostic varia-
bles (u, v, T, q) onto the unperturbed initial conditions
[Waliser et al., 2003]. In total, 16 two-month long forecasts
(160 ensembles) were conducted under each setting of the
five different types of initial conditions (Table 1). In the
following analysis, only 10 ensemble means are analyzed.

3. Results

3.1. MISO Activity Is Underestimated in NCEP
Reanalysis

[8] Shinoda et al. [1999] found that NCEP reanalysis
significantly underestimates the ISO convective activities.
Fu and Wang [2004] and Fu et al. [2006] found that the
ISO-related moisture perturbations were significantly under-
estimated by ECMWF analysis in 1991–2000. Tian et al.
[2006] also revealed that ISO-related humidity perturbations
in NCEP reanalysis are underestimated, particularly over
the Indian Ocean.

[9] To further examine to what degree MISO-related
convection is underestimated by NCEP reanalysis, specifi-
cally during 2004 summer, a limited-domain wavenumber-
frequency analysis [Fu et al., 2003] has been applied to the
daily rainfall in 2004 summer for two observational datasets
(TRMM 3B42 and GPCP) and NCEP reanalysis. The
resultant spectra associated with eastward-propagating rain-
fall are shown in Figure 1. The MISO-related rainfall
variance in the observations is greater by a factor of 4 than
that in the NCEP reanalysis. This result reveals that the
MISO amplitude in the NCEP reanalysis during 2004
summer is still smaller by a factor of 2–3 than that in the
observations, very similar to the case from two decades ago
[Shinoda et al., 1999].

3.2. Influence of Initial Conditions on Intraseasonal
Forecasting

[10] The intraseasonal forecast skill is measured with an
Anomaly Correlation Coefficient (ACC) [Fu et al., 2007]
over the global tropics (30�S–30�N) and Southeast Asia
(10�N–30�N, 60�E–120�E). Before calculating the ACC,
the observations (NCEP reanalysis 850-hPa zonal winds
and GPCP rainfall) and the model ensemble-mean forecasts
were filtered to retain only intraseasonal variability (30–90-
day). (In order to extract intraseasonal variability from the
forecasts, the observations from January 1, 2004 to the
forecast starting times have been added to the two-months’

Table 1. Five Different Initial Conditions Used for MISO

Forecasting Experiments

EXP Initial Conditionsa

NCEP_R_f ACb + filteredc

NCEP_R_unf AC + filtered + high-frequencyd

2*NCEP_R_f AC + 2*filtered
3*NCEP_R_f AC + 3*filtered
3*NCEP_R_unf AC + 3*filtered + high-frequency

aThe procedure used to generate initial conditions is briefly given here:
First, the NCEP reanalysis data from January 1 to December 31, 2004 were
decomposed into an annual cycle (annual mean plus first three annual
harmonics), 30–90-day variability, and high-frequency variability with a
Fourier transform. For the first filtered experiment (i.e., NCEP_R_f), only
the annual cycle and 30–90-day variability are combined and interpolated
onto UH_HCM model grids. To minimize the initial shock, the interpolated
PBL temperature and pressure have been adjusted to satisfy a hydrostatic
equation. The interpolated data, then, were nudged into the UH_HCM
model to generate initial conditions.

bAC (Annual Cycle) = Annual mean + First three annual harmonics.
cFiltered = 30–90-day variability.
dHigh-frequency = Total – AC – filtered.

Figure 1. Wavenumber-frequency spectra of rainfall from
TRMM 3B42, GPCP, and NCEP reanalysis averaged
between 10�S and 10�N for zonally propagating distur-
bances in 2004 summer (MJJASO); Contours start from 2
with an interval of 2 (mm day�1)2.
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forecasts, followed by a smoothed annual cycle for the
remaining days (annual mean plus first three annual har-
monics of 2004) to create a 365-day time series. Then, a
Fourier transform is applied to extract the 30–90-day
variability.) The averaged ACC of 16 forecasts with a
specific initial condition (Table 1) was plotted as a function
of forecast lead time in Figure 2.
[11] A moderate value of ACC (0.4) was used to measure

MISO practical predictability in days. The usefulness of this
criterion was also illustrated by Fu et al. [2007, Figure 3].
When the high-frequency weather of the NCEP reanalysis is
excluded from the initial condition (NCEP_R_f, Table 1),
the predictability of U850 (rainfall) is about 7-day (5-day)
over the global tropics (Figures 2a and 2b), and similar
predictability is obtained for Southeast Asia (Figures 2c and
2d). Including high-frequency weather in the initial condi-
tion (NCEP_R_unf) does not degrade the overall forecast
skill; rather it increases the forecast skill of U850 in
Southeast Asia by 2–3 days (Figure 2c).
[12] When the MISO signals of NCEP reanalysis are

doubled in the initial condition (2*NCEP_R_f), the intra-
seasonal forecast skills increase by about 5–10 days for
U850 (Figures 2a and 2c) and about 2–3 days for rainfall
(Figures 2b and 2d). When the MISO signals of NCEP
reanalysis are tripled in the initial condition (3*NCEP_R_f),
the intraseasonal forecast skill of U850 (rainfall) extends to
about 25 days (10 days) over the global tropics and
Southeast Asia. It is interesting to note that including high-
frequency weather in the initial condition (3*NCEP_R_unf)

significantly extends rainfall predictability to more than
15 days (Figures 2b and 2d). Obviously, inclusion of the
multi-scale structure in the initial conditions has a positive
contribution to MISO forecast, suggesting that adequate
resolving of the high-frequency structure associated with
the MISO in the initialization is necessary.
[13] The above results clearly demonstrate that when the

MISO signals in the original NCEP reanalysis are ‘‘recovered’’
to a realistic level in the initial conditions (3*NCEP_R_unf),
MISO practical predictability markedly increases compared
to the results obtained by direct use of the original NCEP
reanalysis as initial conditions (NCEP_R_unf). One exam-
ple is given here to illustrate the impacts of different initial
conditions on MISO forecasting. Figure 3 shows the initial
intraseasonal rainfall anomalies from GPCP observations
and three different experiments (NCEP_R_f, 2*NCEP_R_f,
and 3*NCEP_R_unf, in Table 1) on May 31, 2004. The
observations (GPCP, Figure 3a) show a tilted convective
rainbelt extending from the southern tip of India, along the
Indonesian island chain toward the northern tip of Australia.
This tilted rainbelt is very weak in the filtered original
NCEP reanalysis (NCEP_R_f, Figure 3b) but shows some
intensification when MISO signals are doubled
(2*NCEP_R_f, Figure 3c). When the MISO signals in the
original NCEP reanalysis are tripled, the resultant initial
rainfall anomaly (3*NCEP_R_unf, Figure 3d) becomes very
similar to the observations; even the tilted convective rain-
belt occurs over the south western Pacific. After 20 days,
the observed active rainbelt has moved to the Bay of

Figure 2. MISO forecast skills under different initial conditions (Table 1): (a) ACC of 30–90-day filtered 850-hPa zonal
wind anomaly over the global tropics between 30�S and 30�N; (b) ACC of 30–90-day filtered rainfall anomaly over the
global tropics; (c) ACC of 30–90-day filtered zonal wind anomaly over Southeast Asia (10�N–30�N, 60�E–120�E); and
(d) ACC of 30–90-day filtered rainfall anomaly over Southeast Asia. To calculate the ACC of model forecasts, the zonal
winds (rainfall) of NCEP reanalysis (GPCP) are used as the observations.
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Bengal and the WNP with an associated negative rainbelt to
the south of it (Figure 4a). The forecasted rainfall anomaly,
initiated with the filtered original NCEP reanalysis
(NCEP_R_f, Figure 4b), is almost opposite to the observa-
tions: a negative rainfall anomaly over the Bay of Bengal
and the WNP. When the initial MISO signals are doubled,
some positive rainfall anomalies are forecasted in the WNP
(2*NCEP_R_f, Figure 4c). However, the overall rainfall
spatial pattern in the Indo-western Pacific region is still
quite different from the observations. When the initial
rainfall anomaly recovers to a level similar to the observations
(Figure 3d), the resultant 20-day forecast (3*NCEP_R_unf,
Figure 4d) also becomes similar to the observations
(Figure 4a) with an active rainbelt over the Bay of Bengal
and the WNP, along with a negative rainbelt to the south
of it.

4. Concluding Remarks

[14] An atmosphere-ocean coupled model (UH_HCM)
[Fu and Wang, 2004] has been used to examine the
sensitivity of MISO forecast skills to different initial con-

ditions (Table 1). First, a wavenumber-frequency analysis of
2004-summer rainfall reveals that the MISO convective
activities in the NCEP reanalysis are smaller by a factor
of 2 to 3 than that in the observations (Figure 1). When
initial MISO amplitudes in the NCEP reanalysis gradually
recover to the observed level (Figure 3), the forecast skills
also steadily improve (Figures 2 and 4). The seasonal-
averaged predictability of U850 (rainfall) reaches about 25
(15) days in the global tropics and Southeast Asia. It is also
worth noting that the high-frequency variability (with period
shorter than 30 days) in initial conditions does not decrease
the overall forecast skill; rather, it extends the rainfall
predictability by about 5 days (Figure 2). The underlying
physics is a future research topic, particularly the individual
contributions from variability less than 10 days and from
that of 10–30 days.
[15] This study uncovers a drawback of using the NCEP

reanalysis as initial conditions for intraseasonal forecasting.
We propose a simple method to ‘‘recover’’ the intensity of
the ISO activities in the reanalysis. The improved initial
conditions show notably positive impacts on the monsoon
intraseasonal forecast skills (Figures 2–4). Although many

Figure 3. The 30–90-day filtered rainfall anomalies on
May 31, 2004 from (a) the observations and different initial
conditions: (b) NCEP_R_f, (c) 2*NCEP_R_f, and
(d) 3*NCEP_R_unf. The initial conditions of the three
experiments are found in Table 1.

Figure 4. The 30–90-day filtered rainfall anomalies on
June 20, 2004 from (a) the observations and different
initial conditions: (b) NCEP_R_f, (c) 2*NCEP_R_f, and
(d) 3*NCEP_R_unf. The initial conditions of three
experiments are found in Table 1.
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contemporary general circulation models still cannot realis-
tically simulate ISO [Lin et al., 2006], some models do
show promise to forecast ISO beyond two weeks with
useful skill [e.g., Fu et al., 2008b; Bechtold et al., 2008].
The potential socio-economic benefits from intraseasonal
forecasting and preliminary results of the present study
warrant that more dynamical forecasting experiments with
different models and longer target periods should be con-
ducted to better understand the impacts of initial conditions
on intraseasonal forecasting and more studies are needed to
develop methods that can generate better initial conditions
for intraseasonal forecasting.
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