METEOROLOGICAL APPLICATIONS
Meteorol. Appl. 19: 189-199 (2012)

Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/met.1331

Royal Meteorological Society

Assessment of 1 month forecasts of weak Indian monsoons based on the
NCEP Climate Forecast System (CFS)

Basanta Kumar Samala,®* R. Krishnan® and Mathew Roxyb
4 CES, Centre for Development of Advanced Computing, Pune, India
b Centre for Climate Change Research, Indian Institute of Tropical Meteorology, Pune, India

ABSTRACT: This study focuses on analyses and validation of 1 month forecasts (OMFs) of weak Indian monsoons based
on 10 member ensemble hindcasts (retrospective forecasts) of the NCEP Climate Forecast System (CFS) model for the
period 1981-2008. The weak monsoon episodes chosen for the analysis correspond to summer monsoon months which were
characterized by significant deficits in the All-India monthly rainfall of —20% of the climatological normal. Examination
of the CFS-OMFs shows poor skill of the model in capturing the observed rainfall and circulation anomalies during weak
monsoons. The present analysis suggests that deficiencies in realistically capturing the ocean-atmosphere coupling in the
tropical Indian Ocean (IO) introduces biases in simulating sea surface temperature and rainfall anomalies in the equatorial
region, which in turn affects the monsoon precipitation forecasts over the sub-continent. In particular, the mean thermocline
in the near-equatorial IO is found to be practically flat in the CFS model, so that the near-equatorial anomalies in the model
are not strong enough to weaken the summer monsoon circulation and reduce the monsoon precipitation over India. By
examining a 100 year free run of the CFS model, it is seen that moderate monsoon-droughts simulated by the model have
weak teleconnections with the equatorial IO dynamics. On the other hand, intense monsoon-droughts in the CFS-model
are found be remarkably linked with the equatorial IO anomalies. It is suggested that improving the slope of the equatorial
IO thermocline and allowing for more realistic IO-monsoon coupling in the CFS-model would be an important step for

improving the skill of extended-range monsoon forecasts. Copyright © 2012 Royal Meteorological Society
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1. Introduction

The South Asian monsoon sustains the lives of over one-fifth
of the world’s human population, which is heavily depen-
dent on the seasonal summer monsoon rains during June to
September. On average the seasonal monsoon rains over India
contribute to nearly 75-80% of the annual precipitation. The
year-to-year variations in the monsoonal rains exert signifi-
cant impacts on agriculture, water resources, power genera-
tion, industry, transportation and various sectors of society,
so that monsoon predictions at least one season in advance
have enormous socio-economic implications (Sikka, 1999). In
addition to the prediction of the seasonal mean monsoon,
extended range forecasting of active and break monsoon spells
on sub-seasonal (intra-seasonal) time-scales is an important
issue. Low-frequency intra-seasonal variations of the Indian
summer monsoon are characterized by organized northward
propagating cloud-bands from the equator towards the con-
tinental landmass (Yasunari, 1979; Sikka and Gadgil, 1980)
accompanied by large-scale anomalies of monsoon precipita-
tion arising from feedbacks between the monsoon winds and
moist convection (e.g. Krishnamurti and Subrahmanyam, 1982;
Singh and Kripalani, 1985; Kripalani ef al., 1991; Wang and
Xie, 1997; Krishnan et al., 2000; Goswami and Ajaya Mohan,
2001; Goswami, 2005; Kulkarni et al., 2011). Several investi-
gators have attempted the problem of extended range monsoon
predictability of active/break monsoon spells using statistical
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models (e.g. Cadet and Daniel, 1988; Chen e al., 1992; Webster
and Hoyos, 2004; Xavier and Goswami 2007; Chattopadhyay
et al., 2008); as well as dynamical models (e.g. Krishnamurti
et al., 1990, 1992; Krishnan and Sundaram, 2007; Vitart and
Molteni, 2009). Although improvements have taken place in
short and medium-range forecasting during the last couple of
decades, the progress in extended range dynamical forecasting
of the monsoon intra-seasonal variations has been difficult to
ascertain (Vitart and Molteni, 2009).

The prediction of active and break monsoons involves not
only the sensitive dependence to initial conditions but also the
manner in which the monsoonal evolution is influenced by
slow processes such as ocean—atmosphere coupled interactions.
Krishnamurti ez al. (1990, 1992) demonstrated the feasibility
of dynamical prediction of the monsoon low-frequency intra-
seasonal variations by eliminating contaminations of the atmo-
spheric initial state. Based on atmospheric general circulation
model (AGCM) experiments, Waliser et al. (2003) estimated a
limit of ~25 days as the potential predictability for large-scale
circulation parameters (e.g. 200 hPa velocity potential) of the
summer monsoon intra-seasonal oscillation. Krishnan and Sun-
daram (2007) pointed out that the dynamical forecasts initiated
from weak monsoon flow conditions exhibited higher poten-
tial predictability and slower growth of errors as compared to
forecasts initiated from strong monsoon flow conditions. They
suggested that prolonged monsoon breaks are potentially more
predictable with longer lead times (2—3 weeks) as compared to
active monsoon spells.

There is growing recognition about the importance of
atmosphere-ocean coupled processes on the summer monsoon
intraseasonal variations and their predictability. Observations
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in the tropical Indian Ocean have clearly shown the impor-
tance of air—sea interactions in modulating the variations of
sea surface temperature (SST) and turbulent fluxes on intra-
seasonal time-scales (see Krishnamurti et al., 1988; Sengupta
and Ravichandran, 2001; Vecchi and Harrison, 2002; Roxy and
Tanimoto, 2007, 2011). Krishnan er al. (2006) highlighted the
significance of coupled interactions between the summer mon-
soon flow and the Indian Ocean circulation in driving prolonged
monsoon breaks on intra-seasonal time-scales. The coupling
basically involves a feedback in which an anomaly of the sum-
mer monsoon circulation induces downwelling and maintains
a higher-than-normal heat-content in the Equatorial Eastern
Indian Ocean (EEIO), so that the near-equatorial anomalies
induce strong and sustained suppression of monsoon rainfall
over the subcontinent through a weakening of the monsoon
Hadley circulation. Modelling studies have emphasized the role
of ocean-atmosphere coupling for improving the simulation of
the boreal summer monsoon intra-seasonal variability (e.g. Fu
et al., 2007; Vitart and Molteni, 2009). Also, coupled mod-
els are being employed to produce monthly scale forecasts of
atmospheric and oceanic parameters (e.g. Ferranti et al., 1990;
Vitart, 2004).

Coupled models are useful tools for enhancing the skill
of seasonal forecasts and providing realistic simulations of
tropical phenomena such as ENSO, IOD and the Indian
summer monsoon (e.g. Krishna Kumar et al., 2005; Wang
et al., 2005; Kang and Shukla, 2005; Behera et al., 2006; Luo
et al., 2007, 2008a, 2008b; Krishnan et al., 2010; Pattanaik
and Kumar, 2010). In order to improve the skill of seasonal
monsoon forecasts, it is important to not only capture the
slow evolution of coupled phenomena such as ENSO and 10D,
but also to provide a realistic depiction of coupled processes
on intra-seasonal time-scales that can force extended active
and break monsoon spells. For example, Joseph et al. (2010)
noted that the coupled model forecasts by the Development
of an European Multimodel Ensemble System for Seasonal
to Interannual Prediction system (DEMETER - Palmer et al.,
2004) had limitations in capturing the observed relationship
between monsoon droughts and very long breaks, and the
associated air—sea interactions on intra-seasonal time scales.
This eventually translated into poor forecasts of the seasonal
monsoon rainfall over India. Drbholav and Krishnamurthy
(2010) analysed the monthly mean retrospective forecasts of
the boreal summer South Asian monsoon by the National
Centers for Environmental Prediction (NCEP) climate forecast
system (CFS — Version 1) model. They noted large errors in
precipitation forecasts over the monsoon region during the June-
July-August-September (JJAS) season even at 1 month lead
times and these errors were found to grow somewhat as the
lead increased. Pattanaik and Kumar (2010) have provided a
comprehensive assessment of the skill of seasonal monsoon
forecasts by the CFS model. The objective of the present work
is to understand the fidelity of 1 month forecasts of the CFS in
capturing the monsoon and Indian Ocean coupled interactions
that often accompany prolonged breaks and weak monsoon
conditions over the subcontinent (see Krishnan et al., 20006).

2. Datasets and methodology

2.1. CFS model forecasts

This paper examines the skill of 1 month forecasts (OMFs)
of all weak Indian summer monsoons during the period
1981-2008 by the NCEP CFS coupled model. The weak
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monsoon episodes considered here are basically summer mon-
soon months which witnessed a significant deficit in the All-
India monthly rainfall by at least —20% of the climatological
normal. The atmospheric component of CES is the NCEP atmo-
spheric Global Forecast System (GFS) model (Moorthy et al.,
2001). The GFS is a global spectral model with triangular trun-
cation of 62 waves (T62) in the horizontal (equivalent to nearly
a 200 km Gaussian grid) and a finite differencing in the verti-
cal with 64 sigma layers. The oceanic component of CFS is the
GFDL Modular Ocean Model Version 3 (MOM3) (Pacanowski
and Griffies, 1998), which is a finite difference version of the
ocean primitive equations under the assumptions of Boussinesq
and hydrostatic approximations. The ocean surface boundary is
computed as an explicit free surface. The horizontal domain
for the MOM3 is quasi-global, extending from 74°S to 64 °N.
The zonal resolution is 1° and the meridional resolution is 1/3°
between 10°S and 10°N, gradually increasing through the trop-
ics until becoming fixed at 1° poleward of 30°S and 30°N.
There are 40 layers in the vertical with 27 layers in the upper
400 m, and the bottom depth is around 4.5 km. More details
about the CFS model can be found in Saha et al. (2006).

An extensive set of retrospective forecasts (also referred to
as hindcasts) of the CFS model, available for a 28 year period
(1981-2008), is employed in the present analysis. Each forecast
run of CFS is a full 9 month integration starting from 15 initial
conditions that span for a month. Each month is divided into
three segments centred on the pentad ocean initial conditions
of the 11th and 21st of that particular month, and the first day
of the following month. The 15 member ensemble atmospheric
initial conditions are based on three sets of five continuous days
in that month followed by a gap of 1 week after each 5 day
block. The atmospheric initial conditions are from the NCEP
Reanalysis-II (Kanamitsu et al., 2002) and the ocean initial
conditions are from the NCEP Global Ocean Data Assimilation
System (GODAS) reanalysis. The OMFs in the present analysis
are based on the CFS runs initiated from the first 10 initial
conditions corresponding to the months May, June, July and
August. For example, the CFS forecasts for June of a given
year are initiated from the first 10 initial conditions in May of
that particular year. The ensemble mean of first 10 members of
CFS forecast starting from the previous month is considered as
the mean OMF.

2.2. Validation datasets

The CFS model forecasts are validated against observed rain-
fall from CPC Merged Analysis of Precipitation (CMAP)
global precipitation dataset which is constructed from rain
gauge observations, satellite estimates and numerical model
outputs (Xie and Arkin, 1996). Additionally, the study employs
the observed monthly rainfall dataset over India based on
Parthasarathy ef al. (1994) available from the Indian Institute
of Tropical Meteorology (IITM) dataset (Parthasarathy et al.,
1994, available at www.tropmet.res.in). The NCEP atmospheric
Reanalysis II data (Kanamitsu ef al., 2002) and the NCEP
Global Ocean Data Assimilation (GODAS) are also examined
for validating the CFS forecasts. Table 1 provides information
about weak monsoon months during 1981-2008 when the all
India rainfall anomaly was >—20% of the climatological nor-
mal. In the following section, the diagnostic analysis of the CFS
OMF and validation against observed/reanalysis datasets will be
presented. The discussions here will address model biases in
representing ocean-atmosphere coupled processes during weak
monsoons and the prospects for improving the CFES forecasts.

Meteorol. Appl. 19: 189-199 (2012)
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Table 1. Cases of weak monsoon months during (1981-2008) when
the deficit in the all India rainfall (AIR) exceeded by more than 20%
of the climatological mean.

Weak monsoon All India CMAP rainfall ~ CFS forecast
month and year Rainfall anomaly (OMF) Rainfall
(AIR) anomaly anomaly

June 1982 -20.9 -37.7 —02.1
July 1982 —20.6 —07.1 —03.1
September 1982 -29.0 —139 —19.0
September 1986 —-334 —-07.3 —18.5
June 1987 —-293 —-12.2 —05.7
July 1987 —24.0 —37.4 —10.8
September 1987 —19.3 —25.6 —-17.4
September 1991 —26.1 —28.1 -20.5
June 1992 —-29.0 —10.0 —42.8
September 2000 —-223 —28.2 28.4
August 2001 —22.0 —12.1 —05.9
September 2001 —344 —19.1 —14.5
July 2002 —56.8 —45.3 —00.6
September 2002 —-22.1 -31.3 —08.5
July 2004 —-194 —06.1 —10.1
September 2004 —24.4 —04.8 —00.7

The second, third and fourth columns are rainfall anomalies for AIR, CMAP
and CFS forecast (OMF) respectively expressed as percentage departures from
respective climatological mean. The CMAP and CFS anomalies are based on
area-averages over the region (§8—32 °N; 70-90 °E). The AIR anomalies are based
on the IITM rainfall data (http://www.tropmet.res.in) for the period (1871-2008).

Section 4 provides an overall summary of the results of this
study.

3. Diagnostic analyses of 1 month monsoon forecasts

3.1. Climatological features

Figure 1 shows a comparison of the JJAS mean climatology
of rainfall and 10 m winds based on the OMF of the CFS
model with the corresponding mean fields from the CMAP
and NCEP reanalysis products. The summer monsoon rainfall
maxima over the west coast of India, northern Bay of Bengal,
northeast India and Myanmar region can be seen in the CFS
OMF. It may be noticed that the model overestimates the
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precipitation over these regions as compared to the CMAP
dataset, while the monsoon precipitation over central Bay of
Bengal is underestimated in the model. The scanty precipitation
over the rain-shadow region of southeast India and Tamilnadu is
better captured in the CFS model. The model fails to capture the
northwestward extent of central India rainfall zone adequately,
whereas the CMAP rainfall is about 2—6 mm day~! for the
same region. The precipitation maximum in the EEIO region
is also seen in the OMF. These systematic errors in the CFS
forecasts, which manifest as deficient rainfall over India, excess
rainfall over the Arabian Sea and the dipole-like pattern over
the equatorial Indian Ocean, were also diagnosed by Drbholav
and Krishnamurthy (2010). They further pointed out that the
predictability errors of the CFS model over the EEIO grew
as the forecast lead increased. It is encouraging to see that the
monsoon surface winds pattern in the model is comparable with
that of the NCEP reanalysis-1I (Figure 1). The monsoon cross-
equatorial flow and the Somali Jet are reasonably well captured,
although the simulated southwesterly flow over the Bay of
Bengal is slightly weaker compared to the NCEP reanalysis.
Figure 2 shows a comparison of the JJAS mean SST between
the model and GODAS. The features of SST spatial distribution
are broadly similar with GODAS, although there is a warm
model bias, particularly in the Arabian Sea and Bay of Bengal.

The basic question addressed here pertains to the ability of
the CFS OMF in realistically capturing the ocean-atmosphere
coupled feedbacks during anomalous weak monsoon episodes.
The CFS OMF fields are available for the period 1981-2008.
Using the observed Indian rainfall data from Parthasarathy et al.
(1994), 16 cases of weak monsoon months were identified
during 1981-2008 when the all India rainfall (AIR) deficit was
below —20% of the climatological mean (see Table 1). The
20% threshold for selecting monthly rainfall anomalies is based
on the consideration that the standard deviation of the monthly
AIR for June, July, August and September corresponds to ~22,
~14, ~16 and ~22% of their respective monthly climatological
means. Based on these monthly standard deviations, a 20%
threshold has been used for selecting weak monsoon months.
Monthly rainfall anomalies from the CMAP and CFS OMF
datasets are computed from area-averages over the Indian
monsoon region (§—32°N, 70—90 °E) which includes both land
and ocean points. Moreover, it must be noted that the AIR
data are based on rainfall only over the land points of India
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Figure 1. June, July, August, September climatological mean rainfall (mm dayfl) (shaded) and 10 m winds (ms™!) (vector); (a) CFS 1 month
forecast; (b) CMAP rainfall and NCEP reanalysis winds.
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Figure 2. June, July, August, September climatological mean SST in °C; (a) CFS 1 month forecast; (b) GODAS.
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Figure 3. Scatter plot of normalized rainfall anomaly over Indian
monsoon region (8—32°N, 70—-90°E) from OMF of CFS model versus
the CMAP observed dataset. The monthly rainfall anomalies for June,
July, August and September from the CFS model and CMAP are
normalized with respect to their respective monthly standard deviations.
The monthly rainfall datasets are for the period (1981-2008).

(Parthasarathy et al., 1994). The monthly rainfall departures
from the CMAP and CFS OMF for the 16 weak monsoon cases
are given in Table 1. Although the negative sign of the rainfall
anomaly is captured by the OMF for most of the weak monsoon
cases, there are significant differences in the magnitudes of the
anomalies between the OMF and observations (e.g. September
1991, June 1992, July 1992, August 2001, July 2002, September
2002). Figure 3 shows a scatter plot of OMF versus CMAP
normalized rainfall anomalies over the Indian monsoon region
for all 112 cases (i.e. 28 years x 4 months: corresponding
to the June to September monsoon months over the period
1981-2008). It is noted that the correlation between the OMF
and CMAP normalized anomalies is rather low (r = 0.29)
indicating that the skill of the OMF is rather poor. In particular,
one can see a significant scatter in the weak monsoon rainfall
anomalies (i.e. third quadrant) between CMAP and OMF. It is
further noted that the correlation coefficients between the OMF
and CMAP anomalies for June, July, August and September
are 0.30, 0.23, 0.37, 0.26 respectively, indicating that the skill
of the OMF is comparable for the individual monsoon months.

Copyright © 2012 Royal Meteorological Society

3.2.  Analysis of OMF of weak monsoons

Among the 16 weak monsoons in Table 1, it can be noticed
that July 2002 had the largest deficiency of the all India rainfall
(AIR) of about —57% departure from normal. It is intriguing
to note that the OMF is unable to capture the magnitude of the
large-scale rainfall deficiency during such an extreme monsoon
drought. Examination of the spatial pattern of rainfall anomalies
during July 2002 (Figure 4(a) and (b)) shows that the OMF
of the rainfall anomaly over the Indian land region is almost
out of phase with the CMAP anomalies. Although the rainfall
deficiency over the eastern Arabian Sea can be noted in the
OMF, the anomalies over central-north India, northeast India
and the Bay of Bengal are almost opposite to the CMAP
anomalies. The anomalous rainfall enhancement over EEIO
during July 2002 and the equatorial westerly wind anomalies
are qualitatively seen in the OMF.

A major forcing during the prolonged monsoon break
in July 2002 was induced by the strong coupling of the
anomalous monsoon circulation and IO dynamics as pointed
out by Krishnan ef al. (2006). Anomalous warming of the
EEIO and enhancement of convection over the equatorial 10
favours large-scale subsidence over the subcontinent leading to
suppression of the monsoon Hadley cell and rainfall reduction
over the Indian region (see Krishnan et al., 2003, 2006).
While the monsoon-Indian Ocean coupled interaction is one
of the pathways for producing extended monsoon breaks,
there are other plausible mechanisms that can sustain weak
monsoon conditions. For example, extended monsoon breaks
and droughts can be influenced by strong activity of the
near-equatorial convectively-coupled phenomena such as the
Madden Julian Oscillation (MJO) and ENSO (e.g. Sikka, 1999;
Saith and Slingo, 2006; Joseph et al., 2009; Neena et al.,
2011) and also by interactions with the mid-latitude circulation
through intrusions of cold and dry air into the monsoon region
(e.g. Ramaswamy, 1962; Bhat et al., 2006; Krishnan et al.,
2009; Krishnamurti et al., 2010). The skill of the CFS model in
forecasting weak monsoons arising from equatorial IO coupled
dynamics, can be understood by separating this category of
weak monsoons from the rest of the weak monsoon cases. Six
cases of weak monsoons that were accompanied by anomalous
conditions in the equatorial 10 were segregated based on
examination of rainfall and SST anomalies individually for
each of the 16 weak monsoons. These six weak monsoons
correspond to September 1986, July 1987, September 1987,
September 2000, September 2001 and July 2002.

Meteorol. Appl. 19: 189-199 (2012)
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Figure 4. Rainfall anomaly (mm day’l) (shaded) and 10 m wind anomaly (m s71) (vector); (a,c,e) from CFS OMF and (b,d.f) from CMAP
rainfall anomaly and NCEP reanalysis winds; (a,b) for July 2002; (c,d) mean of six cases (September 1986, July 1987, September 1987, September
2000, September 2001, July 2002); (e,f) composite mean of all weak monsoon months (from Table 1).

Composite maps of rainfall and low-level wind anomalies
based on the above six weak monsoon cases from the OMF
and observations are shown in Figure 4(c) and (d). Note that the
observed rainfall anomalies clearly show the opposite polarity
of anomaly pattern over Indian subcontinent and the EEIO for
the six weak monsoon cases. On the other hand, the CFS OMF
shows a rather poor simulation of the rainfall anomalies for
the six weak monsoon cases. It is intriguing to note that the
OMF fails to capture even the broad structure of this anomaly
pattern associated with these major weak monsoon episodes.
For the composite based on all the 16 weak monsoon cases,

Copyright © 2012 Royal Meteorological Society

the similarities in the rainfall and wind anomalies between
the CMAP/NCEP datasets and CFS OMF seem to be poorer
(Figure 4(e) and (f)).

SST anomalies for July 2002 based on the CFS OMF and
GODAS are shown in Figure 5(a) and (b). Some aspects of
the observed warm SST anomaly in the central-eastern tropical
10 are seen in the OMF: However, the model completely
fails to capture the warm SST anomalies in the Bay of
Bengal and central-eastern Arabian Sea resulting from reduced
upwelling and decreased evaporation due to the weakened
southwesterly monsoon winds. In fact, the observed SST

Meteorol. Appl. 19: 189—199 (2012)
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Figure 5. Sea surface temperature (SST) anomaly (°C) for; (a) CFS OMF during July 2002; (b) same as (a) but from GODAS; (c) mean of six
week monsoon months (from table 5.1) CFS OMF; (d) same as (c) but from GODAS.

anomaly composite, based on the six weak monsoon cases,
shows warm anomalies covering most parts of the Arabian Sea
and Bengal (Figure 5(d)). The SST anomaly composite from
the CFS OMF shows cold anomalies in the Arabian Sea and
eastern Bay of Bengal (Figure 5(c)), indicating the inability
of the CFS forecasts to capture the anomalous SST response
associated with weakening of the monsoonal flow. Anomalies
of 20°C isotherm depth (D20) and mixed layer depth (MLD)
during July 2002 are shown in Figure 6(a) and (b) for the OMF
and GODAS respectively. The corresponding composites based
on the six weak monsoon cases are shown in Figure 6(c) and
(d). The anomalous deepening (shoaling) of D20 and MLD in
the EEIO are qualitatively seen in the CFS OMF.

The above discussions point to some of the deficiencies
in the CFS OMF in adequately capturing the weak monsoon
anomalies, the Indian Ocean — monsoon feedbacks and the
out-of-phase pattern of precipitation response over the Indian
subcontinent and the EEIO. Current understanding suggests
that the above model biases arise partly due to systematic
errors in simulating the ocean-atmosphere interactive processes
over the Indian Ocean, Arabian Sea and the Bay of Bengal.
Here it is important to recognize that the nature of ocean-
atmosphere coupling is not uniform throughout the IO basin.
Ocean dynamics is crucial, particularly in the equatorial IO,
and this feature is salient for producing a Bjerknes-type wind-
thermocline feedback which governs the evolution of SST
and precipitation anomalies in the equatorial IO region (e.g.
Saji et al., 1999; Webster et al., 1999; Yamagata et al., 2004;
Annamalai et al., 2005). Dynamical coupling between SST and
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rainfall is not as strong over the central-eastern Arabian Sea
as compared to the equatorial IO. In fact, observations during
July 2002 support this argument (see Figures 4(b) and 5(b)).
It can be noticed that the rainfall decrease over the Arabian
Sea and Bay of Bengal during weak monsoons such as in July
2002 is accompanied by warm SST anomalies locally, thereby
suggesting that the Arabian Sea SST anomalies mostly indicate
a response to the monsoonal wind forcing. In fact, variations
in the summer monsoon winds, surface net-heat and salt fluxes
are known to exert considerable influence on the SST response
in the Arabian Sea and Bay of Bengal (e.g. Annamalai et al.,
2005; Ramesh and Krishnan, 2005). Therefore, deficiencies in
realistic representation of winds and moist convective processes
over the Arabian Sea and Bay of Bengal, as well as improper
treatment of ocean-atmosphere coupling, can lead to large errors
in simulating rainfall and SST variations in this region (e.g.
Levine and Turner, 2011).

3.3.
model

Potential for improving monsoon simulations in CFS

With regard to the scope for improving the monsoon simu-
lations, one of the potential areas would be to improve the
equatorial IO dynamical processes in the CFS model. Although
the CFS model shows anomalous precipitation enhancement
over the EEIO during weak Indian monsoons, the equatorial
IO anomalies in the model are not strong enough to weaken
the summer monsoon reverse Hadley circulation and suppress
the monsoon rainfall over the Indian landmass. The zonal gradi-
ent of the mean D20 is an important feature that determines the
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Figure 6. Depth at 20 °C isotherm (D20) anomaly (m) shaded and Mixed Layer Depth anomaly (m) contour for; (a) CFS OMF during July 2002;
(b) same as (a) but from GODAS; (¢) mean of six weak monsoon months CFS OMF; (d) same as (c) but from GODAS.

thermocline variations in the equatorial IO and the slow evolu-
tion of SST anomalies. To understand why the near-equatorial
10 anomalies are not as strong in the CFS model, an examina-
tion of the structure of the ocean thermocline was carried out.
Figure 7 shows the zonal variation of D20 averaged between
5°N and 10°S in the near-equatorial IO from the CFS model
and GODAS dataset. It can be noticed that the D20 in CFS
model is more-or-less flat, with a mean depth of about 108 m.
On the other hand, the D20 in the GODAS dataset shows a
gentle east—west slope which is deeper in the eastern 10 as
compared to the western 10.

Correcting the flat D20 in the CFS model can be a significant
remedy towards improving the ocean—atmosphere coupled
interactions in the equatorial 10, which in turn could lead to
more realistic simulations of the monsoon rainfall variations.
To check this hypothesis, outputs from a 100 year free run
of the CFS coupled model are examined. While statistical
models generally have limitations in predicting extremes (i.e.
droughts/floods) in the monsoon rainfall (Gadgil et al., 2005),
it may be worthwhile to understand if the CFS model has
the ability to simulate monsoon precipitation extremes and
associated ocean—atmosphere coupled interactions. The free run
is for an arbitrary 100 year period and this run was conducted
as part of the seasonal monsoon prediction efforts at the
Indian Institute of Tropical Meteorology. Figure 8 shows the
time-series of interannual variability of the June—September
summer monsoon rainfall over the Indian region (70-90°E;
10-30°N) from the free run. The mean and standard-deviation
values of rain-rate in the CFS model are found to be 5.8
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Figure 7. June, July, August, September mean climatological D20 depth
(m) averaged from 10°S to 5 °N versus longitude; (a) CFS OMF (open
circle); (b) GODAS (filled circle).

and 0.82 mm day~'!, respectively. The corresponding values
for the observed IMD gridded 1° x 1° rainfall data over
India (Rajeevan et al., 2006) are 7.5 and 0.85 mm day~!,
respectively. It may be noted that the mean rainfall in the CFS
model is underestimated compared to the IMD mean rainfall.
This is partly because the mean monsoon rainfall over northeast
India and the Bay of Bengal is underestimated in the CFS
model. Also, it must be noted that IMD rainfall is based on
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Figure 8. Time-series of interannual variability of the June—September summer monsoon rainfall (mm day~!) over the Indian region (70-90 °E;
10-30°N) from the free run of CFS from 1996 to 2096.
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Figure 9. (a) The composite of rainfall anomalies (mm day~') based on all monsoon drought cases when the seasonal (June, July, August,

September) monsoon rainfall anomaly over the Indian region (70-90°E; 10-30°N) was less than —10% of the climatological normal;

(b) shows the corresponding anomaly composites for SST (°C) and 850 hPa winds (m s~!). This figure is available in colour online at
wileyonlinelibrary.com/journal/met

data over land points only, while the CFS rainfall includes both
land and ocean points. However, the important issue is that the
level of interannual variability of monsoon rainfall averaged
over the Indian region is comparable in both the CFS model
and the IMD dataset as seen from the standard deviation values.

In order to understand whether Indian monsoon droughts
simulated in the 100 year free run of the CFS show features cor-
responding to the anomalous coupled interactions in the tropical
10, an analysis of rainfall, SST and low-level wind variations
from the CFS free run was carried out for all the monsoon
droughts simulated by the model. Figure 9(a) shows the com-
posite of rainfall anomalies based on all the monsoon drought
cases when the seasonal (JJAS) monsoon rainfall anomaly over
the Indian region (70-90°E; 10—30°N) was less than —10% of
the climatological normal. The corresponding anomaly compos-
ites for SST and 850 hPa winds are shown in Figure 9(b). The
threshold of 10% departures from climatological normal is sim-
ilar to the classification of excess and deficit monsoon rainfall
seasons by the India Meteorological Department (IMD). It may
be noted that the 10% threshold is roughly 1 standard deviation
(~85 mm) of the climatological mean seasonal (JJAS) AIR (see
Parthasarathy et al., 1994). It can be seen that the monsoon rain-
fall deficiency over the Indian subcontinent is associated with
a weakening of the southwest monsoon flow over the Arabian
Sea and the formation of an anomalous ridge over South Asia.
The warm SST anomalies in the Arabian Sea are consistent
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with a weakened southwesterly monsoon flow. It is, however,
important to note in Figure 9(a) and (b) that the rainfall and
SST anomalies in the equatorial IO do not reveal appreciable
changes. This might suggest that Indian monsoon droughts in
the CFS model are not strongly linked with coupled interactions
in the equatorial I10.

Intrigued by the above results, an examination was carried
out to understand cases of very intense monsoon droughts simu-
lated by the CFS model. In selecting intense monsoon droughts,
only those cases were considered when deficiencies in the sea-
sonal monsoon rainfall were below —20% of the climatological
normal. Anomaly composites of rainfall, wind and SST based
on the intense monsoon droughts are shown in Figure 10. It
is quite interesting to note that the monsoon and IO cou-
pled interactions stand out very prominently when the intense
monsoon droughts are considered. The pattern of decreased
rainfall over India and increased rainfall over the EEIO is
rather striking in Figure 10(a). In addition to the weakening
of the monsoonal flow, as evidenced from the anticyclonic
anomaly over the Indian region, anomalous westerlies can be
noticed over the equatorial IO. The SST anomaly composite
(Figure 10(b)) based on the intense monsoon droughts shows
anomalous warming (>0.5°C) in the EEIO and cold anomalies
in the western 10. The pattern of SST, wind and precipitation
response in Figure 10 is indicative of a Bjerknes-type feed-
back in which a positive zonal SST gradient favours equatorial
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Figure 10. (a) The composite of rainfall anomalies (mm day~!) based on all monsoon drought cases when the seasonal (June, July, August,

September) monsoon rainfall anomaly over the Indian region (70-90°E; 10-30°N) was less than —20% of the climatological normal;

(b) shows the corresponding anomaly composites for SST (°C) and 850 hPa winds (m s~1). This figure is available in colour online at
wileyonlinelibrary.com/journal/met

westerly anomalies, which in turn pushes warm waters to the
east and sustains the warm SST anomalies in the region through
downwelling and thermocline deepening.

The main message conveyed from the above discussions
is that the CFS model seems to possess features inherent to
coupled interactions between the monsoon flow and Indian
Ocean dynamics. However, because of the flat near-equatorial
thermocline in the CFS model, a great deal of effort would be
required to trigger and maintain this coupled feedback process.
Therefore, very often the equatorial IO anomalies in the CFS
model are not strong enough to produce drought conditions
over India through weakening of the monsoon Hadley cell.
The role of equatorial IO coupled dynamics emerges out
prominently only in the case of very intense monsoon droughts.
Therefore, it is hoped that efforts to improve the structure of
the mean thermocline in the CFS model (e.g. through better
representation of vertical mixing), together with improvements
in data assimilation for providing more realistic ocean initial
conditions, would greatly benefit extended range predictions of
the 10 coupled dynamics and the evolution of monsoonal rains
on the intra-seasonal time-scale.

4. Summary

The work presented in this paper is an assessment and validation
of ensemble 1 month forecast (OMF) by the NCEP CFS
coupled model. In particular, the skill of the CFS OMF in
capturing weak monsoons was investigated using the CFS
hindcasts (retrospective-forecasts) available for a 28 year period
(1981-2008). The weak monsoons in this study correspond to
periods when the monthly all India rainfall anomaly during the
summer monsoon months was >—20% of the climatological
normal. There were 16 such weak monsoon cases during
(1981-2008). Examination of the CFS OMF for these 16
weak monsoon cases showed that the rainfall and circulation
anomalies were poorly captured by the model. In general, the
correlation between the observed rainfall and OMF over the
Indian monsoon region is found to be poor. By performing
detailed analyses, it is noted that deficiencies in realistically
capturing the ocean-atmosphere coupling in the near-equatorial
Indian Ocean (IO) gives rise to biases in simulating the SST and
rainfall anomalies in the equatorial region, which in turn affects
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the monsoon precipitation forecasts over the subcontinent. In
particular, it is noted that the equatorial IO anomalies simulated
by the CFS model are unable to induce large-scale rainfall
deficiencies over the Indian subcontinent. Furthermore, the
systematic biases in simulating the wind, rainfall and SST
variations in the Arabian Sea and Bay of Bengal result in errors
in the OMF of monsoon rainfall over India.

NCEP has released the recent version (v2) of the CFS model
in 2010 and the ensemble hindcasts (reforecasts) from CFS-v2
are available for the period 1981-2010. A preliminary analysis
was carried out to see the skill of the OMF of weak monsoons
from the CFS-v2 simulations. Although some improvements
are noted in the simulation of SST and rainfall anomalies over
the equatorial Indian Ocean in the CFS-v2 model during weak
monsoons, the link between the equatorial anomalies and the
Indian monsoon rainfall anomalies is not adequately captured
even in the CFS-v2 version (figures not shown). Pattanaik and
Kumar (2010) pointed out that the skill of the CFS-v1 model in
simulating the Indian Ocean Dipole is rather poor largely due to
cold SST bias in the eastern equatorial Indian Ocean. One of the
potential areas for enhancing the quality of monsoon forecasts
in the CFS model is to improve the thermocline structure
in the near-equatorial I0. The flat thermocline in the CFS
model does not sustain the Bjerknes-type wind-thermocline
feedback effectively, leading to weaker equatorial anomalies
and weaker teleconnections with the Indian monsoon rainfall.
In fact, this point has been confirmed by a careful examination
of a 100 year free run of the CFS coupled model. It is seen
that moderate monsoon droughts produced by the CFS model
have weak linkage with the equatorial IO dynamics, although
it is interesting to note that very intense monsoon droughts
simulated by the CFS model had remarkable teleconnections
with the equatorial anomalies. Based on these points, it is
suggested that improving the structure of the mean thermocline
in the CFS model, together with developments in ocean data-
assimilation, offers good prospects for advancing the skill of
extended range monsoon predictions using the CFS model.

Additionally, improvements in parameterization of moist
convection can greatly help in minimizing the monsoon pre-
cipitation biases over South Asia and the adjoining oceanic
areas. Zhou et al. (2012) have proposed modifications in the
convection scheme of the CCSM3 model, involving convective
momentum transport and direct plume approximation, which
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lead to improved simulation of the Madden Julian Oscilla-
tion. Their results indicate that the modified convection scheme
reduces the easterly wind bias in the Indian Ocean and western
Pacific Ocean. It would be worthwhile investigating whether
similar modifications in convection scheme of the CFS model
can help reduce the biases in the eastern Indian Ocean (i.e. east-
erly winds, cold SST and shallow thermocline), thereby leading
to improved forecasts of the Indian monsoon
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