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INDIAN SUMMER MONSOON IN LATEST NCEP CLIMATE FORECAST SYSTEM

Figure 1. Seasonal (JJAS) averaged climatological mean rainfall (in mm d−1) from (a) CFSv1, (b) CFSv2 and (c) GPCP. Biases (model-GPCP
in mm d−1) in (d) CFSv1 and (e) CFSv2.

Figure 2. Seasonal (JJAS) averaged climatological mean wind at 850 hPa (in mm s−1). Shaded colour and arrows represent the amplitude and
direction of wind, respectively. (a) CFSv1, (b) CFSv2, (c) ERA-Interim and (d) NCEP-II reanalysis. Biases (model-reanalysis) with respect to

ERA-Interim (e) CFSv1-ERA, (f) CFSv2-ERA and with respect to NCEP-II (g) CFSv1-NCEP, (h) CFSv2-NCEP.

3.1. Rainfall

The mean ISMR is characterized by rainfall maxima
over central India (CI) along with north Bay-of-Bengal
(BoB), Western Ghat and south of the equatorial Indian
Ocean region (Figure 1(c)). Both versions of CFS are
able to simulate rainfall maxima over Western Ghat and
north BoB; however, there are large dry bias over CI.
CFSv2 is able to simulate the Equatorial rainfall maxima;
however, it is shifted towards west in CFSv1. Therefore,
rainfall bias has east–west dipole structure in CFSv1
(Figure 1(d)). This is related with the warm SST bias
over west equatorial Indian Ocean (discussed in Section

3.3.). Chaudhari et al . (2013a) have shown that, this
dipole structure of bias in CFSv1 has large implications
in other related atmospheric processes through feedback
mechanism. Furthermore, convective activity over north
BoB and south of the east equatorial Indian Ocean
are dynamically linked (e.g. Krishnamurthy and Shukla,
2000). An enhanced convection over north BoB is
associated with suppressed convection over equatorial
Indian Ocean and the vice verse. Therefore, the ability to
simulate the right location of equatorial rainfall maxima is
a major improvement in CFSv2 as compared with CFSv1.
Nevertheless the fundamental problem of dry bias over
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Figure 6. Time series of Central India rainfall (units: mm/day). The red bars are 
TRMM; the black line is NMM; the blue line is UpdSst; the green line is OMLObs. 
!
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India and move westward. A few LPS also form in the
southern Bay of Bengal during a break. Since lows and
depressions are the main rain-bearing systems of the mon-
soon [Mooley and Shukla, 1989], the spatial and temporal
clustering of LPS is essentially responsible for increasing
(decreasing) rainfall over central India during active (break)
conditions.
[7] To understand how the ISO achieves this clustering,

we examine the modulation of the low level circulation at
850 hPa by the ISO. The climatological seasonal (JJAS)
mean 850 hPa winds and corresponding relative vorticity are
shown in Figure 5a, while a difference between active and
break composites (as defined by MISI for the 40 year period)
of wind anomalies and corresponding relative vorticity are
shown in Figure 5b. It may be noted that the vorticity in the
monsoon trough may increase (decrease) by 50% during an
active (break) spell. The enhancement of shear and low level
cyclonic vorticity in this region in the positive phase of the
ISO increases the probability of genesis of LPS. A similar
mechanism is responsible for clustering of tropical cyclones
and hurricanes in Gulf of Mexico [Maloney and Hartmann,
2000a], eastern Pacific [Maloney and Hartmann, 2000b] and
western Pacific [Liebmann et al., 1994], through modulation
of circulation by the MJO.
[8] How do different frequencies of monsoon ISO con-

tribute to the clustering? To answer this question, MISI was

reconstructed with 30–60 day, 10–20 day and less than 10
day filtered vorticity, and the frequency distributions of
genesis of LPS (similar to Figure 3) were calculated. The
results are summarized in Table 1. The ratio between LPS
numbers during active and break conditions as defined by
different frequency bands is noteworthy. It is seen that both
10–20 day and 30–60 day oscillations give rise to cluster-
ing. However, the clustering is enhanced significantly when

Figure 4. Tracks of LPS for the period 1954–1983 during
extreme phases of monsoon ISO. (a) ‘Active’ ISO phase
(MISI > +1) and (b) ‘Break’ ISO phase (MISI < !1). Dark
dots represent the genesis point and their lines show the
tracks. Figure 5. (a) Long term seasonal (June–September) mean

vector winds (ms!1) at 850 hPa and associated relative
vorticity (10!6s!1). Thick line indicates the approximate
location of the monsoon trough. (b) Active minus break
composite wind anomalies (ms!1) and associated relative
vorticity (10!6s!1) at 850 hPa during the 40 year period
(1954–1993). The region of positive vorticity is shaded
with minimum contour of 1 units and contour interval of 5
units in both panels.

Table 1. Contribution of Different Frequency Bands to Clusteringa

MISI >0 <0 Ratio >1 <1 Ratio

10–90 days 350 160 2.18 147 42 3.50
30–60 days 316 194 1.62 115 42 2.74
10–20 days 330 180 1.83 152 50 3.04
0–10 days 259 255 1.01 86 87 0.98

aCount of LPS for MISI > 0 (<0) and active (MISI > +1) and break
(MISI < !1) conditions. MISI is constructed from vorticity filtered with
different bandpass filters.
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collectively account for 50% of the total 
ISMR rainfall(Sikka 1977, 2006)
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Mesoscale features as a 
shaper of mean climate

the west coasts of Myanmar and the Philippines and on
the slope of Annam Cordillera (Fig. A1b), where the
control run severely underestimates orographic-
induced rainfall. The heating profile in the vertical fol-

lows the observations of Yanai et al. (1973), peaking at
500–300 hPa and tapering off both up- and downward,
with the maximum heating rate of 7.5 K day!1. While
further tuning would probably improve the control

FIG. A1. Jul–Aug mean precipitation (mm month!1) and 850-hPa wind velocity vectors
simulated in (a) the control and (c) perturbed runs. (b) Orographic rainfall (mm month!1)
prescribed in the perturbed run.
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Western Ghats and the Philippines. Figure 4 shows the
cross-shore distributions of rainfall and orography
across the eastern coast of the northern bay. The maxi-
mum rainfall is displaced windward of the maximum
orography by as much as 200 km. This contrasts with
the rainfall pattern one expects from a flow-over re-
gime for short mountains: large rainfall on the wind-
ward slope with a maximum near the summit as is ob-
served on Kaui Island of Hawaii (at the maximum el-
evation of 1598 m under an inversion of 2–3 km high;
Ramage and Schroeder 1999). What causes this off-
shore displacement of rainfall maximum over the east-
ern bay is unclear at this time. Previous modeling stud-
ies based on short (!1 day) integrations indicate that
the displacement of maximum rainfall away from the
mountain summit is sensitive to vertical shear of the
prevailing winds (Ogura and Yoshizaki 1988). Besides
the orographic lifting effect as a dynamical barrier to
the prevailing winds, coastal mountains affect convec-
tion also as a diurnal thermal forcing. Convection un-
dergoes a strong diurnal cycle over the bay and sur-
rounding land, in which mesoscale mountains seem to
play an important role. Zuidema (2003) observes a
band of high clouds off the eastern coast of the Bay of
Bengal that reaches the maximum cloudiness in local
morning (0900 LT) but disappears in the evening (2100
LT). The prevailing westerly winds at the low level may
favor the land breeze over the sea breeze in intensity,
helping displace the rainfall maximum offshore. Fur-
ther observational and modeling studies are necessary
to determine the detailed processes leading to this off-
shore displacement of rainfall maximum.

The rainfall maximum on the Bay of Bengal’s eastern

coast is consistent with detailed analyses of cloud ob-
servations. A subjective satellite analysis indicates that
highly reflective cloud cover is much more frequently
observed in the eastern than in the western bay (Gross-
man and Garcia 1990). Such cloud observations, how-
ever, do not identify raining convection well and are
blurred by anvil clouds riding on the strong easterlies
near the tropopause: highly reflective cloud cover in
Grossman and Garcia (1990) spreads over much of the
bay while PR and SSM/I show that rainfall maximum is
tightly trapped on the coast.

It is unclear what causes the CMAP’s differences
from the PR product over the Bay of Bengal. Over the
ocean, CMAP blends infrared and microwave observa-
tions from space. The Bay of Bengal is located near the
edge of the disk sampled by geostationary satellites, the
Geostationary Meteorological Satellite and Meteosat,
which CMAP uses. This limb view may introduce an
overestimation of precipitation as its infrared measure-
ments are weighted more toward the higher altitudes.
By methodology infrared retrieval of precipitation is
less direct than either microwave or PR, and the result-
ant distribution is sensitive to the choice of threshold
cloud-top temperature. Using a threshold cloud-top
temperature of 235 K—which the CMAP adopts—
Zuidema (2003) obtains a distribution of frequency of
high-cloud occurrence similar to that of PR rainfall with
a maximum on the eastern coast of the bay, from geo-
stationary satellite observations by the Indian National
Satellite System in 1988 and Meteosat in 1999. The high
cloudiness resembles rather the CMAP distribution
with a maximum at the northern head of the bay when
a threshold cloud-top temperature of 205 K is used
(Zuidema 2003). Thus, though lower in cloud-top
height, orographically induced convection on the east-
ern coast is more intense in mean precipitation than
convection over the northern head of the bay. Surface
precipitation is a measure of latent heat release in the
atmospheric column, which drives the circulation.

5. Seasonal and interannual variability
We now examine how monsoon convection evolves

in time (Fig. 5). From the eastern Arabian Sea to the
Philippines, most of rain takes place in the warm half of
the year from May to October when both the warm
Asian continent and high SST are conducive to convec-
tion. Monsoon convection is highly organized with per-
sistent rainbands lining up against the windward slopes
of mesoscale mountains. In May, these rainbands start
to appear with the moderate southwest monsoon. At
the height of the summer monsoon, both the southwest
monsoon and the rainbands intensify, with the latter
anchored by mesoscale mountains as discussed above.

FIG. 4. Cross-shore distributions of precipitation (solid; mm
month"1) and orography (gray bars; m) averaged across the east-
ern coast of the northern Bay of Bengal.
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Background

• Growing recognition of monsoon as a 
complex system (Sikka and Gadgil, 1980; 
Suhas et al 2012)	



• A framework for understanding monsoon 
interannual variations as an interacting 
multi-scale system has been developed 
(Goswami et al 2006)



A Bottom-Up approach
• Focus on improving weather and ISO statistics	



• Role of high resolution, cloud resolving grids	



• Impact of topography representation	



• Role of regional air-sea interaction	



• Problem - How to do all of this on a 1TerraFlops 
computer?	



• Pragmatic approach - Embedded regional simulations



Objectives
• Objective identification of multiple scales and their 

validation in simulations (evaluation framework) 

• Evaluate whether NCEP-CFS captures important 
scales of monsoon variability correctly.  

• Using WRF as an intermediate tool to explore  
factors relevant to  scales of ISMR variations of 
interest to this project. 



Evaluation Framework 
centered around Self 

Organizing Maps
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Multiscale IMR rain regimes
• Monsoon rain rich in scales of variability 

• Central Indian rain has several unique features 

• sharp evolution during the middle of the summer monsoon 

• intense rainfall events associated with monsoon lows and depressions 

• dominantly interannual  

• Western ghat rain 

• Evolution of rain closely related to  SW monsoon 

• intense rainfall events 

• dominantly decadal 

• dominantly quasi-biweekly



Multiscale ISM variations in the 
NCEP CFSv2 T382 runs 

and  
embedded simulations



Model Data and Embedded 
experiments

• NCEP CFS v2 T382 

• Coupled (free) runs spanning 20 years 

• Embedded WRF simulations  (CFS+WRF) with above as LBC 

• 5 Experiments, each for a 7-year period corresponding to model years 1999-2005 

1. No SST 

2. Daily updated NCEP CFS SST 

3. Coupled to 1D mixed layer Pollard, Rhines and Thompson (1972) - 
spatially uniform, time-invariant depth of 50m 

4. Same as above, but MLD from observations and varies on monthly scale 

5. WRF run with hydrostatic dynamical core



Mixed layer depth - JJAS



Physical Schemes for the 
embedded simulations

• Cumulus: Betts-Miller-Janjic scheme!
• Longwave Radiation: RRTMG scheme!
• Shortwave Radiation: RRTMG shortwave!
• Land surface: unified Noah land-surface model!
• Surface Layer: Monin-Obukhov (Janjic Eta) 

scheme!
• Boundary layer: Mellor-Yamada-Janjic (Eta) TKE 

scheme!
• Microphysics: WSM 3-class simple ice scheme



Sanity ChecksSanity check: 

 
Figure 1. Time series of (a) 500 hPa geopotential height (units: geopotential meter) 
and (b) rainfall (units: mm/day). The red bars are the results of OMLObs; the blue 
lines are NMM; the green lines are observation (NCEP1, and TRMM). 
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Intensity regimes in CFSv2 T382



Comparison over CI region
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Figure 6. Time series of Central India rainfall (units: mm/day). The red bars are 
TRMM; the black line is NMM; the blue line is UpdSst; the green line is OMLObs. 
!
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Regional air-sea interactions 
and mean state
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Mixed layer depth - JJAS



Slab mixed-layer experiments
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Summary
• Focus on role of resolution, topography, regional air-sea interaction 

• A new, SOM based framework for identifying and assessing ISM 
features  

• A series of 7 year-long embedded regional simulations using NCEP 
CFSv2 T382 free run as LBCs has been carried out 

• Mean structure of rainfall - regional air-sea interaction 

• Improving simulation of oceanic mixed layer (too deep in 
NCEP CFSv2) 

• Role of non-hydrostatic dynamics in better simulation of synoptic 
disturbances relevant to CI rainfall (needs further exploration)



Future work plan
• Improving ISO simulation 

• Experiments coupling with better mixed-layer formulation (3D 
Price-Weller-Pinkel) 

• Role of resolution and topography  

• ASTER (Advanced Spaceborne Thermal Emission and 
Reflection Radiometer, 30 meter resolution)  

• Interannual time scales 

• Improvements to ISMR predictability 

• Embedded runs using NCEP CFSv2 hindcasts/forecasts as LBC



Objectives

• Evaluate multi scale variations & 
interactions	



• Impact of dynamical downscaling - through 
higher resolution, better representation of 
sea and land surface characteristics	



• Representation of topography 	



• Role of regional air-sea interactions  


