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Abstract Keeping the systematic bias of the climate fore-
cast system model version 2 (CFSv2) in mind, an attempt
is made to improve the Indian summer monsoon (ISM)
rainfall variability in the model from diurnal through daily
to seasonal scale. Experiments with default simplified
Arakawa—Schubert (SAS) and a revised SAS schemes are
carried out to make 15 years climate run (free run) to eval-
uate the model fidelity with revised SAS as compared to
default SAS. It is clearly seen that the revised SAS is able
to reduce some of the biases of CFSv2 with default SAS.
Improvement is seen in the annual seasonal cycle, onset
and withdrawal but most importantly the rainfall probabil-
ity distribution function (PDF) has improved significantly.
To understand the reason behind the PDF improvement, the
diurnal rainfall simulation is analysed and it is found that
the PDF of diurnal rainfall has significantly improved with
respect to even a high resolution CFSv2 T382 version. In
the diurnal run with revised SAS, the PDF of rainfall over
central India has remarkably improved. The improvement
of diurnal cycle of total rainfall has actually been contrib-
uted by the improvement of diurnal cycle of convection
and associated convective rainfall. This is reflected in out-
going longwave radiation and high cloud diurnal cycle.
This improvement of convective cycle has resolved a long
standing problem of dry bias by CFSv2 over Indian land
mass and wet bias over equatorial Indian Ocean. Besides
the improvement, there are some areas where there are
still scopes for further development. The cold tropo-
spheric temperature bias, low cloud fractions need further
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improvement. To check the role of shallow convection,
another free run is made with revised SAS along with
shallow convection (SC). The major difference between
the new and old SC schemes lies in the heating and cool-
ing behavior in lower-atmospheric layers above the plan-
etary boundary layer. However, the inclusion of revised SC
scheme could not show much improvement as compared
to revised SAS with deep convection. Thus, it seems that
revised SAS with deep convection can be a potentially bet-
ter parameterization scheme for CFSv2 in simulating ISM
rainfall variability.

Keywords Revised SAS - Indian summer monsoon -
CFSv2 - Rainfall

1 Introduction

The skillful prediction of Indian summer monsoon rain-
fall ISMR) plays a pivotal role in deciding the socioeco-
nomic growth of the country (Gadgil and Gadgil 2006).
The Indian summer monsoon (ISM) which prevails from
June through September (JJAS) shows great amount of
spatial and temporal variability (Goswami 2005; Hoyos
and Webster 2007). The extreme departure (1.5 stand-
ard deviation of the mean) from normal rainfall (droughts
and floods) severely affects agricultural output and conse-
quently the economy of India (Mooley and Parthasarathy
1984; Webster et al. 1998; Kripalani et al. 2003; Chaudhari
et al. 2010). Therefore, understanding the spatio-temporal
variabilities of the summer monsoon and improving its
simulation and prediction at various space and time scale
has immense importance.

Despite a substantial improvement in model skill
in recent times (Kim et al. 2012; Lee et al. 2013), the
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latest generation of atmospheric general circulation models
(GCMs) still has serious difficulties in simulating monthly
or seasonal precipitation (Wang et al. 2008). It has been
well established (Webster et al. 1998) that ISM is a fully
coupled land—atmosphere—ocean climate system and hence
it should be better reproduced by coupled ocean—land—
atmosphere GCMs (CGCMs). Several studies (Fennessy
et al. 1994; Sperber and Palmer 1996; Goswami 1998;
Gadgil and Sajani 1998; Sabre et al. 2000, etc.) attempt to
simulate ISM circulation features and monsoon variabil-
ity using atmospheric general circulation model (AGCM).
However, they concluded that the simulation were poor
for the ISMR. Waliser et al. (2003) show that the AGCM
fails to reproduce the eastward propagating convection and
the northwest-southeast-tilted rainband associated with
the Boreal Summer Intraseasonal Oscillations (BSISOs).
By evaluating ECHAMS AGCM simulation, Abhik et al.
(2014) concluded that the model reasonably reproduces the
seasonal mean-state of the atmosphere during ISM. How-
ever, they found some notable discrepancies in the simu-
lated summer mean moisture and rainfall distribution. Sev-
eral intercomparison projects have also been carried out to
explore the skill of the ocean—atmosphere coupled models.
The major conclusion shows that the models are able to
broadly capture the large scale mean features (spatio-tem-
poral distributions of rainfall, wind circulations etc.) of the
monsoon (Krishna Kumar 2005; Wang et al. 2004, 2008;
Kim et al. 2008; Kug et al. 2008; Lee et al. 2010). How-
ever, the simulation of proper spatio-temporal structure of
intraseasonal variabilities remains a challenging task (Wal-
iser et al. 2003; Lin et al. 2008; Sperber and Annamalai
2008). Recently, the National Center for Environmental
Prediction (NCEP) Climate Forecast System (CFS) model
(a CGCM) is being adopted in India under a National Mon-
soon Mission Programme of Ministry of Earth Sciences,
for predicting seasonal and intraseasonal monsoon rainfall.
Number of studies using NCEP CFS version 1 (CFSvl)
have shown reasonable skill in reproducing the seasonal and
intraseasonal variabilities of the ISM (Yang et al. 2008; Pat-
tanaik and Kumar 2010; Lee Drbohlav and Krishnamurthy
2010; Chaudhari et al. 2013; Suhas et al. 2013; Abhilash
et al. 2014). However, certain systematic biases remained
to be resolved. It may be worthy to mention that Lin et al.
(2008) reported, most of the models overestimate the near-
equatorial precipitation, underestimate the variability of the
northward propagating Intraseasonal oscillation and west-
ward propagating 12-24 day mode by analyzing ocean—
atmosphere CGCM participating in the Fourth Assessment
Report (AR4) of intergovernmental panel on climate change
(IPCC). Sperber and Annamalai (2008) indicate that the
lack of the eastward propagating convection across the Mar-
itime Continents, is one of the major biases causing the unu-
sual tilting of the rainband in CGCMs. It has already been
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reported (Kang et al. 2002; Wang et al. 2005; Pattnaik et al.
2013) that monsoon prediction/simulation is determined by
ocean—atmosphere coupling, model resolution and also by
the model physics (Slingo et al. 1996; Inness et al. 2001;
Kemball-Cook et al. 2002; Zhang and Mu 2005; Zhang
et al. 2006). By analyzing 20 years of CFSvl and CFS
version 2 (CFSv2) simulations of ISM, Saha et al. (2014)
showed that the spatial pattern of seasonal mean rainfall,
wind circulations, rainfall variance and northward propa-
gation of intraseasonal oscillation (ISO) are more realistic
in CFSv2 as compared to CESv1. The difference between
CFSv2 and CFSvl lies in the fact (Saha et al. 2014) that
CFSv2 incorporates advanced parameterization schemes.
It also has improved atmospheric and ocean model (Modu-
lar Ocean Model version 3 (MOM3) in CFSvl and MOM
version 4 (MOM4) in CFSv2) with higher horizontal reso-
lution. CFSv2 utilizes four layer Noah land-surface model,
whereas CFSv1 has two layer land-surface model. In spite
of improved model physics and horizontal resolution, Saha
et al. (2014) also reported that the dry bias of monsoon rain-
fall over Indian land mass is more prominent in CFSv2.
Sharmila et al. (2013) reported that monsoon intraseasonal
oscillation (MISO) simulated by CFSv2 has more realistic
northward propagation than its atmosphere-only counterpart
which is the NCEP global forecast system (GFS) model.
Recently, Goswami et al. (2014) attempted to find out possi-
ble explanation for the dry precipitation bias over the Indian
landmass in the CFSv2 simulated mean monsoon. They
revealed that the synoptic variance simulated by CFSv2 is
significantly lower than its ISO variance over many regions
across the globe and particularly over Indian land mass as
compared to TRMM. They indicate possible deficiency in
the convective parameterization scheme of CFSv2. Another
recent study by Ajayamohan et al. (2014) highlights the
importance of a new “multicloud model parameterization”
in simulating Asian Monsoon ISO on an aquaplanet GCM.
The analysis demonstrates the role of multicloud model
parameterization in successfully simualting westward prop-
agating of Rossby wave like disturbances and northward
propagation of MISO.

Although some of the above studies (Saha et al. 2014;
Chaudhari et al. 2013; Sharmila et al. 2013; Goswami et al.
2014) efficiently identified the systematic biases in mean
rainfall simulation of the ISM, improvement towards resolv-
ing those biases is yet to be achieved. Increasing only the
resolution in CFS does not bring much success (Saha et al.
2014; Sahai et al. 2014) especially in terms of dry bias
over Indian land mass and wet bias over equatorial Indian
Ocean (EIO). This indicates that there is possibly a need for
improvement in the model physics to improve some of the
above mentioned biases of the ISM. So far in all the ear-
lier studies (Pokhrel et al. 2012; Saha et al. 2014; Chaudhari
et al. 2013; Goswami et al. 2014, etc.), the ISM simulations
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are done using the default SAS available with CFS. In the
present study, we have used a revised version of simplified
Arakawa—Schubert (SAS) deep convection parameteriza-
tion (DCP) scheme in CFSv2 at T126 (spectral model at
Triangular truncation 126-110 km) following Han and Pan
(2011). In the revised DCP scheme, the cumulus convection
is made stronger and deeper to deplete more instability in
the atmospheric column and result in the suppression of the
excessive grid-scale precipitation. The stronger and deeper
convection is made through larger cloud-base mass flux and
higher cloud tops which appear to effectively eliminate the
remaining instability in the atmospheric column. Whereas,
the old SAS deep convection scheme does not fully elimi-
nate the instability and consequently an explicit convec-
tive ascent occurs at the grid scale, producing unrealisti-
cally heavy precipitation. Han and Pan (2011) also revised
the shallow convection (SC) scheme by employing a mass
flux parameterization which produces heating throughout
the convection layers replacing the old turbulent diffusion
based approach. By analyzing 1-month CFSv2 run at T126
horizontal resolution with revised SC and DCP schemes
in SAS, Han and Pan (2011) demonstrated its advantages
in reducing biases of low cloud cover, temperature, global
500 hPa geopotential height etc. They have also showed an
improvement in forecast of Hurricane tracks over Atlantic
and Eastern Pacific. However, in the present study, we have
mainly focused on the application of revised DCP scheme
along with old SC scheme in CFSv2 simulation of ISMR.
Although, much improvement was reported by Han and Pan
(2011), what remains to be seen is whether the revised SAS
with DCP scheme could resolve some of the noted biases of
CFSv2 over Indian monsoon domain.

Keeping the above issues in mind, we have attempted to
find out how far the revised DCP can improve some of the
existing biases particularly related to rainfall over Indian
monsoon region in CFSv2. As the diurnal rainfall plays an
important role in deciding the daily rainfall, we would like
to analyze the impact of revised DCP on diurnal rainfall
through daily to seasonal rainfall distribution of ISM. This
study in one hand would show the robustness of the scheme
in its application over Indian monsoon rainfall and may
also help the forecaster in improving the skill of forecast
using CFSv2. Along with revised SAS with DCP scheme;
we intend to analyze the impact of revised SC in CFSv2
in simulating ISMR. Thereby, a brief analysis of precipita-
tion and convective rainfall has been provided at the end of
Sect. 3.

2 Model description, data used and methodology

NCEP CFSv2 (Saha et al. 2013) is the latest version
of fully coupled land—atmosphere—ocean model with

advanced physics, increased resolution and refined initiali-
zation to improve the seasonal climate forecasts. The GFS
model consists of a spectral resolution of T126 (~100 km)
with 64 hybrid vertical levels. The oceanic component
is the Geophysical Fluid Dynamics Laboratory (GFDL)
Modular Ocean Model, version 4p0d (Griffies et al. 2004)
at 0.25°-0.5° grid spacing with 40 vertical layers. CFSv2
has a 3-layer interactive (2 layers of sea-ice and 1 layer of
snow) global sea ice model, as well as a global land data
assimilation system. It has a 4-level Noah land surface
model (Ek et al. 2003) with interactive vegetation. CFSv2
uses a prognostic cloud parameterization scheme by Zhao
and Carr (1997). The default convection scheme used in
GFS is the simplified Arakawa—Schubert (SAS) convection
with momentum mixing. The revised SAS deep convec-
tion parameterization scheme is implemented based on the
study by Han and Pan (2011). Major differences from the
old SAS deep convection scheme (Pan and Wu 1995) are
described in details in Han and Pan (2011). In this study,
we have performed two free runs each for 15 years of
CFSv2-T126, one with default/old SAS convection scheme
and another with revised SAS scheme with the same initial
condition and the output is stored for every 24 h. The term
“free run” indicates that the coupled model is run freely
without any external inputs except for solar forcing and
initial conditions. To study the diurnal variability of ISM,
we also executed three free runs and output stored for every
3 h each for 5 years, one with old SAS and another with
revised SAS scheme for CFSv2-T126 and the last one is
with old SAS but for CFSv2-T382 (~38 km). These runs
were carried out on the Prithvi High Performance Com-
puting system (IBM P6-575) at Indian Institute of Tropi-
cal Meteorology (IITM), Pune, India. The atmosphere and
the ocean initial conditions are taken from NCEP Climate
Forecast System Reanalysis (CFSR; Saha et al. 2010).
Various observations and reanalysis products are utilized
to evaluate the model simulation. The simulated precipita-
tion over the Indian land-points is validated using gridded
0.5° x 0.5° daily rainfall dataset for the year 1991-2005
from India Meteorological Department (IMD, Rajeevan
and Bhate 2008). Daily Tropical Rainfall Measuring Mis-
sion (TRMM) 3B42 version 7 (V7) gridded precipitation
data (Huffman et al. 2007) at a horizontal resolution of
0.25° x 0.25° for the year 1998-2012 is used. The National
Oceanic and Atmospheric Administration (NOAA) Outgo-
ing Longwave Radiation (OLR) daily data set from 1998
to 2012 (Liebmann and Smith 1996) is analyzed to exam-
ine the convective variability. Daily air temperature data is
taken from NCEP reanalysis (Kalnay et al. 1996) for the
period 1998-2012. Convective component of daily rainfall
from TRMM 3G68 data set (1998-2008) at 0.5° x 0.5°
horizontal resolutions is examined. It is a combination of
various TRMM products-2A12, 2A25 and 2B31 (Haddad
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et al. 1997a, b; Iguchi et al. 2000; Kummerow et al. 2001).
Additionally, the diurnal rainfall simulation is validated by
using 5 years (1999-2003) of 3 hourly TRMM V7 rainfall
data sets for JJAS. To examine the diurnal variability of
OLR over Indian monsoon region, we have utilized 3 hourly
OLR data from Kalpana-1 very high resolution radiometer
(VHRR) satellite observations (Mahakur et al. 2013) for
the period 2005-2012 for JJAS. Finally, International Sat-
ellite Cloud Climatology Project (ISCCP) data (Schiffer
and Rossow 1983) which is available for the period July
1983—-December 2009 have been utilized in this study.
Cloud parameters are estimated by combining data from
several geostationary and polar orbiting satellites to prepare
a long period of cloud climatology. Calibrated radiances are
used for validating parameterized clouds in climate model
and for improved understanding of radiation budget and
hydrological cycle. We have used the ISCCP D2 datasets
(monthly means), which is an improved version from ear-
lier C series in terms of radiance calibration, cloud detec-
tion and radiative transfer modeling (Rossow and Schiffer
1999). The cloud classification employs visible, near-infra-
red and infrared (IR) channels during day time whereas
full diurnal scale data is available from IR based algorithm
only. Hence, we used cloud types data estimated only from
IR channel. ISCCP classifies clouds as low [cloud top
pressure (PC) >680 hPa] and high (PC < 440 hPa) from
IR based PC obtained from estimated cloud top tempera-
ture and TIROS (Television Infrared Observation Satellite)
operational vertical sounder temperature profile retrieved in
seven layers. On the other hand, CFSv2 designates clouds
as low (PC > 642 hPa) and high (PC < 350 hPa) below 45°
latitude. Above 45 latitude, CFSv2 defines clouds as low
(PC > 750 hPa) and high (PC < 500 hPa). Although, the
definition of low and high clouds in ISCCP and in CFSv2
is not exactly similar, we can get a qualitative picture of the
parameters through comparison.

The smoothed climatology of rainfall for all the data sets
is prepared based on the annual mean and first three har-
monics of the long-term mean seasonal cycle. The calcula-
tion for the intraseasonal variability is based on 10-90 day
band pass filtered (Duchon 1979) daily anomalies com-
puted by subtracting daily smoothed climatology for all the
datasets from the observation and the model simulations.

3 Results and discussions

3.1 Simulation of JJAS precipitation and OLR climatology
In order to identify model fidelity in simulating mean JJAS
precipitation, we have shown the impact of revised SAS

with deep convection parameterization (DCP) scheme
on CFSv2 in Fig. la—c. It is clear from Fig. la—c that the
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large scale mean precipitation features are captured by
CFSv2 with both SAS schemes. However, the positive pre-
cipitation bias over the equatorial Pacific and west coast of
Africa in CFSv2 with old SAS simulations has reduced in
revised SAS (Fig. 1b, c¢). This is further reflected in Fig. 1d,
e, which shows the difference between model and obser-
vation. The improvement in revised SAS over old SAS in
CFSv2 can be better visualized in Fig. 1f. From the global
(50°S-50°N) mean, root mean square error (RMSE) and
pattern correlation coefficient (CC) values, revised SAS
may seem equivalent to old SAS but the improvement in
the distribution of rainfall over the major precipitation cen-
tres are noteworthy in revised SAS simulation. The JJIAS
mean distribution of OLR is shown in Fig. 2a—c. Both
models appear to overestimate OLR over southern Indian
Ocean, eastern pacific and over Indian landmass regions.
However, relative improvement of revised SAS over old
SAS simulation can be seen over western pacific (Fig. 2e)
and Indian landmass region (Fig. 2f). Global mean and
RMSE values appear to be marginally improved in the
revised SAS scheme.

The JJAS precipitation climatology appears to be
remarkably improved over the Indian region (Fig. 3a—c)
which is the domain of focus in this study. The observed
and simulated JJAS mean rainfall (mm day_l) over the
ISM region is shown in Fig. 3. The precipitation maxima
are observed over the Western Ghats (WG), northeast
India and eastern shore and northern part of Bay of Ben-
gal (BoB) in TRMM (Fig. 3a). The model with old SAS
convection parameterization scheme (Fig. 3b) appears
to underestimate the precipitation amount substan-
tially over central Indian region and overestimate over
equatorial Indian Ocean (EIO) region. Similar rainfall
biases are also reported by earlier studies (Pokhrel et al.
2012; Saha et al. 2014; Chaudhari et al. 2013; Sharmila
et al. 2013; Goswami et al. 2014). The model simula-
tion with old SAS also underestimates the precipitation
over northern part of BoB as shown in Fig. 3b. These
rainfall biases over central India (CI), EIO and northern
part of BoB are found to substantially improve in CFSv2
with revised SAS convection parameterization scheme
as shown in Fig. 3c. The rainfall amount over CI and
northern BoB has significantly increased compared to
Fig. 3b whereas over EIO it agrees well with the obser-
vation. To get quantitatively better picture of model
simulated rainfall biases, we have evaluated the model-
bias (with respect to TRMM) as shown in Fig. 3d—f. Fig-
ure 3d depicts that rainfall bias in CFSv2 with old SAS
scheme over central India is around —4 to —2 mm day ™!
and over EIO it is around 2 to 4 mm day~'. These biases
are almost completely removed in the revised ver-
sion of SAS scheme as depicted in Fig. 3e. However,
in some pockets over ISM region, underestimation of
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Fig.1 JJAS mean climatological precipitation (mm day™') over
global domain (50°N-50°S) from a TRMM, CFSv2 with b old SAS
and ¢ revised SAS scheme. Biases (mm day*l) in CFSv2 with d old
SAS and e revised SAS scheme with respect to TRMM and f biases

precipitation can be seen (Fig. 3b). Figure 3c repre-
sents performance of CFSv2 with revised SAS as com-
pared to old SAS scheme in simulating ISMR. It is clear
(Fig. 3f) that the amount of precipitation over CI region
has increased by 1 to 3 mm day~! and over EIO it has
decreased by 4 to 2 mm day~! in revised SAS scheme
compared to old SAS scheme. Overall, the revised SAS
convective parameterization scheme in CFSv2 is able
to reproduce the spatial distribution of mean state of
the ISM rainfall better than the CFSv2 with old SAS
scheme.

We find that the remarkable improvement of CFSv2
simulation of mean rainfall with revised SAS convection
parameterization scheme over that of old SAS scheme
lies in capturing the probability of occurrences of vari-
ous rainfall categories. We evaluated the probability den-
sity distribution function (PDF) of rainfall over CI region
(74°E-83°E, 18°N-26°N). Figure 4 shows the PDF of rain-
fall from TRMM (black curve), IMD (green curve), CFSv2
with revised SAS (blue curve) and CFSv2 with old SAS
(red curve) over CI. The lighter rainfall (<10 mm day~!)
is found to have higher contribution to the observed total

0 60E 120E 180

I I I
-0 -8 -6 -4 -2 0 2

in CFSv2 with revised SAS with respect to old SAS scheme. Global
mean rainfall values are calculated for both observation and models
(Fig. la—c). RMSE and pattern CC is calculated for old SAS (Fig. 1b)
and revised SAS (Fig. 1¢) with respect to TRMM

rain from TRMM and IMD. Like many GCMs (Piani et al.
2010), CFSv2 with old SAS scheme shows serious prob-
lem in capturing the PDF of rain rate in general and the
lighter rain rate in particular. It substantially overestimates
the lighter rainfall and underestimates the moderate rain-
rate (1040 mm day~!). Dai (2006) reported that the cur-
rent GCMs have a tendency to overestimate the lighter rain.
However, CFSv2 with revised SAS simulates the PDF of
rain rate quite well as compared to observation. It is also of
noticeable interest that even the PDF of lighter rain rate has
been significantly improved.

In order to gain further insight on the simulated rainfall
bias, we examine the area averaged smoothed annual cycle
(AC) of rainfall over CI as exhibited in Fig. 5a. The smoothed
climatology is computed from the first three harmonics of
the daily climatology and annual mean. The AC of the mon-
soon is a reflection of the seasonal migration of the zonally
oriented belt of precipitation or the intertropical convergence
zone (ITCZ; Gadgil 2003). Figure 5a indicates that over CI,
CFSv2 with old SAS scheme simulates a late onset and an
early withdrawal thereby resulting a relatively shorter rainy
season. The shorter length-of-the-rainy season is consistent
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JJAS OLR(W/m*2)
(a) NOAA, Mean=247.098
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180

(c)CF _RevSAS, Mean=251.403, RMSE=12.767, CC=0.888

Fig. 2 JJAS mean climatological OLR (W m~2) over global domain
(50°N-50°S) from a NOAA, CFSv2 with b old SAS and ¢ revised
SAS scheme. Biases (W m~2) in CFSv2 with d old SAS and e
revised SAS scheme with respect to NOAA and f biases in CFSv2

with the earlier findings by Sabeerali et al. (2012) and Gos-
wami et al. (2014). This shorter rainy season bias is signifi-
cantly improved in CFSv2 with revised SAS scheme where it
is clearly visible that the onset of the monsoon is taking place
almost simultaneously with the observation. The model is able
to correctly reproduce the rapid enhancement in rainfall dur-
ing the monsoon onset. However, the withdrawal appears to
occur slightly earlier than observation and later than CFSv2
with old SAS scheme. The time-latitude section of rainfall
averaged over core monsoon zone (70°E-90°E) is illustrated
in Fig. 5b—d. In observation (TRMM) (Fig. 5d), the high rain-
fall band migrates up to 27°N causing considerable amount of
precipitation over Indian land mass. On the other hand, CESv2
with old SAS convection scheme (Fig. 5¢) shows that most
of the high rainfalls bands are mainly confined near the equa-
tor and very few of them are able to propagate up to 20°N. It
eventually contributes to the huge rainfall dry bias over Indian
land mass and wet bias over EIO. Similar problem of captur-
ing northward migration of ITCZ rainfall in general circula-
tion models is demonstrated by many earlier studies (Hack
et al. 1998; Gates et al. 1999; Wu et al. 2003; Chaudhari et al.
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with revised SAS with respect to old SAS scheme. Global mean OLR
values are calculated for both observation and models (Fig. 2a—c).
RMSE and pattern CC is calculated for old SAS (Fig. 2b) and revised
SAS (Fig. 2¢) with respect to NOAA

2013). Figure 5b depicts the northward migration of ITCZ in
CFSv2 with revised SAS scheme. It indicates that the high
rainfall bands are able to migrate up to 20°N-25°N with con-
siderable amount of rainfall over Indian land mass. CFSv2
with revised SAS scheme is able to capture more realistic
northward migration of ITCZ precipitation than CFSv2 with
old SAS scheme.

An investigation of the model’s ability to simulate the
eastward and northward propagation characteristics of
summer monsoon intraseasonal variability (ISV) over ISM
domain is shown in Fig. 6. The analysis is based on lag
regressions of 10-90 day filtered precipitation with respect
to a reference time series of 10-90 day filtered precipita-
tion averaged over (70°E-90°E, 10°N-20°N). It is clearly
visible that both models simulate the eastward (Fig. 6b,
c) and northward (Fig. 6e, f) propagation reasonably well
compared to TRMM observations (Fig. 6a, d). It is clear
from the RMSE and pattern CC values that revised SAS
is able to capture the northward and eastward propagation
with better fidelity than old SAS scheme. Although CFSv2
with old SAS convection scheme is able to capture the
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JUAS rainfall(mm/day)
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Fig. 3 JJAS mean climatological precipitation (mm day~') over
Indian summer monsoon domain from a TRMM, CFSv2 with b old
SAS and c revised SAS scheme. Biases (mm day‘l) in CFSv2 with
d old SAS and e revised SAS scheme with respect to TRMM and f

northward propagation, it has a huge dry bias over Indian
land mass. Similar conclusions were reported by Saha et al.
(2014), Sharmila et al. (2013) and Goswami et al. (2014)
etc. On the other hand, CFSv2 with revised SAS scheme
is capable of reproducing proper northward propagation
as well as reasonable amount of rainfall over Indian land
mass.

3.2 JJAS temperature and wind climatology

The climatological mean temperature profile is not cap-
tured reasonably in CFSv2 with old SAS and revised
SAS simulations compared to NCEP as indicated in
Fig. 7. To check whether temperature bias in CFSv2

(d) CFS_OIdSAS_T126 — TRMM

12

10
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80E
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(f) CFS_RevSAS — CFS_OIdSAS -6
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-12
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biases in CFSv2 with revised SAS with respect to old SAS scheme.
Mean rainfall values are calculated for both observation and models
(Fig. 3a—). RMSE and pattern CC is calculated for old SAS (Fig. 3b)
and revised SAS (Fig. 3c) with respect to TRMM

exists throughout the troposphere or at any particular
level, we have analyzed the vertical profile of JJAS mean
temperature averaged over global tropics (Fig. 7a) and
over ISM domain (Fig. 7b) respectively. The analyses
reveal that over tropics, both SAS schemes in CFSv2
show almost similar pattern (Fig. 7a, red and blue line)
and underestimate the mean temperature throughout
the troposphere as compared to NCEP (Fig. 7a, black
line). The similar scenario can be seen over ISM domain
(Fig. 7b) where both SAS schemes underestimate the air
temperature all over the troposphere. The atmosphere
of CFSv2 with both SAS schemes appears colder than
observation (Fig. 7) which is consistent with earlier
studies (Saha et al. 2014) with old SAS scheme.
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Fig. 4 Percentage of PDF of rainfall rate based on JJAS daily data
over CI from TRMM (black line), IMD (green line), CFSv2 with old
SAS (red line) and revised SAS (blue line) scheme

The ISM is characterized by a strong low level south west-
erly jet known as Findlater Jet (Findlater 1969), which peaks
at around Somali coast and Arabian sea region. The 850 hPa
JJAS mean circulation is displayed in Fig. 8a—c. A noticeable
feature of the CFSv2 with revised SAS simulation is the dom-
inant presence of the zonal component of the monsoon cross
equatorial low level jet (LLJ) (Fig. 8c). CFSv2 with both SAS
schemes mimic the observation somewhat realistically but
the strength of the LLJ is quite weak in old SAS as compared
to that of NCEP (Fig. 8a—). Similar results were reported
by Chaudhari et al. (2013) by analyzing 30 years of CFSvl
free run with old SAS scheme. Careful observation reveals
that the LLJ in CFSv2 with revised SAS scheme is much
stronger (Fig. 8¢) than old SAS simulation. Another notewor-
thy feature of the CFSv2 with revised SAS simulation is that
the strength of the LLJ over BoB is intensified (Fig. 8c, e) as
compared to CFSv2 with old SAS simulation (Fig. 8f) and
it agrees with the observation (Fig. 8a) particularly over the

124 (@) Averaged over BOX (74E—83E, 18N—26N)

101 —— CFS_RevSAS
8] — CFS_OIdSAS
— TRMM
6 -

Fig. 5 a The area averaged smoothed (first 3 harmonics plus mean)
annual cycle of climatological rainfall (mm day~') averaged over CI
from TRMM (black line), CFSv2 with old SAS (red line) and revised
SAS (blue line) scheme. Time-latitude section of rainfall (mm day‘l)
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from b CFS2 with revised SAS, ¢ CFSv2 with old SAS scheme and
d TRMM averaged over 70°E-90°E. RMSE and pattern CC is calcu-
lated for revised SAS (Fig. 5b) and old SAS (Fig. 5c¢) with respect to
TRMM
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and ¢, f Same as Fig. 5a, d but for CFSv2 with old SAS and revised
SAS scheme, respectively. RMSE and pattern CC is calculated for old
SAS (Fig. 6b, e) and revised SAS (Fig. 6c, f) with respect to TRMM
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Fig. 7 Vertical temperature profile during JJAS averaged over a global tropics (30°S-30°N) and b ISM domain (60°E-100°E, 10°S-30°N)
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Fig. 8 JJAS mean climatological 850 hPa winds (ms~') for a NCEP,
CFSv2 with b old SAS and ¢ revised SAS scheme. Biases (ms™') in
CFSv2 with d old SAS and e revised SAS scheme with respect to

central BoB. The characteristic feature of the upper tropo-
spheric circulation at 200 hPa is the tropical easterly jet (TEJ)
over the southern India and adjoining EIO (Fig. 9a). Strength
of the TEJ provides an indication of monsoon activity over
the Indian subcontinent (Naidu et al. 2011). CFSv2 with
both SAS schemes are able to simulate TEJ over the south-
ern India and adjoining Indian Ocean (Fig. 9b, c). However,
the strength of the TEJ is found to be higher in revised SAS
simulation as compared to old SAS simulation (Fig. 9d—f).
Enhanced strength of the upper tropospheric easterlies in the
simulation of CFSv2 with revised SAS has helped to improve
the negative bias of easterlies simulated by old SAS (Fig. 9d,
e).The position of the Tibetan High is also reasonably simu-
lated by CFSv2 with both SAS schemes compared to obser-
vations (Fig. 9a—c).

3.3 Tropospheric temperature

Tropospheric temperature (TT) is defined as the air tem-
perature averaged between 600 and 200 hPa following
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NCEP and f biases in CFSv2 with revised SAS with respect to old
SAS scheme

Xavier et al. (2007). The north—south gradient of TT over
Indian subcontinent region is essential in order to sustain
the monsoon circulation (Webster et al. 1998; Goswami
and Xavier 2005) and it is also closely linked with the
onset and withdrawal of ISM (Ueda and Yasunari 1998;
Goswami and Xavier 2005; Xavier et al. 2007). The JJAS
mean TT is shown in Fig. 10a—c. Mean seasonal TT is char-
acterized by elevated heat source of Tibetan plateau and
high TT throughout the tropics as seen in NCEP reanalysis
(Fig. 10a). CFSv2 with both SAS schemes are able to repro-
duce the warm troposphere over Tibetan plateau (Fig. 10b,
¢). However, CFSv2 with both SAS schemes underestimate
the mean TT throughout the tropics (Fig. 10d, e). Saha et al.
(2014) reported similar cold TT bias in CFSv2 with old
SAS scheme. Relative improvement in CFSv2 with revised
SAS scheme can be seen over northern part of Indian sub-
continent and eastern tropical pacific region (Fig. 10f) com-
pared to CFSv2 with old SAS scheme. Thus, the TT does
not look very reasonable in CFSv2 (as seen by global mean
and RMSE) with revised SAS as compared to NCEP.
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Fig. 9 JJAS mean climatological 200 hPa winds (ms~') for a NCEP,
CFSv2 with b old SAS and c¢ revised SAS scheme. Biases (ms™') in
CFSv2 with d old SAS and e revised SAS scheme with respect to

3.4 Convective rainfall

In the present study, we have changed old SAS
scheme to revised SAS deep convective parameteriza-
tion scheme in CFSv2 following Han and Pan (2011).
Thus, it will be interesting to see the impact of revised
SAS scheme in simulating convective rainfall during
JJAS. Convective rainfall causes maximum heating
at the middle level of the troposphere and affects the
associated atmospheric dynamics (Houze 1989). The
JJAS mean convective rainfall is shown in Fig. 1la—c.
Mean convective rainfall is considerably underesti-
mated over Indian landmass by CFSv2 with old SAS
scheme (Fig. 11b) as compared to observation (Fig.
11a). However, CFSv2 with revised SAS scheme shows
noticeable enhancement of convective rainfall over
Indian landmass region (Fig. 11c). CFSv2 with both
SAS schemes overestimate the convective rainfall over
equatorial Pacific Ocean, EIO and west coast of Africa
region (Fig. 11b, ¢) as compared with the observation
(Fig. 11a).
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NCEP and f biases in CFSv2 with revised SAS with respect to old
SAS scheme

It is likely that the improvement of convective rain-
fall over Indian landmass during monsoon season is due
to the proper simulation of the probability of occurrences
of various convective rainfall categories. Figure 12 shows
the PDF of convective rainfall from TRMM 3G68 (black
line), CFSv2 with old SAS (red line) and with revised
SAS scheme (blue line) over CI. The lighter category
(<10 mm day~!) of convective rainfall is found to have
higher contribution to total convective rainfall for both
observation and models. However, CFSv2 with old SAS
scheme overestimates the lighter convective rainfall and
underestimates the moderate category (Fig. 12). On the
other hand, this bias is substantially improved in CFSv2
with revised SAS simulation which agrees well with the
observation.

Apart from convective rainfall, stratiform rainfall also
plays a significant role in modulating the monsoon ISOs
(Chattopadhyay et al. 2009). However, in the present study,
we have seen (Fig. not shown) that stratiform rainfall dis-
tribution and its PDF has not improved in revised SAS
simulation. Therefore, it appears that the total rainfall PDF
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Fig. 10 JJAS mean climatological tropospheric temperature (K) from
a NCEP, CFSv2 with b old SAS and ¢ revised SAS scheme. Biases
(K) in CFSv2 with d old SAS and e revised SAS scheme with respect
to NCEP and f biases in CFSv2 with revised SAS with respect to old

improvement in CFSv2 with revised SAS (Fig. 4) scheme
is mainly contributed by better simulation of convective
rainfall PDF.

3.5 Evaluation of low and high clouds

Earth’s climate system is largely modulated by clouds
which play a crucial role in regulating Earth’s energy
budget and water cycle (Rossow and Zhang 1995; Barker
et al. 1999; Collins 2001). Thus, it will be important to
analyze the impact of revised SAS in simulating cloud
features during JJAS. Figure 13a—c shows the global dis-
tributions of low level cloud fractions estimated from
ISCCP data and CFSv2 model simulations. The obser-
vation from ISCCP shows extensive marine stratocumu-
lus clouds over the eastern tropical Pacific and Atlantic
oceans (Fig. 13a), such distributions of low clouds are
not well-simulated by CFSv2 with both SAS schemes
(Fig. 13b, c¢). Models appear to underestimate low clouds
over these regions. Recently, Yoo et al. (2013) showed
underestimation of low clouds over tropical Pacific and
Atlantic oceans in NCEP Global Forecast System (GFS)
model. However, in the present study, the low clouds
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SAS scheme. Global mean TT values are calculated for both observa-
tion and models (Fig. 10a—c). RMSE and pattern CC is calculated for
old SAS (Fig. 10b) and revised SAS (Fig. 10c) with respect to NCEP

appear to be overestimated in both SAS schemes as com-
pared to ISCCP over Indian landmass (Fig. 13b, c). On
the other hand, the spatial distributions of high cloud
fractions throughout the globe are captured by CFSv2
with both SAS schemes (Fig. 13d-f). Both models over-
estimate the high cloud fractions over tropical Pacific
Ocean, west coast of Africa and EIO (Fig. 13e, f). It is
interesting to note that the high clouds particularly over
Indian landmass are enhanced in revised SAS simula-
tion which agrees with the observation (Fig. 13d, f).
From the global (60°S—-60°N) mean values, it appears
that both models simulate less low clouds and more high
clouds.

3.6 Simulation of diurnal scale precipitation, OLR, clouds
and apparent heat source (Q1) over central India

The above analyses documented the impact of revised SAS
in CFSv2 in simulating various parameters. The daily scale
analysis of rainfall during JJAS showed significant improve-
ment in spatial distribution over ISM domain (Fig. 3). How-
ever, it will be important to analyze whether the daily scale
rainfall improvement is actually coming from the sub-daily
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Fig. 11 JJAS mean climatological convective rainfall (mm day™!)
from a TRMM 3G68, CFSv2 with b old SAS and ¢ revised SAS
scheme. Global mean convective rainfall values are calculated for
both observation and models (Fig. 11a—c). RMSE and pattern CC is
calculated for old SAS (Fig. 11b) and revised SAS (Fig. 11c) with
respect to TRMM 3G68
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Fig. 12 Percentage of PDF of convective rainfall rate based on JJAS
daily data over CI for TRMM 3G68 (black line), CFSv2 with old
SAS (red line) and revised SAS (blue line) scheme

scale? To identify that, firstly, we have analyzed the diurnal
cycle of OLR and rainfall over CI as indicated in Fig. 14a,
b, respectively. The diurnal cycle of OLR shows a clear

maximum at 1130 Indian Standard Time (IST) in observation
(dot-dash black line in Fig. 14a) whereas the CFSv2 with old
SAS scheme at T126 and T382 resolution is unable to cap-
ture the magnitude as well as the time of maximum of the
diurnal cycle. It appears that CFSv2 with old SAS scheme at
both the resolutions overestimate the OLR and reaches maxi-
mum at around 1430 IST. On the other hand, CFSv2 with
revised SAS scheme shows (Fig. 14a, blue line) similar diur-
nal cycle of OLR as old SAS scheme; however, the magni-
tude of OLR is reduced and agrees with Kalpana-1.

The diurnal cycle of precipitation over CI shows a clear
maximum at 1730 IST (Fig. 14b, dash black line) in obser-
vation consistent with typical continental regime character-
ized by an afternoon-late evening peak (Yang and Smith
2006). CFSv2 with old SAS scheme simulation does not
reproduce proper diurnal cycle of precipitation and maxi-
mizes at 1430 IST for both resolutions (T126 and T382).
This implies that the diurnal cycle of convection possibly
is not captured realistically by the model. Several stud-
ies (Betts and Jakob 2002; Dai and Trenberth 2004; Lee
et al. 2007; Dirmeyer et al. 2010) have pointed out that the
global general circulation models have a tendency to simu-
late observed late-afternoon rainfall peak too early in the
day and this premature peak in convection is a well-known
problem with many cumulus parameterization schemes.
However, the revised SAS scheme in CFSv2 is found to
capture the timing of maximum precipitation at around
1730 IST similar to what is seen in TRMM (Fig. 14b);
although it overestimates the magnitude.

Further we would like to examine the improvement in
diurnal cycle of rainfall in revised SAS and associated rain-
fall PDF over CI. TRMM estimated rainfall PDF (Fig. 15a)
shows that the occurrence of lighter rain rates (0.0-
0.5 mm h™") are relatively more during early morning (0230
IST) to late morning (1130 IST) hours, whereas, moderate
rainfall (0.5-2.0 mm h~') dominates during the early after-
noon (1430 IST) to late evening (2030 IST) hours. CFSv2
with old SAS scheme at T126 and T382 resolution simu-
lates nearly similar PDF for all the time throughout the day
(Fig. 15b, d). It appears that the old SAS scheme is unable
to capture the PDF of lighter and moderate category rain-
fall at different times over CI. The revised SAS in CFSV2
shows significant improvement in simulating diurnal rainfall
PDF over CI (Fig. 15c). The revised SAS is able to sepa-
rate out lighter and moderate category rainfall at different
times similar to TRMM analysis. However, it overestimates
moderate and heavier category rainfall possibly due to the
way the new instability removal is applied in revised SAS.

The rainfall PDF analyses gave us an idea about which
rainfall category is dominant at what times during the day
over CI. At the same time, it will be useful to know the
amount of rainfall contributed by each hour to the daily
total rainfall. Figure 16 demonstrates the percentage of
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Fig. 13 JJAS mean climatological low cloud fractions (%) for a ISCCP, CFSv2 with b old SAS and c revised SAS scheme. d—f Same as
Fig. 11a—c but for high cloud fractions. Global mean cloud fractions are calculated for both observation and models (Fig. 13a—f)

Fig. 14 JJAS climatology of
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rainfall contribution by each hour to the daily total rain-
fall during JJAS over CI. TRMM estimation shows that
maximum contribution to daily rain occurs at 1730 IST,
whereas, CFSv2 with old SAS scheme completely fails
to reproduce the observed features and shows maximum
contribution during early morning hours for both resolu-
tions. On the other hand, CFSv2 with revised SAS scheme
is able to capture the diurnal cycle of contribution to daily
total and maximum contribution is seen during afternoon
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hour (1730 IST). However, it underestimates the percent-
age of maximum contribution to daily total as compared to
observation.

To get more insight about type of cloud responsible for
observed or simulated diurnal cycle of rainfall over CI, we
have analyzed the diurnal cycle of low clouds and high
clouds fractions during JJAS as shown in Fig. 17a, b, respec-
tively. ISCCP estimated low clouds maximizes at around
1130-1430 IST (Fig. 17a, black line), whereas CFSv2 with
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Fig. 15 Percentage of PDF of rainfall rate over CI from a TRMM, CFSv2 with b old SAS at T126 resolution, ¢ revised SAS at T126 resolution
and d old SAS at T382 resolution corresponding to the eight octets, 0230 IST through 2330 IST at 3-hourly intervals
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Fig. 16 Percentage of contribution to the daily total rainfall by eight
octets,0230 IST through 2330 IST at 3-hourly intervals over CI for
TRMM (black line), CFSv2 with old SAS (red line) at T126 resolu-
tion, revised SAS (blue line) at T126 resolution and old SAS at T382
resolution (green line)

old SAS (T126) and revised SAS schemes peak at around
1730 IST and they overestimate low clouds fractions as
compared to ISCCP. CFSv2 with old SAS scheme at T382
resolution also simulates peak low clouds fraction at 1730
IST, however, it is able to capture the magnitude similar to
observation. The high clouds fractions appear to be maxi-
mized in the afternoon to late afternoon hours in observa-
tion (Fig. 17b, black line). It is likely that the observed after-
noon rainfall maximum over CI could be due to the presence
of deep convection and associated high clouds during that
time (Qie et al. 2014). CFSv2 with old SAS scheme at both
resolutions show very weak diurnal cycle of high clouds
and substantially underestimate the high clouds fractions
(Fig. 17b). On the other hand, the revised SAS in CFSv2 is
able to realistically simulate the diurnal cycle of high clouds
fractions although the amplitude is underestimated.

After evaluating rainfall biases and demonstrating the
improvement of rainfall distribution by revised SAS, it will be
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Fig. 17 JJAS climatology of a low cloud fractions (%) and b high
cloud fractions (%) over CI. For each panel, red line is for CFSv2-
OIdSAS-T126, green line for CFSv2-OldSAS-T382 and blue line is
for CFSv2-revised SAS-T126. The black line in a and b is for ISCCP

worthwhile to evaluate the heating of the revised SAS as com-
pared to old SAS. As, heating will reflect the strength of the
convection. In view of this, apparent heat source (Q1) is com-
puted based on Yanai et al. (1973). The Q1 profile (Fig. 18)
averaged over (40°E-140°E, 10°N-35°N), shows that the
revised SAS has produced a stronger heating compared to
default SAS indicating enhanced convection in revised SAS.

The above analyses indicate that improvement of con-
vective parameterization (revised SAS in this case) could
make a significant impact in improving the rainfall bias of
ISM which could not be achieved by increasing the hori-
zontal resolution alone. However, it is noticed that all the
systematic biases (e.g. tropospheric temperature, low
cloud etc.) have not improved in revised SAS simulation
which actually leaves us lots of scope for future model
development.

3.7 Impact of shallow convection scheme in revised SAS
of CFSv2

The previous analyses have shown the impact of revised
SAS deep convective parameterization scheme in CFSv2
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Fig. 18 JJAS domain-averaged (40°E-140°E, 10°N-35°N) apparent
heat source Q1 (K dayfl) for CFSv2 with old SAS (red) and revised
SAS (blue) scheme

in simulating ISM features. The modification in SAS deep
convective scheme has been done based on the study by
Han and Pan (2011). However, their study also includes the
application of revised version of shallow convection (SC)
scheme which we did not use in the above analyses. The
major difference between the old and new SC schemes is
implementation of a mass flux parameterization replacing
the old turbulent diffusion-based approach (Han and Pan
2011). It will be interesting to see how both the revised
versions of SC and deep convection schemes in CFSv2 are
able to reproduce some of the observed ISM features. In
addition to revised SC and deep convection schemes, we
have also modified the critical vertical velocities following
Lim et al. (2014). In the old SAS and revised deep SAS
scheme, the critical vertical velocity thresholds are kept
constant throughout the globe, whereas in the modified
version, the critical vertical velocity thresholds are made
(w2 = —250/dx, wl = 0.1*w2, dx-grid size in meter) grid
size dependent. After incorporating all these modification,
we have made 8 years of CFSv2 free run with the same ini-
tial condition as earlier free runs.

Figure 19a—c indicates the global rainfall distribution
during JJAS. It is clear that the rainfall overestimation over
northern equatorial west Pacific region is reduced in revised
SC scheme compared to old SAS scheme and it reasonably
agrees with the observation (Fig. 19a—c). In fact, it is able
to simulate better rainfall distribution over northern part
of west Pacific and African landmass region compared to
revised SAS deep convection scheme (Fig. 1c). However,
the revised SC scheme underestimates the rainfall amount
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Fig. 19 JJAS mean climatological precipitation (mm day~') over
global domain (50°N-50°S) from a TRMM, CFSv2 with b old SAS
and ¢ revised SAS having SC scheme. Biases (mm day~!) in CFSv2
with d old SAS and e revised SAS having SC scheme with respect
to TRMM and f biases in CFSv2 with revised SAS having SC with

over southern equatorial Pacific region (Fig. 19e). Over
Indian landmass, it simulates more rainfall than old SAS
scheme (Fig. 19f), however, the amount of rainfall is less
than the revised SAS deep convection scheme simula-
tion (Fig. 1c). Similar overestimation of rainfall over east
Pacific and west coast of Africa can be seen in revised
SC scheme as compared to old SAS scheme (Fig. 19b, c).
Convective rainfall distribution is also improved over west
pacific and African landmass in revised SC scheme simula-
tion (Fig. 20c) compared to old SAS (Fig. 20b) and revised
deep convection schemes (Fig. 11c). The enhancement
of convective rainfall over Indian landmass can be seen
in Fig. 20c; however, it is less than the revised SAS deep
convection scheme simulation (Fig. 11c). The revised SC
scheme is also found to overestimate convective rainfall
over east pacific and west coast of Africa region (Fig. 20c)
as old SAS and revised deep convection scheme (Fig. 11b,
c¢). Thus, the implementation of SC in revised SAS has
not been able to make more improvement than that by
revised SAS with deep convective scheme. To quantify the
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respect to old SAS scheme. Global mean rainfall values are cal-
culated for both observation and models (Fig. 18a—c). RMSE and
pattern CC is calculated for old SAS (Fig. 18b) and revised SAS
(Fig. 18c) with respect to TRMM

improvements, we have compared the tropospheric tem-
perature and it is found to be even cooler than that of the
revised SAS with deep convection run (figures not shown).
This indicates that revised SAS with the deep convection
scheme appears to produce more realistic results for ISM
simulation. To improve the large scale precipitation, a pos-
sible improvement in the model cloud microphysics is
needed.

4 Summary and conclusions

In the present study, we intend to examine the ability of
the revised SAS deep convection parameterization scheme
in CFSv2 model to simulate the spatio-temporal variabil-
ity of the mean ISM. The implementation of revised SAS
scheme is based on the study by Han and Pan (2011). We
have made two free runs experiments each for 15 years of
CFSv2-T126, one with default/old SAS convection scheme
and another with revised SAS scheme with the same initial
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Fig. 20 JJAS mean climatological convective rainfall (mm day~™!)
from a TRMM 3G68, CFSv2 with b old SAS and ¢ revised SAS hav-
ing SC scheme. Global mean convective rainfall values are calculated
for both observation and models (Fig. 19a—c)

condition. Both these experiments are carried out with
daily output. The diagnosis reveals that the positive pre-
cipitation bias over the equatorial Pacific and west coast
of Africa in CFSv2 with old SAS simulations has reduced
in revised SAS. The OLR distributions over Indian land
mass and western Pacific Ocean have been improved in
revised SAS simulation. The most significant improvement
has been seen in simulating ISM precipitation. The long-
standing inability to reduce the dry bias over Indian land-
mass and wet bias over equatorial Indian Ocean in many
GCMs appears to be largely resolved in revised SAS simu-
lation. Overall, CFSv2 with revised SAS simulation is able
to reproduce better spatial distribution of rainfall over ISM
domain. It is found that model’s better fidelity in simulating
mean precipitation over Indian landmass with revised SAS
scheme, lies in capturing proper rainfall PDF. CFSv2 with
revised SAS scheme is able to simulate the PDF of rain rate
quite well as compared to observation over CI. Particularly,
lighter rain rate category is found to significantly improve
in revised SAS simulation. However, CFSv2 with old SAS
scheme highly overestimates lighter rainfall category, while
moderate rain event are less frequent than the observation,
resulting dry bias over Indian landmass. The area averaged
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smoothed (first 3 harmonics plus mean) annual cycle of
rainfall over CI is better captured in revised SAS scheme.
It is found that CFSv2 with old SAS scheme simulates a
late onset and an early withdrawal thereby resulting a rela-
tively shorter rainy season. However, shorter rainy season
bias is much improved in CFSv2 with revised SAS scheme
as compared to observation. The northward migration of
ITCZ is reasonable in revised SAS simulation as com-
pared to observation. At the same time, it is clearly seen
that CFSv2 with both SAS schemes simulate the eastward
and northward propagation of rainfall band reasonably well
compared to TRMM observations.

The mean air temperature profile shows cold bias through-
out the troposphere in both SAS schemes as compared to
NCEP. The revised SAS is unable to eliminate cold tempera-
ture bias throughout the tropics as well as over ISM domain.
The 850 hPa JJAS mean circulation over ISM domain is
found to be realistic in revised SAS simulation but strength
of the cross equatorial low level jet (LLJ) is weak as com-
pared to NCEP but stronger compared to old SAS scheme.
However, the strength of the LLJ over BoB is enhanced as
compared to CFSv2 with old SAS simulation and it agrees
with the observation. On the other hand, the tropical easterly
jet (TEJ) at 200 hPa is captured by CFSv2 with both SAS
schemes but the strength is weaker in old SAS than NCEP.
However, noticeable intensification of TEJ can be seen in
revised SAS simulation as compared to old SAS simulation.
The tropospheric temperature (TT) is found to be underesti-
mated throughout the tropics in both SAS schemes.

The JJAS mean convective rainfall is found to be bet-
ter captured in revised SAS simulation as compared to old
SAS simulation. CFSv2 with old SAS scheme consider-
ably underestimates mean convective rainfall over Indian
landmass as compared to observation. On the other hand,
revised SAS simulation shows noticeable enhancement of
convective rainfall over Indian landmass region as com-
pared to TRMM 3G68. However, the convective rainfall is
found to be overestimated over equatorial Pacific Ocean,
equatorial Indian Ocean and west coast of Africa in CFSv2
with both SAS schemes as compared with the observation.
The PDF of convective rainfall is significantly improved in
revised SAS simulation over CI and it is able to reproduce
proper lighter and moderate category convective rainfall
as observation. On the other hand, CFSv2 with old SAS
scheme considerably overestimates lighter category and
underestimates moderate category convective rainfall. It
is likely that the improvement in total rainfall over CI is
mainly contributed by the accurate simulation of convec-
tive rainfall PDF by the revised SAS.

The simulated low cloud distributions appear to be
underestimated over the eastern tropical Pacific and Atlan-
tic oceans as compared to ISCCP estimation. However,
over Indian landmass, CFSv2 with both SAS schemes
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overestimate low cloud distributions. Model evaluated low
cloud distribution is not realistic as compared to observa-
tion. On the other hand, both models are able to capture
the spatial distribution of high cloud fractions. However,
it is found that the high cloud fractions are overestimated
by both SAS schemes over tropical Pacific Ocean, west
coast of Africa and equatorial Indian Ocean as compared
to observation. Interestingly, the high cloud fractions over
Indian landmass are increased in revised SAS simulation
and it agrees with the observation. Possibly, in revised
SAS, the cumulus convection is stronger and deeper result-
ing in formation of more high clouds which causes more
rainfall over Indian landmass.

From the above analysis, we have seen the remarkable
impact of revised SAS in CFSv2 in simulating ISM rainfall
in daily scale. However, we intend to analyze whether the
daily scale rainfall improvement is coming from the sub-
daily or diurnal scale? The study reveals that the revised
SAS is able to capture the proper diurnal cycle and the
time of rainfall maximum over CI as compared to TRMM.
However, it overestimates the rainfall amount over CI.
CFSv2 with old SAS scheme shows similar diurnal cycle
for both the resolutions namely at T126 and T382 and is
unable to reproduce the diurnal cycle in terms of magnitude
as well as time of precipitation maxima. The most notice-
able improvement in revised SAS in diurnal scale is found
in capturing diurnal rainfall PDF over CI. The revised SAS
is able to separate out the PDF of lighter and moderate cat-
egory rainfall at different times of the day as compared to
TRMM. On the other hand, the old SAS scheme simulates
similar diurnal rainfall PDF for all the times of the day for
both the resolutions. The diurnal cycle of low cloud frac-
tions indicate that both SAS schemes are unable to capture
the magnitude and peak timing. On the other hand, the
revised SAS in CFSv2 is able to realistically simulate the
diurnal cycle of high clouds fractions although the ampli-
tude is underestimated.

The above analyses indicate that increase in the model
horizontal resolution possibly is not the only solution
to improve ISMR at different scales. There is a need to
improve the physical parameterization as showed here to
enhance model fidelity. Although we have seen that the
rainfall has improved over ISM domain in revised SAS
at T126 resolution, its implication will need to be further
tested at higher resolution (T382) CFSv2. However, many
other parameters such as TT, low cloud fraction etc., do
not show much improvement in revised SAS simulation
which essentially leaves lots of scope for future model
development.
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