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ABSTRACT

Ensembles of retrospective 2-month dynamical forecasts initiated on 1May are used to predict the onset of the

Indian summer monsoon (ISM) for the period 1989–2005. The subseasonal predictions (SSPs) are based on

a coupled general circulation model and recently they have been upgraded by the realistic initialization of the

atmospherewith initial conditions taken from reanalysis. Twoobjective large-scalemethods based on dynamical-

circulation and hydrological indices are applied to detect the ISM onset. The SSPs show some skill in forecasting

earlier-than-normal ISM onsets, while they have difficulty in predicting late onsets. It is shown that significant

contribution to the skill in forecasting early ISM onsets comes from the newly developed initialization of the

atmosphere from reanalysis. On one hand, atmospheric initialization produces a better representation of the

atmospheric mean state in the initial conditions, leading to a systematically improved monsoon onset sequence.

On the other hand, the initialization of the atmosphere allows some skill in forecasting the northward-

propagating intraseasonal wind and precipitation anomalies over the tropical Indian Ocean. The northward-

propagating intraseasonalmodes trigger themonsoon in some early-onset years. The realistic phase initialization

of these modes improves the forecasts of the associated earlier-than-normal monsoon onsets. The prediction of

late onsets is not noticeably improved by the initialization of the atmosphere. It is suggested that late onsets of the

monsoon are too far away from the start date of the forecasts to conserve enough memory of the intraseasonal

oscillation (ISO) anomalies and of the improved representation of the mean state in the initial conditions.

1. Introduction

The Indian summer monsoon (ISM) rainfall concen-

trated between June and September represents more

than 70% of the annual precipitation over the Indian

subcontinent (Parthasarathy et al. 1994). Its rapid onset

at the southern tip of India (Kerala) is followed by

a northward progression of the rainfall with the estab-

lishment of the monsoon at northern locations (Webster

et al. 1998; Goswami 2005). The monsoon onset is an

important event for agricultural planning, foodproduction,

and the lives of over one billion people (Wang et al. 2009;

Goswami et al. 2010). Because human and agricultural

activities strongly depend on the onset of the rainy season

and its northward progression, which are highly variable

from year to year (i.e.,Webster et al. 1998), prediction of

themonsoon onset is of paramount importance for India

and its inhabitants. Back in 1943, the India Meteoro-

logical Department (IMD) prepared diagrams with iso-

pleths of the normal dates of the monsoon onset over

India based on rainfall data at a large number of stations

(IndiaMeteorologicalDepartment 1943). Based on these

diagrams, operational forecasters at IMD have de-

termined the date of monsoon onset every year over

Kerala using daily rainfall reports from rain gauge sta-

tions of the synoptic network. For many years, the

criteria for the detection of the monsoon onset did

not consider specific quantitative thresholds, hence, the
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estimates were considered subjective (Joseph et al.

2006). Recently, IMD adopted an objective identifica-

tion of the monsoon onset by combining estimates of

precipitation, winds, and OLR and identifying specific

thresholds and temporal evolution based on observa-

tions (Joseph et al. 2006). In fact, during the monsoon

onset over India, the rapid increase in daily precipitation

rate is accompanied by other dramatic changes, like an

increase in the vertically integrated moisture of the at-

mosphere, the wind, and the kinetic energy, especially at

lower levels (Krishnamurti 1985). Therefore, low-level

winds and tropospheric moisture buildup over south of

the Indian peninsula have been widely used as indicators

of monsoon onset (i.e., Pearce andMohanty 1984; Ju and

Slingo 1995; Cherchi and Navarra 2003; Taniguchi and

Koike 2006). Based on the principal component re-

gression technique of large-scale circulation features and

rainfall over Kerala, Pai and Nair (2009) describe the

empirical tool, in use at IMD starting from 2005, for the

prediction of the ISM onset over Kerala one month in

advance. Even though the tool is not suited to provide

probabilistic consideration of the predictions, the authors

report some deterministic skill for the retrospective

forecasts covering the period from 1997 to 2007 with an

RMSE of about 4 days, which is much less compared to

RMSE of the predictions from a climatology-based

model (7.32 days) during the same period.

Traditionally, the onset of the monsoon is primarily

defined by precipitation because it is the parameter that

mostly affects living activities. However, the prediction

of monsoon onset dates based on precipitation from the

rain gauge stations of the synoptic network has many

disadvantages. First, precipitation is a difficult field to

monitor and its prediction is especially problematic be-

cause of the complexity of spatial and temporal gradi-

ents involved (Fasullo andWebster 2003). Second, even

though the last generation of state-of-the-art coupled

general circulation models (CGCMs) achieved some

improvement, the observed monsoon mean rainfall

pattern and variability are still poorly modeled (Sperber

et al. 2013). On the other hand, atmospheric wind and

moisture are generally well represented by models

(Fasullo and Webster 2003; Lee et al. 2011) and are,

therefore, suitable for forecasting studies, as soon as

they can be easily used for objective identification of the

monsoon onset (Wang et al. 2009). Moreover, atmo-

spheric fields over a single district (like Kerala) could

hardly diagnose the planetary-scale monsoon (Soman

and Kumar 1993; Joseph et al. 1994) while being sus-

ceptible to ‘‘bogus’’ (false) monsoon onsets mostly

connected with disturbances not related to the monsoon

(Flatau et al. 2001; Stephens et al. 2004). Often bogus

onsets are followed by extended periods of weak winds

and clear skies associated with droughts over India that

could cause disastrous economic and agricultural dam-

ages (i.e., crops failure because of lack of water after

plantation) if not correctly predicted (Fasullo andWebster

2003; Webster 2013), as it happened in 2002 (Webster and

Hoyos 2004). Examples of large-scale and objective in-

dicators of Indian monsoon onset dates suitable for the

verification of numerical model performance and their

forecasts are given by Fasullo and Webster (2003) and by

Wang et al. (2009). In particular, Fasullo and Webster

(2003) introduced a hydrological definition of the mon-

soon onset and withdrawal using the vertically integrated

moisture transport. Wang et al. (2009) determined the

monsoon onset by the beginning of the sustained 850-hPa

zonal wind averaged over the southern Arabian Sea. Both

indices are based on fields that are better modeled and

measured than rainfall, and they are both linked with the

large-scale monsoon circulation.

The dynamical subseasonal to seasonal prediction of the

Indianmonsoon rainfall is still a challenge (Krishnamurthy

and Shukla 2011), as dynamical models have significant

problems in the representation of the mean Indian

monsoon climate and its variations on different time

scales (i.e., Gadgil and Sajani 1998; Kang et al. 2002;

Wang et al. 2004, 2005; Rajeevan and Nanjundiah 2009;

Sperber et al. 2013). Results of works attempting to

forecast monsoon interannual variability with dynam-

ical models indicate skill limitations due to (i) biases,

(ii) processes misrepresentation, and (iii) initialization

errors of the coupledmodels (Lee et al. 2010;Krishnamurthy

and Shukla 2011; Rajeevan et al. 2012). For example in

the DEMETER (Palmer et al. 2004) coupled models

ensemble, the skill of seasonal forecasts of the monsoon

is positive, though generally modest, and it is larger for

the earlier period of the hindcasts (i.e., 1959–79) rather

than for the more recent period (1980–2001; Preethi

et al. 2010). Later multimodels exercises of seasonal

forecasts, such as ENSEMBLES (Weisheimer et al.

2009; Alessandri et al. 2011), were recognized having

a better skill, for example, in the prediction of monsoon

droughts (Rajeevan et al. 2012). However, despite some

predictability of the interannual anomalies of seasonal

mean ISM strength (Gadgil and Sajani 1998; Kang et al.

2002; Preethi et al. 2010; Krishnamurthy and Shukla

2011; Rajeevan et al. 2012, among others), the skill in

predicting the onset of the monsoon is still very poor

(e.g., Cherchi and Navarra 2003; Li and Zhang 2009).

The northward-propagating onset phase and the sub-

sequent active and break spells of themonsoon are often

associated with the summer intraseasonal oscillations

(ISOs; Krishnamurti 1985;Webster et al. 1998; Lee et al.

2013; Seo et al. 2007). In particular, the analysis of the

observational dataset collected during 1979 for the
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Summer Monsoon Experiment (MONEX; Krishnamurti

1985), showed that the onset and the active/break phases of

the monsoon can be related to the passage of northward-

propagating ISO systems. During the MONEX experi-

ment a sequence of ISO wind anomalies at 850 hPa in

the 30–50-day frequency band have been shown to me-

ridionally propagate troughs and ridges from near

equator, then amplify as they arrive close to the Indian

subcontinent at 108N, and finally dissipate as they

arrive near Himalayas foothills (Krishnamurti and

Subrahmanyam 1982). As discussed in Krishnamurti

and Subrahmanyam (1982), the broadscale monsoon

circulation is strengthened by the passage of the trough

lines over the Indian subcontinent. During the de-

veloping phase of the monsoon in May, the passage of

ISO troughs may, therefore, trigger earlier-than-

normal monsoon onset. Previous works showed some

skill of the prediction systems based on CGCMs in

forecasting the boreal summer ISOs over the northern

Indian Ocean and Southeast Asia. In the DEMETER

coupled models ensemble, realistic northeastward

propagation of the ISOs was evidenced over the Indian

Ocean during boreal summer and the well-organized

observed modes in May–June are almost reproducible

from one year to another, whereas in the models these

patterns are much more variable (Xavier et al. 2007).

Fu et al. (2009, 2011) showed that, by suitably initial-

izing the atmosphere, useful ISO prediction skills can

be achieved over Southeast Asia for lead times of 2–3

weeks. These results are confirmed in the framework of

the ongoing multimodel Intraseasonal Variability Hind-

cast Experiment (ISVHE; Lee et al. 2015; Neena et al.

2014), with results showing the skill of some models

reaching 3–4 weeks for boreal summer ISOs (Lee et al.

2015). Fu et al. (2009, 2011, 2013) showed that realistic

initialization of intraseasonal oscillations can lead to

some skill in forecasting monsoon active and break

phases at the intraseasonal time scale, with some skill

reaching 20–25 days. Still unanswered, however, is

whether realistic ISO initialization can improve

predictability of ISM onset.

In this work we apply two objective large-scale in-

dices, based (i) on dynamical circulation as defined by

Wang et al. (2009) and (ii) on hydrological property as in

Fasullo and Webster (2003), to detect the ISM onset in

the subseasonal forecasts performed using the pre-

diction system developed at Centro Euro-Mediterraneo

sui Cambiamenti Climatici (CMCC). We evaluate the

performance of the retrospective subseasonal forecasts

initialized on 1 May to predict interannual onset anom-

alies, including the probabilistic skill in capturing earlier

or later-than-normal onset dates. The effect on the fore-

casts of the recent development of the prediction system

to include a realistic initialization of the atmospheric

component from reanalysis data is assessed in detail.

The present study is organized as follows: section 2 de-

fines the methodology by describing the prediction sys-

tem considered, the observations/reanalysis dataset

used for verification and the procedure for the detection

of the ISM onset. Section 3 reports the performance in

simulating the intraseasonal variability (section 3a) and

in predicting the ISM onset (section 3b). In section 4,

the sensitivity of the forecasts of early and late mon-

soon onsets to the realistic initialization of the atmo-

spheric model component is evaluated by comparison

with control hindcasts with not properly initialized at-

mosphere (i.e., atmosphere simply initialized from

AMIP-type historical simulations). Finally, in section 5

a discussion and a summary of the main results are

given.

2. Method

a. Prediction system

In the present study, we use the CMCC prediction sys-

tem (Alessandri et al. 2010, 2011; Borrelli et al. 2012;

Materia et al. 2014), as developed for the subseasonal time

scale in the framework of the multimodel ISVHE (Lee

et al. 2015; Neena et al. 2014).

1) MODEL COMPONENTS

The CGCM included in the CMCC Subseasonal Pre-

diction System (CMCC-SSPS) is the physical core (i.e.,

with the carbon cycle dynamics turned off) of the CMCC

Earth System model (Fogli et al. 2009; Vichi et al. 2011;

Alessandri et al. 2012). The coupled model has

ECHAM5.3, SILVA, OPA8.2, and LIM as atmospheric,

land surface, oceanic and sea ice components.

ECHAM5.3 (Roeckner et al. 1996, 2003, 2006) is a

global spectral model and the version used here is

truncated at the zonal wavenumber 63 with 19 vertical

sigma levels. The associated Gaussian grid in which the

physical fields are calculated corresponds to a horizontal

resolution of about 200 km. The land surface–vegetation

model SILVA (Alessandri 2006; Alessandri et al. 2007,

2012) is coupled with the atmospheric component by

means of an implicit numerical scheme and von Neumann

closure at the surface (Alessandri et al. 2007). OPA8.2

(Madec et al. 1998) is configured on an irregular

ORCA2 grid with the horizontal resolution variable in

space (it has a nominal resolution of 1.58 in latitude and

28 in longitude, with an increase to 0.58 latitude near the
equator) and 31 vertical levels with 10-m resolution in

the top 100m. OPA8.2 is coupled to the sea ice module

LIM (Timmermann et al. 2005) with the same horizontal
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resolution. The fluxes between the atmosphere and the

ocean are exchanged daily (Scoccimarro et al. 2007; Fogli

et al. 2009) through the coupler OASIS3 (Valcke et al.

2000) without flux adjustment.

2) INITIALIZATION STRATEGY

The initial conditions for the ocean–atmosphere

system are prepared offline and independently for the

atmosphere and for the ocean. The ocean initializa-

tion uses data assimilation products made available

by CMCC-INGV Global Ocean Data Assimilation

(CIGODAS; DiPietro and Masina 2009; Bellucci et al.

2007; Masina et al. 2011). CIGODAS is based on the

assimilation of temperature and salinity profiles using

an optimal interpolation assimilation scheme and it is

forced with flux data from the 40-yr European Centre

for Medium- RangeWeather Forecasts (ECMWF) Re-

Analysis (ERA-40; Uppala et al. 2005) before 2002

(ERA-40 only covers up to August 2002) and from the

ECMWF operational analysis (Andersson and Thépaut
2008) after 2002.
The atmospheric component is initialized with data

from the ERA-Interim (Berrisford et al. 2009; Dee et al.

2011). In the CMCC-SSPS, atmospheric 3D prognostic

variables (i.e., temperature, specific humidity, divergence,

and vorticity) are interpolated from the 60 hybrid levels

of ERA-Interim to the 19 hybrid levels of ECHAM5

through Interpolation of ECMWF Re-Analysis data

(INTERA; Kirchner 2001). Subsequently, in order to fit

into the model, the atmospheric initial state have been

horizontally interpolated from the ERA-Interim reso-

lution (T255, corresponding to an associated Gaussian

grid of approximately 79 km 3 79 km) to ECHAM5

resolution (T63, corresponding to Gaussian grid of ap-

proximately 1.98 3 1.98) [for details see Borrelli et al.

(2012)]. The surface temperature at the interface with

the atmosphere, the soil moisture, and the snow depth

are started with the corresponding ERA-Interim fields

in order to avoid a coupling shock at the beginning of the

hindcasts. For the soil moisture, we use the wetness of

the four soil water layers included in TESSEL (i.e., the

land surface model used in the ECMWF reanalysis

system; Dee et al. 2011) to estimate the water content

into the two soil reservoirs implemented in SILVA. The

water content, relative to saturation condition, in the

upper (lower) soil layers of SILVA are simply computed

as the weighted average of the soil wetness of layers 1

and 2 (3 and 4) of TESSEL. In the CMCC-SSPS, the

uncertainty that characterizes the initial state of the

system is accounted for by using an ensemble of per-

turbed atmospheric initial conditions (ICs) [i.e., taking

slightly lagged initial states from the atmospheric re-

analysis; see section 2a(3) for details].

3) SETUP OF THE EXPERIMENTS

The system described in section 2a(1) is employed to

perform a set of retrospective forecasts covering 17

years (1989–2005; hereafter the ERAINI experiment).

Every year, the model is initialized on the first of May

(Fig. 1) and then integrated for 2 months. To account

for the uncertainties that characterize the initial state

of the system, an ensemble of nine perturbed atmo-

spheric ICs is prepared for each start date by taking

lagged states from the days preceding 1 May (Fig. 1).

Other than the actual 1 May IC, the eight preceding

states from ERA-Interim are sampled daily and im-

posed as perturbed atmospheric ICs (Fig. 1). In this

way, we obtain nine different initial states from which

the SSPs evolve producing a probability distribution of

the forecast.

To assess the effect of realistic atmosphere initializa-

tion, a control set of predictions (hereafter AMIPINI

experiment) is performed taking the same ICs for all the

coupled model components but the atmosphere, for

which we do not use reanalysis to constrain the atmo-

spheric ICs to the actual initial state. In contrast, the

atmosphere ICs for AMIPINI are taken from one of the

infinite deterministic trajectories sampled by an AMIP-

type simulation performed using the atmospheric model

forced with the observed sea surface temperature (SST)

from the Met Office Hadley Centre Global Sea Ice and

SST dataset (HadISST1.1; Rayner et al. 2003). The

AMIPINI experiment use the same perturbation strat-

egy as in ERAINI so that the atmosphere IC from 1May

as well as from the eight preceding days of the AMIP-

type simulation are taken to obtain an ensemble of nine

atmospheric ICs for each start date of the hindcasts.

FIG.1. Scheme summarizing the hindcasts production strategy

adopted. For each start date, oceanic ICs are obtained from offline

forced ocean analysis. For the atmospheric component, an en-

semble of nine atmospheric initial states is produced by taking

lagged ICs for each start date (i.e., the atmospheric IC are sampled

by taking the actual start date and also the 8 days before sampled

every 24 h). See section 2a(3) for further details.
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b. Observations/reanalysis

For the verification of the forecasts, we use atmospheric

wind and specific humidity from the ERA-Interim

(Berrisford et al. 2009; Dee et al. 2011) and NOAA in-

terpolated outgoing longwave radiation (OLR; Liebmann

and Smith 1996). Verification data are interpolated at the

same T63 horizontal grid of the atmospheric model. Both

model and observation/reanalysis anomalies are defined

as deviations from the respective climatology for the pe-

riod 1989–2005.

The ISM onset dates issued by IMD using the criteria

adopted in 2006, based on rainfall, wind field, and OLR

(Joseph et al. 2006) are also used to compare the results

of ISM onset obtained using the objective large-scale

indices.

c. Detection of the ISM onset

To be conveniently applied to forecasts based on

CGCMs outputs, the indices for the detection of the

ISM onset must be objective, use variables that are

well represented by models such as atmospheric wind

and moisture (Fasullo and Webster 2003; Lee et al.

2011), and consider sufficiently large-scale domains in

order to avoid susceptibility to bogus events. Follow-

ing this guideline, in this work we choose two indices

based (i) on the dynamical circulation (Wang et al.

2009) and (ii) on the hydrological property (Fasullo

and Webster 2003), as described in the following

subsections.

1) THE ONSET CIRCULATION INDEX

As discussed in Wang et al. (2009) the onset circula-

tion index (OCI) is defined as the 850-hPa zonal wind

averaged over the south Arabian Sea area (58–158N,

408–808E) and it provides a very good estimate of the

ISM onset dates. As reported in Wang et al. (2009), the

correlation coefficient between the subjective onset

dates issued by the IMD for the period 1948–2007 and

the respective onset date obtained applying the OCI

index to NCEP–NCAR atmospheric reanalysis is 0.81.

Following Wang et al. (2009), we detect the onset of the

monsoon as the time at which the index exceeds specific

thresholds for at least 7 consecutive days. In the re-

analysis, the threshold has been chosen to have the cli-

matological OCI onset corresponding with the averaged

IMD onset during 1989–2005 (i.e., 3 June). In the fore-

casts, the threshold has been corrected in order to ac-

count for the bias in themodeled OCI, which tends to be

larger than in the reanalysis. To this aim, the onset

threshold of the forecasts has been increased by the

difference in the OCI climatology between predictions

and ERA-Interim at the plateau phase that is reached

after the monsoon is well established (period between

10 and 30 June; not shown).

To check the robustness of the results, we computed the

ISM onset dates using also 5 and 3 days as the minimum

above-threshold consecutive time required to declare on-

set. We found no appreciable difference of the prediction

performance with respect to reanalysis by changing this

time length. The only difference is that by decreasing the

required time to 5 and 3 days, there is a tendency to reduce

the correlationwith IMDof the onset dates computedwith

both reanalysis and forecasts, due to a reduced ability of

the detection method to discern bogus events.

2) THE HYDROLOGIC ONSET AND WITHDRAWAL

INDEX

According to Fasullo and Webster (2003), the Hy-

drologic Onset and Withdrawal Index (HOWI) is de-

fined by the vertically integrated moisture transport

(VIMT) averaged over the grid points of the domain

(208S–308N, 408–1008E) with the more rapid transition

of the VIMT from the week before and the week after

the climatological monsoon onset. By considering an

averaging scale of the VIMT of ;2 3 106 km2, we se-

lected the 50 grid points of the domain with the largest

VIMT magnitude change. This was performed in-

dependently for the forecasts and for reanalysis, after

interpolation of the reanalysis to the same horizontal res-

olution of the forecasts data (;1.98 3 1.98 longitude–

latitude). To check the robustness of the results to the

averaging scale, we assessed the effect of halving (;1 3
106 km2) and doubling (;4 3 106 km2) the averaging

domain finding no appreciable difference of the results.

Following Fasullo and Webster (2003), the averaged-

VIMT time series (x) is normalized by the transformation:

xn 5 23 f[x2min(X)]/[max(X)2min(X)]g2 1, (1)

whereX is the climatological seasonal cycle and xn is the

normalized time series, such that the climatological

seasonal cycle ranges from 21 to 1. The monsoon onset

is defined by the times of year at which the (xn) index

exceeds zero for at least 7 consecutive days.

3) ISM ONSET DATES IN THE REANALYSIS

As the reference for the forecasts, we identify be-

forehand the ISM onset dates for the period from 1989

to 2005 in the reanalysis using OCI and HOWI and

compare the results obtained between the two indices.

For completeness, the ISM onset dates issued by IMD

(Joseph et al. 2006) are also reported. The ISM onset

dates identified by the HOWI, OCI, and those issued by

IMD are shown in Fig. 2 in standard deviation units.

OCI and HOWI are in good agreement between each
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other (the correlation coefficient is 0.91); they only dif-

fer significantly in 2002 when they have opposite values.

Using HOWI, 2002 has an early onset date, while using

OCI it has a slightly late onset date, in better accor-

dance also with the results from the IMD. As discussed

in Joseph et al. (2006), feeble convection and moisture

growth were generated in 2002 by premonsoon thun-

derstorm activity from early to mid-May over the

southeast Arabian Sea (Flatau et al. 2003). However,

this convection was short lived and the corresponding

wind was weak, therefore, being most likely associated

with a bogus monsoon onset (Joseph et al. 2006; Flatau

et al. 2003). On the other hand, both the convection and

wind were found to rapidly develop into a robust mon-

soon onset in the second week of June (Joseph et al.

2006).

Overall, both OCI and HOWI results are in good

agreement with IMD onset dates, with the OCI display-

ing a slightly higher correlation (0.80 vs 0.73; Table 1).

Earlier- (later) than-normal onset years, as identified

through the lower (upper) terciles of sample distribution,

are reported inFig. 3. In our time series of 17 years, the six

lowest onset values are classified as earlier than normal,

while the six largest onset values are classified as later-

than-normal onset dates (see Fig. 3 for the list of years in

each category for each index). OCI and HOWI agree for

five of the six early onset years identified in ERA-Interim

(Fig. 3). Of the earlier-than-normal onset years in com-

mon betweenOCI andHOWI, only four (i.e., 1990, 1999,

2000, and 2001) correspond to those diagnosed by the

IMD criteria. The 1990, 1999, and 2001 are represented

among the earliest onset years of the period by all indices.

On the other hand, there are some differences in years

such as 1991 and 1994 that are identified as normal years

using both OCI and HOWI, while have slightly earlier-

than-normal ISM onset for IMD.

Later-than-normal onset years identified using OCI

exactly agree with the ones using HOWI. Of these six

years, four (i.e., 1995, 1997, 2003, and 2004) are also

identified as late onsets by IMD classification. 2002 and

1996 have been previously reported as more controversial

FIG. 2. Normalized anomalous onset dates of the monsoon as

diagnosed byOCI (solid line with filled circles) andHOWI (dashed

line with 3 marks) indices applied to the ERA-Interim. The dot–

dashed line (triangle marks) refers to the onset date definition

by IMD.

TABLE 1. Correlation coefficients between forecasts and re-

analysis onset dates. Correlations with onset dates issued by IMD

are also reported.

ERA-Interim

IMD onsetOCI HOWI

Forecasts OCI 0.65* 0.70*

HOWI 0.52* 0.32**

IMD onset 0.80* 0.73*

* Significance at the 5% level.

** Significance at the 10% level.

FIG. 3. Years with earlier-than-normal and later-than-normal ISM onset identified both with

OCI andHOWI for ERA-Interim and for ERAINI andAMIPINI forecasts. For completeness,

early- and late-onset dates as issued by IMD are reported as well.

MARCH 2015 ALE S SANDR I ET AL . 783



years (Joseph et al. 2006) and correspond to later-than-

normal onsets onlywhen using IMD classification (Fig. 3).

Previous works showed that northward-propagating ISO

canmodulate the onset of themonsoon (e.g., Krishnamurti

and Subrahmanyam 1982; Wang et al. 2009). As discussed

in Krishnamurti and Subrahmanyam (1982), the passage

of the ISO trough lines over the Indian subcontinent

accentuate the monsoon circulation. Therefore, during

the developing phase of the monsoon in May, the

superposition of an ISO trough anomaly may trigger

earlier-than-normal monsoon onset. Figure 4 shows the

time–latitude Hovmöller diagrams of zonal wind daily
anomalies at 850hPa filtered in the 20–100-day band and

averaged over 658–858E longitudes. The anomalies are

shown for all the five years having an earlier-than-normal

monsoon onset according to both OCI and HOWI (the

years are 1990, 1999, 2001, 2000, and 2004; see Fig. 3). In

2000, 2001, and 2004, the onset is clearly connected with

the passage of the ISO trough over India (Fig. 4, right

panels). On the other hand, 1990 and 1999 do not show

FIG. 4. Time–latitude Hovmöller diagrams of 20–100-day filtered 850-hPa zonal-wind anomalies averaged over 658–858E in ERA-

Interim. The years shown have an earlier-than-normal (below lower tercile of sample distribution) monsoon onset date obtained from

both OCI andHOWI indices: (a) 1999, (b) 1990, (c) 2004, (d) 2001, and (e) 2000. In (c)–(e), the early monsoon onsets that are triggered by

northward-propagating intraseasonal zonal wind anomalies are shown. For each year, the ISM onsets (vertical lines) detected by the OCI

are displayed together with the climatological onset distribution.
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signs of northward-propagating ISO during monsoon

onset (Fig. 4, left panels).

3. Forecasts’ performance

The performance of the SSPs implementing the ini-

tialization of the atmospheric component using ERA-

Interim (ERAINI experiment) is reported in terms of

the capability of the system in simulating the intra-

seasonal variability of wind andOLR (section 3a) and of

the skill in predicting the ISM onset (section 3b).

a. Simulation of intraseasonal variability

Figure 5 compares observed versus forecasted vari-

ance of daily 850-hPa zonal wind and OLR anomalies

(left and right panels, respectively) during May and

June (MJ). Contours show the total daily variance while

shading stands for the ratio between intraseasonal (band-

pass filtered between 20 and 100 days) and total daily

variance.Overall, the ensemble-mean forecasts (Figs. 5c,d)

appear to simulate well the pattern of variability over

both Indian and Pacific oceans, in particular in the

equatorial band.On the other hand, wind andOLRhave

lower variability compared to observations (Figs. 5a,b),

particularly over subtropical regions. By comparing the

variance computed using ensemble-mean forecasts (Figs.

5c,d) with the ensemble average of the variance com-

puted for each forecast member (Figs. 5e,f), it is shown

that the discrepancy mentioned above mostly follows

from the computation of the ensemble mean, which re-

tains only the variability that is consistent among the

forecast ensemble members (predictable signal), there-

fore, filtering out the noise (Stern and Miyakoda 1995;

Alessandri et al. 2011). The variance of the ensemble-

mean forecasts (Figs. 5c,d) indicates a considerable pre-

dictable signal over the Indian Ocean. Consistently with

Stern and Miyakoda (1995), the prediction signal tends

to decrease moving poleward from the equator to sub-

tropics. The ratio between filtered (20–100 days) and

total daily variance (Fig. 5, shaded) indicates a good

FIG. 5. May–June (MJ) total daily variance (contours) of (a),(c),(e) 850-hPa zonal wind and (b),(d),(f) OLR anomalies for (a),(b) ERA-

Interim; (c),(d) ensemble-mean forecasts; and (e),(f) ensemble average of each forecast member variance. The ratio between filtered (20–

100 day) and total daily variance is shaded.
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agreement between forecasts and observations. In par-

ticular, the ensemble-mean forecasts (Figs. 5c,d) in-

dicate that a considerable component (i.e., more than

35%) of the signal that is predictable over the Indian

Ocean is due to intraseasonal variability. Further dis-

cussion on the performance of the CMCC SSPS in

forecasting intraseasonal variability is being reported in

the comparison with the other prediction systems par-

ticipating in the ISVHE multimodel (Lee et al. 2015;

Neena et al. 2014). The comparison of the prediction

systems evidences good qualities of the CMCC SSPS in

reproducing intraseasonal wind and precipitation

anomalies both in winter and summer (Neena et al.

2014; Lee et al. 2015). The analysis going on in the

framework of the ISVHE shows that the CMCC SSPS

has a good skill in forecasting boreal summer ISOs,

which is in line with the other participating models. In

particular, the forecasts skill for ISOs is remarkable over

northern Indian Ocean, with a considerable perfor-

mance until lead times of 2–3 weeks (Lee et al. 2015).

b. ISM onset skill

The forecasts of themonsoon onset dates defined both

through OCI (Fig. 6a) and HOWI (Fig. 6b) show a good

skill compared with reanalysis. The ensemble-mean

OCI forecasts perform better than HOWI in capturing

the respective reanalysis values, with 0.65 correlation

(5% significance level) for OCI and 0.52 (5% signifi-

cance level) for HOWI. Interestingly, the OCI forecasts

display an even higher correlation with IMD (0.70, 5%

significance level), while HOWI is quite weakly corre-

lated with the onset dates issued by IMD (0.32, not

significant at the 5% level).

Both OCI and HOWI perform better for the pre-

diction of early-onset years compared to late-onset

years. The ensemble-mean forecasts of the OCI detect

five of the six earlier-than-normal onset years in accor-

dance with reanalysis (Fig. 6a; see also Fig. 3). Unlike

reanalysis, the forecast of the 2002 monsoon onset using

OCI is susceptible to the bogus onset that occurred that

year, therefore, identifying an earlier-than-normal on-

set. Quite similarly to OCI, the HOWI ensemble-mean

forecasts can also detect five of the six earlier-than-

normal onset years in accordance with reanalysis

(Fig. 6b). However, HOWI fails to predict the earlier-

than-normal onset of 1990, which is one of the earliest on

record for both reanalysis and IMD. In general, the skill

for late monsoon onset is very poor. Both OCI and

HOWI predict correctly only three out of the six late

onset years (Fig. 3).

The probabilistic quality of the forecasts for the di-

chotomous events of early than normal (occurring in the

lower tercile of climatological distribution) and later than

normal (upper tercile of the climatological distribution) is

summarized in Table 2 in terms of the Brier skill scores

(BSS; Wilks 2006). The BSS is a positively oriented scalar

measure of the overall accuracy of the probabilistic fore-

casts displaying 1.0 as the maximum value and takes the

climatological forecasts as the reference corresponding

to no skill (zero score), while negative values stand for

forecasts performing worse than climatological infor-

mation. The prediction of earlier-than-normal monsoon

onset is shown to have considerable probabilistic perfor-

mance for both OCI and HOWI (Table 2, first row). In

particular, OCI has a larger BSS than HOWI (0.43 vs

0.34). Theprediction of later-than-normalmonsoon onsets

displays very poor performance with a positive but very

small BSS for OCI. HOWI is not useful for late-onset

prediction being worse than climatological forecasts as

indicated by the negative BSS.

4. Forecasts’ sensitivity to the initialization of the
atmosphere

To assess the effect of the realistic initialization of

the atmosphere on the prediction skill, we compare the

forecasts initialized from ERA-Interim (ERAINI) with

a set of predictions performed with atmospheric IC

taken from an AMIP-type simulation (AMIPINI ex-

periment; see section 2a). ERAINI significantly (5%

significance level) improves the BSS for the forecasts of

early monsoon onsets compared to AMIPINI (Fig. 7a,

left). In contrast, the inclusion of realistic atmospheric

FIG. 6. Normalized onset dates as diagnosed by (a) OCI and

(b) HOWI in the forecasts (blue crosses for each member and blue

filled squares connected by the blue line for the ensemble means).

The normalized dates taken from ERA-Interim are shown as red

filled circles connected by the red line. Gray triangles indicate the

onset definition by IMD.
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initial conditions does not positively affect the pre-

diction of late monsoon onsets (Fig. 7a, right). To assess

the overall terciles performance of the forecasts as rec-

ommended by the World Meteorological Organization

(WMO 2010; Gerrity 1992), Fig. 7b also reports the

Gerrity skill score [or a Gandin–Murphy skill score

(GMSS)] as described in Lee and Seo (2013). TheGMSS

forOCI prediction is enhanced considerably in ERAINI

compared to AMIPINI, with a significant (5% level of

significance) increase from 0.30 to 0.66 (note that GMSS

has a maximum value of 1). On the other hand, the

comparison of the GMSS between ERAINI and AMI-

PINI shows only a little improvement for HOWI (from

0.27 to 0.39; the increase is not significant at 5% level).

The transition toward the monsoon onset typically

shows the reinforcement of the circulation to the southwest

of India coupled with enhanced moisture transport to

the convection area over equatorial Bay of Bengal

(Wang and Fan 1999; Figs. 8a-c). In AMIPINI, the

southerly component of Somali jet is stronger than ob-

served. Therefore, the moisture transport is directed

mostly north into the Arabian Sea, while the component

staying south of the Indian subcontinent and feeding the

equatorial westerly circulation is too small. This leads to

a biased equatorial westerly circulation and a too weak

moisture transport from the Somali jet to the eastern

equatorial Bay of Bengal (Figs. 8g–i). By one hand, the

northward shift reduces moisture transport by equato-

rial southwesterly circulation to support convection over

the eastern equatorial Bay of Bengal (Ding and Sikka

2006; Yu et al. 2012). On the other hand, the lowered

tropical convective heat source over the Bay of Bengal

may further abate the portion of equatorial westerlies

that are heat induced according to the analytic model of

tropical response by Gill (1980). The bias described

leads to a systematic premature onset of the ISM in

AMIPINI (Figs. 8g–i). The climatological onset date in

AMIPINI (horizontal dashed green line in Fig. 9a) is 26

May when detected by the OCI and 20 May when using

the HOWI (Fig. 9b). Compared to ERA-Interim (hor-

izontal dashed red lines in Fig. 9), this means an aver-

aged premature onset by 7 and 10 days, respectively. In

contrast, ERAINI shows a more realistic climatological

TABLE 2. Forecasts probabilistic performance in terms of Brier

skill score for earlier-than-normal and later-than-normal ISM on-

set dates identified using OCI and HOWI for both ERAINI and

AMIPINI experiments.

Expt OCI HOWI

Earlier-than-normal onset ERAINI 0.43 0.34

AMIPINI 0.18 20.03

Later-than-normal onset ERAINI 0.02 20.24

AMIPINI 20.17 20.13

FIG. 7. (a) Brier skill score for the forecast of the dichotomous events of early (left bars) and

late (right bars) monsoon onset. (b) Gerrity skill score summarizing overall terciles perfor-

mance. Asterisks indicate if the value is significantly enhanced compared to the other exper-

iment (5% level; Monte Carlo method).
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onset sequence duringMay (Figs. 8d,e) due to the better

representation of the atmospheric mean state in the IC.

This leads to an averaged onset date in ERAINI much

closer to ERA-Interim for both OCI (1 June in ERAINI

vs 3 June inERA-Interim; Fig. 9a) andHOWI (26May vs

30 May; Fig. 9b). As is clear from Figs. 8c,f,i, the benefi-

cial effect of realistic initialization on the climatological

onset transition is no longer perceptible after the end of

May. In fact, by early June the bias in ERAINI (Fig. 8f)

converges to the same values of the forecasts where the

atmospheric model is not initialized with reanalysis

(not shown). Therefore, the better climatological

monsoon onset sequence due to the realistic atmo-

spheric initialization in ERAINI can hardly influence

the prediction of late-onset events by comparison with

AMIPINI.

As discussed in section 2c(3), early monsoon onset in

some years are clearly connected with the northward

propagation of ISO anomalies from the equatorial In-

dianOcean to the Indian subcontinent. In particular, our

analysis performed on the reanalysis data shows that the

early onsets in 2000, 2001, and 2004 are triggered by the

passage of ISO troughs over India (Figs. 10a–c). This

is well represented in ERAINI, which well captures the

in-phase northward propagation of the initialized ISO

anomalies over the equatorial IndianOcean (Figs. 10d–f).

The realistic phase initialization in ERAINI and the ca-

pability of the coupledmodel to propagate northward the

ISO anomalies appear to initiate the earlier-than-normal

monsoons of 2000, 2001, and 2004 in accordance with the

reanalysis (Figs. 10a–c). Consistently, AMIPINI do not

represent realistic initialization of intraseasonal vari-

ability, thus failing to represent the earlier-than-normal

onset of the monsoon in those years (Figs. 10g–i). The

only exception is 2000, when a very early onset is de-

tected but for a different reason. In fact, the early

AMIPINI onset in 2000 is due to a nonpropagating

synoptic system anomalously persisting on the Indian

subcontinent. Quite interestingly, as shown in Fig. 10g,

AMIPINI shows the northward-propagating ISO in

2004. However, this ISO anomaly in AMIPINI de-

velops out of phase compared with the reanalysis

(Fig. 10a), therefore, being connected with a normal

onset for 2004 instead of an early one.

FIG. 8. Climatological 10-day-averaged vertically integrated moisture transport [kg (m s)21; the intensity is shaded] centered on

(a),(d),(g) 220 days; (b),(e),(h) 210 days; and (c),(f),(i) climatological onset date for (top) ERA-Interim, (middle) ERAINI, and

(bottom) AMIPINI.
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5. Discussion and conclusions

The subseasonal forecasts performed with the CMCC

prediction system implementing a realistic initialization

of the atmospheric component from ERA-Interim

(ERAINI experiment) shows a considerable skill in

predicting, one month in advance, the onset of the ISM.

The forecasts of ISM onset based on both circulation

(OCI) and hydrological (HOWI) indices show some skill,

albeit the OCI prediction has a better correlation (0.65 vs

0.52; 5% significance level) with the reanalysis counter-

part. The probabilistic forecasts display the ability to

predict earlier-than-normal (before lower tercile of the

sample distribution) monsoon onsets. The OCI performs

better with a BSS of 0.43 versus 0.34 for HOWI. On the

other hand, the prediction of later-than-normal onsets

(i.e., after upper tercile of the sample distribution) dis-

plays a very weak overall performance with a positive but

very small BSS for OCI and a negative BSS for HOWI.

The realistic initialization of the atmospheric com-

ponent significantly contributes to the prediction skill of

an earlier-than-normal monsoon onset. Compared with

the forecasts initialized from theAMIP-type simulations

(AMIPINI experiment), the probabilistic prediction of

an earlier-than-normal monsoon onset is improved sig-

nificantly (5% level of significance) using both OCI

(BSS of 0.43 vs 0.18) and HOWI (BSS of 0.34 vs20.03).

Our results indicate that the improved predictability of

early onsets of the ISM may follow at least in part from

the better representation of the atmospheric mean state

in the ICs of ERAINI. In fact, the realistic initialization

is able to correct the bias of the atmospheric model that

affects AMIPINI leading to a systematically premature

ISM onset.

Our analysis of the intraseasonal variability of ERA-

Interim has shown that a northward-propagating ISOmay

affect the onset of themonsoon in some years and that the

earlier-than-normal onsets in 2000, 2001, and 2004 appear

clearly triggered by the passage of the ISO trough over

India. The realistic 1 May phase initialization of ISO

anomalies in ERAINI over the equatorial Indian Ocean

and the subsequent capability of the coupled model to

propagate them northward, appears linked to the earlier-

than-normal monsoon onset of 2000, 2001, and 2004 in

accordance with reanalysis. This drives a more realistic

evolution of intraseasonal anomalies in ERAINI com-

pared to AMIPINI leading to a consistently improved

prediction of the earlier-than-normal monsoon onset.

The prediction of late onsets is not noticeably im-

proved by the realistic atmospheric initialization. This is

at least in part due to the fact that the beneficial effect on

the atmosphere biases and the representation of ISO

anomalies is limited to the first month of forecasts. Our

results show that the effect of realistic atmosphere

FIG. 9. Onset dates (in days after 1May) as diagnosed by (a)OCI and (b)HOWI for ERAINI

(in blue) andAMIPINI (in green) forecasts and for ERA-Interim (in red). Red arrows on the x

axis indicate early (lower tercile) onset dates in the reanalysis. Blue and green arrows indicate if

the model is able to forecast early onset according to reanalysis. Horizontal dashed lines in-

dicate climatological onset dates.
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initialization on the climatological onset transition is no

longer perceptible by early June. Furthermore, the pre-

dictability of intraseasonal variability is currently limited

to a maximum lead time of 3–4 weeks (Fu et al. 2011; Lee

et al. 2015). Therefore, the late onset of the monsoon,

occurring after week 6 from the start date, is too far

away from the initial time to be influenced by the im-

proved subseasonal transition or by the initialized in-

traseasonal anomalies. On the other hand, it is observed

that the speed of meridional propagation of the intra-

seasonal modes is around 0.758 latitude per day

(Krishnamurti and Subrahmanyam 1982). The northward-

propagating modes initialized around the equator on 1

May will have traveled well beyond the Indian sub-

continent by the end of the month, so can hardly in-

fluence the onset of the monsoon at later stages. Other

external forcing like El Niño and the Indian Ocean di-
pole influence the monsoon onset dates (Joseph et al.

1994; Sankar et al. 2011), and they should be in-

vestigated to fully understand the weaker skill for late

monsoon onset prediction. Recent studies, for example,

have shown that Pacific Ocean SST biases may lead to

unrealistic onset dates in fully coupled models

(Prodhomme et al. 2014). In our seasonal prediction

system, the bias in the tropical Pacific is smaller than

0.28C during the first month of the forecast but it tends

to increase beyond 0.58C in the second month

(Alessandri et al. 2010; Borrelli et al. 2012). The in-

creased SST bias in the tropical Pacific at 1-month lead

could then affect delayed onsets, reducing the pre-

diction skill. The effect of SST biases on the skill of ISM

onset prediction will be further investigated in future

works.

The results of this study concern the effects of realistic

initialization of the atmosphere on the prediction of

Indian summer monsoon onset. We believe that the ef-

fect on the prediction of the assimilation of observed

data to initialize the ocean is also a very important topic.

Future works will address the sensitivity of the skill in

predicting ISM onset to the initialization of the ocean

component. To this aim, an ad hoc set of retrospective

forecasts initialized with and without ocean data

FIG. 10. Time–latitude plots of 20–100-day filtered 850-hPa zonal-wind anomalies (shaded) averaged over a longitudinal band of 658–
858E. The three observed early monsoon onset that are triggered by northward-propagating intraseasonal zonal wind anomalies, ac-

cording to Fig. 4, are shown for (top) ERA-Interim, (middle) ERAINI, and (bottom) AMIPINI forecasts. For each year, the ISM onsets

(vertical lines) detected by the OCI are displayed together with the climatological onset distribution.
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assimilation will be performed when adequate comput-

ing resources become available.

Previous literature also documented the importance

of ocean–atmosphere coupling for the simulation of the

intraseasonal variability of the Asian summer monsoon

(Xavier et al. 2007) and for the skill of monthly forecasts

to predict June rainfall over India (Vitart and Molteni

2009), therefore, indicating that atmosphere–ocean

coupling may play a role in the onset of the ISM. In this

regard, the exercise of comparing SST-forced and cou-

pled model experiments has been widely used in literature

to evaluate the effects of atmosphere–ocean coupling, and

for the Indian monsoon it has already been considered for

the predictability discussion (Cherchi and Navarra 2013),

and for understanding the factors influencing themonsoon

onset (Prodhomme et al. 2014). Future works will address

the contribution from ocean–atmosphere coupling to the

skill in predicting ISM onset. To this aim, the design of

a set of retrospective forecasts to be performed in both

coupled and SST forced mode is under evaluation.
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