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Abstract
Acknowledging the challenge of simulating the mean and intraseasonal variability of Indian Summer monsoon by a coupled
climate model CFSv2 (originally adopted from NCEP, USA), a holistic and thorough approach through modifying physical processes
namely the cloud and convection is being presented in this report. Considering the CFSv2 systematic biases arising due to inappropriate
representation of sub-grid scale and grid scale cloud processes, attempts are being made here, to test a revised sub-grid scale
convection scheme namely Revised Simplified Arakawa-Schubert scheme. This scheme is found to improve the dry bias over Indian land
mass, wet bias over equatorial Indian ocean and also the diurnal rainfall variability over Indian region. However, it could not improve the
cold tropospheric temperature bias in the CFSv2. Keeping this in mind, the state-of-the art approach of superparameterization is used
and a superparameterized version of CFSv2 (SP-CFS) has been developed. Apart from improving the annual cycle, northward
propagation and the proportion of synoptic (2-10 days) and Intraseasonal Oscillation (10-90 days), the SP-CFS is able to improve the
temperature bias. In spite of the success of SP-CFS, the major challenge is the computational expense which prohibits such approach to
be adopted in operational forecasting. Keeping this in mind, the CFSv2 grid scale cloud microphysics has been revised by using a
prognostic scheme for six class hydrometeors (WSM6). The revised CFS (CFS-CR) with modified sub-grid scale convection (Revised SAS),
modified cloud microphysics (WSM6) is found to simulate a much realistic mean global and monsoon climate. Further it also shows
promising improvement in capturing the spatio-temporal distribution of clouds in association with Boreal summer Intraseasonal
Oscillation. This report thus clearly brings out the role of robust cloud and convection processes in modulating the coupled model
(CFSV2) mean and intraseasonal variability. The modified CFSv2 namely CFS-CR will be tested further to evaluate its hindcast skill in
future.
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1.

Introduction
The relatively dominant role played by the internal dynamics in some years compared to the

external forcing and vice-versa in other years make the Indian Summer Monsoon (ISM) climate one of
the most challenging systems to simulate (Goswami and Ajaya Mohan 2001). ISMR plays a pivotal
role on the socioeconomic growth of the country (Gadgil and Gadgil 2006) and its prediction at least
one season advance has enormous importance for the agro-based economy of the region (Goswami et
al. 2011). The ISM which prevails from June through September (JJAS) shows large spatial and
temporal variability (Goswami 2005; Hoyos and Webster 2007). In order to realistically simulate and
predict the Intraseasonal variability, one of the key factor is cloud feedbacks which needs to be
accurately represented (Arakawa 1975 2004; Frank 1983; Randall et al. 2000; Majda 2007; Moncrieff
et al. 2012; Waliser et al. 2012). Simulating the mean state of monsoon climate is also equally
challenging as most of the CMIP5 models do not even show a realistic monsoon annual cycle
(Sabeerali et al. 2013).
Traditionally, due to relatively coarse horizontal grids, the cloud effects in general circulation
models (GCMs) have been represented using parameterizations (Manabe et al. 1965) and from there,
cumulus parameterization has become one of the central issues in the numerical models (Arakawa
2004). However, due to variety of convective closures such as the quasi-equilibrium approach in
Arakawa and Schubert (1974), much of the uncertainties have been introduced in the model
simulations. A recent alternative approach called superparameterization (SP) (Grabowski and
Smolarkiewicz 1999; Khairoutdinov and Randall 2001)

has been proved to be quite promising

(Khairoutdinov et al. 2008; Benedict and Randall 2009; Goswami et al. 2011, 2013; DeMott et al.
2013) in simulating the tropical intraseasonal oscillations (TISO) and also the convectively coupled
equatorial waves (CCEW). A microscale mesoscale dynamic (MMD) model, which is an extension of
SP for numerical weather prediction (NWP) has also been recently introduced (Majda 2007). Keeping
the aforementioned challenges of monsoon simulation in to account and the uncertainties arising from
the limitations of model for inadequate representation of cloud and convection, this report attempts to
revise/modify the ways of parameterization to better represent the cloud and convection processes in
Climate Forecast System version 2.0 (CFSv2). The main objective will be to identify the source of the
model bias and further to improve the bias and enhance the model fidelity in simulating intraseasonal
variabilities and the mean state.
1

Despite a substantial improvement in model skill in recent times (Kim et al. 2012, Xiouhua et
al. 2013), the latest generation of atmospheric GCMs (AGCMs) still have 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 variability using atmospheric general circulation
model. However, they concluded that the simulation were poor for the ISM rainfall (ISMR). A
prominent northward propagating convection anomaly during boreal summer (Sikka and Gadgil 1980;
Lawrence and Webster 2002) is one of the key features of the Indian Summer Monsoon (ISM). This
quasi-periodic oscillation manifests in the form of active and break cycles of ISM (Goswami 2005) and
is considered as the major building blocks of the ISM rainfall. The boreal summer ISO (BSISO)
represents a signal with amplitude as large as the annual cycle and much larger than the inter-annual
variability of the seasonal mean (Waliser 2006; Goswami et al. 2011). The large amplitude and its
inherent quasi-periodic nature lead to a potential predictability of 25–30 days for the BSISO. Waliser et
al. (2003) show that the AGCM fails to reproduce the eastward propagating convection and the
northwest-southeast-tilted rainband associated with the BSISOs. By evaluating ECHAM5 AGCM
simulation, Abhik et al. (2014) concluded that the model reasonably reproduces some of the important
features of ISM. However, they found some notable discrepancies in the simulated summer mean
moisture and rainfall distribution. Several 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-temporal distributions of rainfall, wind
circulations etc.) of the monsoon (Krishna Kumar 2005; Wang et al. 2004; Kim et al. 2008; Kug et al.
2008; Wang et al. 2008; Lee et al. 2010). However, the simulation of proper spatio-temporal structure
of BSISO remains a challenging task (Waliser et al. 2003; Lin et al. 2008; Sperber and Annamalai
2008).
A number of earlier studies focused on the mechanisms associated with northward propagating
BSISO, including convection-thermal relaxation process (Goswami and Shukla 1984), unstable Rossby
wave response from eastward propagating equatorial wave packets (Wang and Xie 1997, Annamalai
and Sperber 2005), vertical wind-shear mechanism and moisture convection feedback (Jiang et al.
2004), atmosphere-ocean coupling (Kemball-Cook and Wang 2002, Fu and Wang 2004). In recent
2

times, the role of cloud processes on the northward propagating BSISO and its feedback to large-scale
atmospheric dynamics is also demonstrated (Jiang et al. 2011, Abhik et al. 2013).
Although significant progress has been made to gain a better understanding of the BSISO
mechanism, the capability of current global climate models in capturing the spatio-temporal structure
of BSISO remain limited (Waliser et al. 2003, Kim et al. 2008, Sperber and Annamalai 2008). Lin et al.
(2008) analyzed 14 coupled GCMs (CGCMs) participating in the Fourth Assessment Report (AR4) of
Intergovernmental Panel on Climate Change (IPCC) and found that the most of the models
overestimate the near-equatorial precipitation and underestimate the variability of the northward
propagating BSISO and westward propagating 12-24-day mode. Sperber and Annamalai (2008)
showed that lack of the eastward propagating convection across the Maritime Continents is one of the
major biases, causing the unusual tilting of the rainband in CGCMs. The reduced eastward propagating
BSISO and associated northwestward propagating equatorial Rossby (ER) waves over the WP prevent
the models from simulating the observed northwest-southeast tilted rainband structure.
Over the past decade, significant effort has been devoted towards evaluating the advantages of
the GCMs with an alternative approach of SP, also known as Multiscale Modeling Frameworks
(MMF). The SP has so far been implemented in Community Climate System Model (CCSM) (Stan et
al. 2014, DeMott et al. 2013-) and in NASA Goddard (finite volume) fv- GCM (Tao et al. 2009). With
the implementation of superparameterized convection in CCSM, Demott et al. (2011) demonstrated an
improvement in the simulation of convectively coupled equatorial waves (CCEW) as well as BSISO
propagation in the model., the SP-CCSM showed promising performance in simulating the ISM
relative to the conventional CCSM (Stan et al. 2010). However there have been notable biases (DeMott
et al. 2013; Goswami et al. 2013), which could possibly stem from the biases in the host CCSM model
itself (Meehl et al. 2012; Sabeerali et al. 2013). Although SP shows success in improving model
simulation in seasonal and intraseasonal scale, the challenge is that such an approach is
computationally more expensive than the same GCM with conventional parameterizations (Randall et
al. 2003).
Recently, the National Center for Environmental Prediction (NCEP) CFS model (a CGCM) is
being adopted in India under a National Monsoon Mission Programme of Ministry of Earth Sciences
(MoES), Government of India, for predicting seasonal and intraseasonal monsoon rainfall. Number of
3

studies using NCEP CFS version 1 (CFSv1) have shown reasonable skill in reproducing the seasonal
and intraseasonal variabilities of the ISM (Yang et al. 2008; Pattanaik and Kumar 2010; Lee Drbohlav
and Krishnamurthy 2010; Chaudhari et al. 2013; Suhas et al. 2013; Abhilash et al. 2014). However,
certain systematic biases remain unresolved. It has already been reported (Kang et al. 2002; Wang et
al. 2005; Pattnaik et al. 2013) that tropical ISO

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). In the present study,
only the CFSv2 has been considered as it has already been showed (Saha et al. 2013a) the mean state
and intraseasonal oscillations are better in CFSv2 than its earlier version e. g. CFSv1, In spite of
improved model physics and horizontal resolution, Saha et al. (2013a) also reported that the dry bias of
monsoon rainfall 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 possible explanation for the dry
precipitation bias over the Indian landmass in the CFSv2 simulated mean monsoon. They revealed that
the synoptic variance (2-10 day bandpass filtered) simulated by CFSv2 is significantly lower than its
ISO variance over many regions across the global tropics and particularly over Indian land mass and
also over neighbouring Indian Ocean region as compared to TRMM. They indicate possible deficiency
in the convective parameterization scheme of CFSv2.
It has been demonstrated (Sabeerali et al. 2013 ) that the CFSv2 simulates a reasonably realistic
ISM but it also shows many prominent biases (Goswami et al. 2014; Saha et al. 2013a; Chaudhari et al.
2013) e. g.:
a. Cold Bias in the tropospheric temperature (temperature averaged between 400 to
600 hPa)
b. Dry bias of precipitation over Indian land mass and wet bias over Equatorial Indian
Ocean (EIO) during the Indian Summer Monsoon. Dry bias also noted in western part of
equatorial Africa and north-western part of South America etc.
c. Cold bias in the SST over the global tropics.
Although some of the above studies (Saha et al. 2013a; Chaudhari et al. 2013; Sharmila et al.
2013; Goswami et al. 2014) efficiently identified the systematic biases in mean and intraseasonal
4

rainfall simulation of the ISM, improvement towards resolving those biases is yet to be achieved.
Increasing only the resolution in CFS does not bring much success (Saha et al. 2013a, 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 earlier studies (Pokhrel et al. 2012;
Saha et al. 2013a; Chaudhari et al. 2013; Goswami et al. 2014 etc.), the ISM simulations are done using
the default SAS available with CFS. Therefore, keeping the biases of CFSv2 into account and the fact
that CFSv2 has been selected as one of the main model under the Indian National Monsoon Mission
for operational seasonal and Intraseasonal monsoon prediction, it is the need of the hour to revise and
modify the convective parameterization and cloud microphysics used in default CFS and also to
develop and test alternative approaches such as the SP-framework in reducing the biases and improve
the simulation of mean state as well as the ISOs.
Though there is an attempt to improve the cumulus parameterization in the last few decades, the
rate of progress is very slow and “deadlocked” (Randall et al. 2013). Recently, Arakawa and Wu (2013)
have shown that this “deadlock” can be resolved with the actual representation of the clouds in the
sub-grid scale in two different ways.
1) Highly parameterized
2) Explicitly Simulation
Keeping this in background, in this report, we attempt to address the following three questions:
1. Does the improvement in the convective parameterization of the CFSv2 would reduce
the precipitation bias and biases in other parameters?
2. Will the revised convective parameterization improve the diurnal convective life cycle
vis-à-vis improves the daily and seasonal precipitation?
3.

Development of representation the sub-grid scale cloud processes in CFSv2 through
inclusion of SP framework and subsequently evaluation the SP-CFS to explore the
improvement of systematic biases in mean state.

4. Improving the sub-grid scale convective and the grid scale cloud parameterization along
with a revised radiation has any significant effect on the mean state and BSISO?

5

2.

Model Description, Data used and Methodology
2.1 Revised SAS
NCEP CFSv2 (Saha et al. 2013b) is the latest version of fully coupled land–atmosphere–ocean

model with advanced physics, increased resolution and refined initialization 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 0.25о×0.5о grid spacing with 40 vertical
layers. CFSv2 has a 3-layer interactive (2 layers of sea-ice and 1layer 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 convection 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). The major
differences between default SAS and the revised SAS are mentioned below
Table 1
Default SAS

Revised SAS

SAS suffers from underestimating the
entrainment/detrainment rates by one
order of magnitude.

Maximum allowable
cloud base mass flux
(M ) is increased by
bmax

defining a criteria
proposed by Jacob and
Siebesma (2003).
Entrainment

Entrainment is considered to take place
at levels below the cloud base only

Entrainment is allowed
above the cloud base also

Detrainment

from the cloud top only

for all the levels.

Entrainment
rate

uniform below the cloud base

in sub-cloud layer is
inversely
proportional to the height

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 hours. The term “free run” indicates that the coupled
6

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 hours 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 Computing system (IBM P6-575) at Indian Institute of Tropical 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 precipitation over the Indian land-points is validated using gridded 0.5о × 0.5о daily rainfall
dataset for the year 1991-2005 from India Meteorological Department (IMD, Rajeevan and Bhate
2008). Daily Tropical Rainfall Measuring Mission (TRMM) 3B42 version 7 (V7) gridded precipitation
data (Huffman et al. 2007) at a horizontal resolution of 0.25o × 0.25o for the year 1998-2012 is used.
The National Oceanic and Atmospheric Administration (NOAA) Outgoing Longwave Radiation (OLR)
daily data set from 1998 to 2012 (Liebmann and Smith 1996) is analyzed to examine the convective
variability over land and ocean. Daily air temperature data is taken from NCEP reanalysis (Kalnay et
al. 1996) for the period 1998–2012. Convective component of daily rainfall is taken from TRMM 3G68
data set (1998–2008) at 0.5°x0.5° horizontal resolutions. It is a combination of various TRMM
products-2A12, 2A25 and 2B31 (Haddad et al. 1997a, 1997b; 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 Satellite 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 earlier C series in
terms of radiance calibration, cloud detection and radiative transfer modeling (Rossow and Schiffer
1999). The cloud classification employs visible, near-infrared and infrared (IR) channels during day
time whereas full diurnal scale data is available from IR based algorithm only. Hence, we used cloud
7

types data estimated only from IR channel. ISCCP classify clouds as low (cloud top pressure (CP > 680
hPa) and high (CP ≤440 hPa) from IR based CP obtained from estimated cloud top temperature and
TIROS (Television Infrared Observation Satellite) operational vertical sounder temperature profile
retrieved in seven layers. On the other hand, CFSv2 designates clouds as low (CP >642 hPa) and high
(CP ≤350 hPa) below 45°latitude. Above 45° latitude, CFSv2 defines clouds as low (CP >750 hPa) and
high (CP ≤500 hPa). Although, the definition of low and high clouds in ISCCP and in CFSv2 is not
exactly similar, we can get a qualitative estimate 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 harmonics of the long-term mean seasonal cycle. The calculation for the intraseasonal
variability is based on 10-90 day band pass filtered (Duchon 1979) daily anomalies computed by
subtracting daily smoothed climatology for all the datasets from the observation and the model
simulations.

2.2 Superparameterization
a.

SP-CFS

The fully-coupled GCM, CFSv2 with the atmospheric component known as the Global Forecast
System (GFS), was configured to use the T62 spectral triangular truncation and 60 vertical levels. The
superparameterization is a method of embedding cloud resolving model (CRM) within each grid of
CFS. The System for Atmospheric Modeling (SAM), version 6.7.5, described by Khairoutdinov and
Randall (2003) is used as the CRM. The conventional cumulus parameterization namely SAS and the
cloud parameterizations namely Zhao and Carr (1997) in the SP-CFS are turned off. Each CRM has a
periodical two-dimensional domain with 32 columns with 4 km grid spacing, and 58 levels collocated
with the CFS grid levels. The schematic of CRMs being embedded within CFS grid is shown in
Figure 1a. The SAM has an anelastic dynamical core and the model integrations are done using a third
order Adams-Bashforth scheme on a staggered Arakawa C-grid. Its prognostic variables are liquid/ice
water static energy, total non-precipitating (cloud water/ice) and total precipitating water
(rain/snow/graupel); and diagnostic variables are cloud water, cloud ice, rain, snow, and graupel mixing
ratio. SAM uses a 1.5-order sub-grid scale closure (prognostic SGS TKE) or Smagorinsky-type closure
(Smagorinsky 1963) to compute the subgrid-scale fluxes. Surface fluxes are calculated based on
Monin-Obukhov similarity. Precipitation is computed using bulk microphysics that included the
ice-microphysics processes. The CRMs are forced uniformly with the CFS large-scale dynamic
8

tendencies applied horizontally and return the vertical profiles of the large-scale tendencies due to
cloud processes. Coupling between the CFS and CRM generally follows the methodology used in the
SP-CCSM as described by Khairoutdinov et al., (2005). Unlike the SP-CCSM, which uses the
semi-lagrangian dynamical core and two-level forward-in-time scheme, the CFS uses the leap-frog
scheme. The CRM in SP-CCSM starts from the CRM solution at the end of the previous CCSM time
step integrating forward in time with its own small time step (usually 20 s) over one CCSM time step.
However, the CFS uses a three level leap-frog scheme, so that the CRM should integrate forward over
two CFS time steps. Therefore, the CRM on SP-CFS produces two separate solutions, one for the odd
and the other for even CFS time steps. Other than that, the coupling between the CRM and CFS
generally follows the methodology used in SP-CCSM. For the cloud-radiation calculations, cloud
statistics calculated by the CRMs is passed to the CFS radiation package. The land surface fluxes are
computed on the GCM grid scale. Momentum feedback is not been allowed between the CRM to
GCM. The SP-CFS employs MOM4P0 (Griffies et al. 2003) as the ocean model and the 4-level Noah
land surface model (Ek et al. 2003) represents the land surface.
Computationally, the SP-CFS demonstrates reasonably good parallel performance using the
MPI-OpenMP hybrid model. Running the SP-CFS requires considerable computer time; however, it is
considerably less than would be required to run a global cloud resolving model. An analysis of a 5-yr
(from 1 January 2009 to 31 December 2013) free run of the superparameterized (SP) Climate Forecast
System (CFS) version 2 (CFSv2) (SP-CFS), implemented for the first time at a spectral triangular
truncation at wavenumber 62 (T62) atmospheric horizontal resolution, is presented. The SP-CFS has
been integrated for a period of 5.5 yr as a free run initialized on 16 May 2008, the initial condition
being obtained from the National Centers for Environmental Prediction (NCEP). The first 6 months are
considered for the spinup period and the remaining 5 yr (1 January 2009–31 December 2013) are
analyzed and presented in this paper.
b. Methodology and observational dataset
In this study, the fidelity of the SP-CFS in simulating ISM and MISOs is compared to that of the
conventional CFSv2 and the observations. The SP-CFS has been integrated for a period of five and a
half years as a free run initialized on from 16 May 2008, the initial condition being obtained from the
National Centers for Environmental Prediction (NCEP). First six months are considered for spin up
and the remaining five years (1 January 2009 to 31 December 2013) are analyzed for the ISM season,
9

i.e., June-July-August-September (JJAS). The CFSv2 is also run with T62 truncation for the same
period as SP-CFS. Additionally, 14-year and 7-year climate simulations by the CFSv2 at T126 and
T382 truncations respectively, are also used to plot Figure 24 of this report.
All the model outputs and observational/reanalysis datasets have been bilinear-interpolated to
2.5°x2.5° regular grid resolution. For the analyses carried out in this paper, we have used smoothed
climatology which is reconstructed from the mean and the first three harmonics of the actual
climatology. We have used Lanchoz filter (Duchon 1979) to perform all the filtering mentioned in the
paper.
c.

Computational cost

Earlier studies (Khairoutdinov et al. 2005) have shown that SP-CAM takes 2 days of wall-clock
time for a 1 year simulation on 1024 cores on IBM-SP2, and they could achieve this with a good
parallel performance of the model. SP-CFS model at T62 resolution is costlier by 4 times, more than
the CFS at T382 resolution with the same number of parallel cores. Presently, with the usage of parallel
threading, we could integrate 1 year simulation of SP-CFS model at T62 resolution in little less than
10 wall-clock days on 557 parallel cores and looking for a scope to improve it. Figure 1b shows the
improvement of speedup with the usage of parallel threading performance on the SP-CFS model.
For the simplicity of documentation, for the rest of this documentation the phrase “relative/compared to
CFS” will be minimally used to avoid repetitiveness.

2.3 Convective and Cloud parameterizations
The default SAS scheme available with CFSv2 T126 is replaced with the revised SAS
convective parameterization scheme following Han and Pan (2011). The impact of inclusion of revised
SAS on different systematic biases of the model is discussed in the subsequent section.
As the revised SAS would influence only the sub-grid scale part of the convection and not the
resolved scale part and as CFSv2 presently includes much simplified two class hydrometeor scheme of
Zhao and Carr (1997), it is felt that the grid-scale cloud physics need to be improved. As a
consequence, we replaced the Zhao and Carr (1997) microphysics by the six-class Weather Research
Forecasting (WRF) model’s single moment (WSM6) scheme (Hong et al. 2004). This is particularly
done to bridge the gap in the cloud processes in the default CFSv2. CFSv2 with the available Zhao and
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Carr (1997), could produce the cloud water and cloud ice mixing ratio. However, it does not prognose
mixed phase hydrometeors such as graupel, snow etc. As shown by Abhik et al., (2013), mixed phase
hydrometeors, play an important role in the vertical heating and also on the phases of BSISO. The role
of mixed phase has also been demonstrated by Mukhopadhyay et al., (2011) even for a deep convective
systems such as tropical cyclone. The gap of cloud processes between the present day climate model
and the real atmosphere has been highlighted by Waliser et al., (2009). These are the basis for
incorporating WSM6 in the CFSv2 T126 replacing its default scheme. The details of WSM6 are given
in Hong et al., (2004). Similar attempt of using a bulk microphysics grid scale process are being used in
European Center for Medium Range Forecast (ECMWF) with five class hydrometeors (Forbes et al.
2011). With this modification, the model is integrated for 16 years for both the CTRL and CFS-CR
(CFSv2 T126 with modified cloud, convection and radiation) using 20 February 2011 initial condition
but only last 12 years of the simulations are analyzed in the present study.
For evaluation of revised/modified cloud and convection processes in CFSv2 T126, the TRMM
Microwave Imager (TMI) daily sea surface temperature (SST) (Gentemann et al. 2004) is used. Daily
wind and temperature dataset for the period of 1998 to 2010 are derived from 6-hourly analysis of the
National Oceanic and Atmospheric Administration (NOAA) Climate Forecast System Reanalysis
(CFSR; Saha et al. 2010) dataset. The Advanced Very High Resolution Radiometer (AVHRR) Outgoing
longwave Radiation (OLR) from the NOAA polar orbiting satellite (Liebmann and Smith, 1996) and
European Centre for Medium Range Weather Forecast (ECMWF) ERA-interim reanalysis (ERAI)
based cloud coverage dataset are also employed to examine the model performance.
The daily anomalies of each meteorological field for both the observed dataset and the
simulations are computed in the similar way as mentioned in the previous section. Further, a 20–100day band-pass filter (Duchon 1979) is applied to extract the BSISO signal. The observed BSISO phases
are defined by the Real-time Multivariate MJO (RMM) index following Wheeler and Hendon (2004).
The two daily RMM indices (RMM1 and RMM2) are calculated based on EOF analysis of combined
fields (CEOF) of equatorially averaged 850 hPa and 200 hPa zonal wind and OLR data. The first two
principal components (PC1 and PC2) from CEOF analysis are considered to represent the spatiotemporal evolution of BSISO. The model dataset are projected onto the observed CEOF to obtain the
corresponding PCs.
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3.

Results and Discussion
3.1 Revised SAS
3.1.1

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
Figure 2(a-c). It is clear from Figure 2(a-c) that the large scale mean precipitation features are
captured by CFSv2 with both SAS schemes. However, the positive precipitation bias over the
equatorial Pacific and west coast of Africa in CFSv2 with old SAS simulations has reduced in revised
SAS (Figure 2b and Figure 2c). This is clearly reflected in Figure 2d and Figure 2e, which shows the
difference between model and observation. The improvement in revised SAS over old SAS in CFSv2
can be better visualized in Figure 2f. 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 centres are noteworthy
in revised SAS simulation. The JJAS mean distribution of outgoing longwave radiation (OLR) is
shown in Figure 3(a-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 (Figure 3e) and Indian landmass region (Figure 3f).
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
(Figure 4(a-c)) which is the domain of focus in this study. The observed and simulated JJAS mean
rainfall (mm day-1) over the Indian Summer Monsoon (ISM) region is shown in Figure 4. The
precipitation maxima are observed over the Western Ghats (WG), northeast India and eastern shore and
northern part of Bay of Bengal (BoB) in TRMM (Figure 4a). The model with old SAS convection
parameterization scheme (Figure 4b) appears to underestimate the precipitation amount substantially
over central Indian subcontinent and overestimate over equatorial Indian Ocean (EIO) region. Similar
rainfall biases are also reported by earlier studies (Pokhrel et al. 2012; Saha et al. 2013; Chaudhari et al.
2013; Sharmila et al. 2013; Abhik et al. 2014; Goswami et al. 2014). The model simulation with old
SAS also underestimates the precipitation over northern part of BoB as shown in Figure 4b. These
rainfall biases namely over central India (CI), EIO and northern part of BoB are found to significantly
improve in CFSv2 with revised SAS convection parameterization scheme as shown in Figure 4c. The
rainfall amount over CI and northern BoB has significantly increased compared to Figure 4b whereas
12

over EIO it agrees well with the observation. However, the CFSv2 simulation with revised SAS scheme
underestimates the precipitation over northeast India (Figure 4c). To get quantitatively better picture of
model simulated rainfall biases, we have evaluated the model-bias (with respect to TRMM) as shown
in Figure 4 (d-f). Figure 4d depicts that rainfall bias in CFSv2 with old SAS scheme over central India
is around -4 to -2 mm day-1 and over EIO it is around 2 to 4 mm day-1. These biases are almost
completely removed in the revised version of SAS scheme as depicted in Figure 4e. However, in some
pockets over ISM region, underestimation of precipitation can be seen (Figure 4b). Figure 4c
represents performance of CFSv2 with revised SAS scheme with respect to old SAS scheme in
simulating ISMR. It is clear (Figure 4f) that the amount of precipitation over CI region is increased by
1 to 3 mm day-1 and over EIO it is decreased by -4 to -2 mm day-1 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 various rainfall categories. We evaluated the probability density distribution function
(PDF) of rainfall over CI region (74оE-83оE, 18оN-26оN). Figure 5 shows the PDF of rainfall from
TRMM (black curve), IMD (green curve), CFSv2 with revised SAS (blue curve) and CFSv2 with old
SAS (red curve) over CI. The probability of occurrence of lighter rainfall (< 10 mm day-1) is found to
be more than that of the moderate categories of rainfall (> 40 mm day-1) in the observed rain from
TRMM and IMD. Like many GCMs (Piani et al. 2010), CFSv2 with old SAS scheme shows serious
problem 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 (10-40 mm
day-1). Dai (2006) reported that the current GCMs have a tendency to overestimate the lighter rain.
However, CFSv2 with revised SAS simulates quite realistic PDF of rain rate as compared to
observation. It is also of noticeable interest that even the PDF of lighter rain rate has been significantly
improved. The reason behind such improvement in PDF will be explored in the subsequent sections.
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 Figure 6a. The AC of the monsoon is a
reflection of the seasonal migration of the zonally oriented belt of precipitation or the intertropical
convergence zone (ITCZ; Gadgil 2003). Figure 6a 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 with the earlier findings by Sabeerali et al. (2012) and
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Goswami et al. (2014). This shorter rainy season bias is significantly 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 during 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 (70оE-90оE) is illustrated in Figure 6(b-d). In observation (TRMM)
(Figure 6d), the high rainfall band migrates up to 27оN causing considerable amount of precipitation
over Indian land mass. On the other hand, in CFSv2 with old SAS convection scheme (Figure 6c)
shows that most of the high rainfalls bands are mainly confined near the equator and very few of them
are able to propagate up to 20оN. It eventually contributes to the huge rainfall dry bias over Indian land
mass and wet bias over EIO. Similar problem of capturing northward migration of ITCZ rainfall in
general circulation models is demonstrated by Hack et al. 1998, Gates et al. 1999, Wu et al. 2003,
Chaudhari et al. 2013. Figure 6b 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 20оN-25оN with considerable
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
Figure 7.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 precipitation averaged over (70оE-90оE, 10оN-20оN). It is
clearly visible that both models simulate the eastward (Figure 7b and Figure 7c) and northward
(Figure 7e and Figure 7f) propagation reasonably well compared to TRMM observations (Figure 7a
and Figure 7d). 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 northward propagation, it has a huge dry bias
over Indian land mass. Similar conclusions reported by Saha et al. (2013a), Sharmila et al. (2013),
Goswami et al. (2014) etc. Among these, Goswami et al. (2014) attributed inability to capture the
ocean-atmosphere coupling particularly to Bjerknes feedback resulting in dry bias over Indian
continent. 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.
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3.1.2

JJAS wind climatology

The Indian summer monsoon is characterized by a strong low level south westerly 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 Figure 8(a-c). A noticeable feature of the CFSv2 with
revised SAS simulation is the dominant presence of the zonal component of the monsoon cross
equatorial low level jet (LLJ) (Figure 8c). CFSv2 with both SAS schemes mimic the observational
findings somewhat realistically but the strength of the LLJ is quite weak in old SAS as compared to
that of NCEP (Figure 8(a-c)). Similar results reported by Chaudhari et al. (2013) by analyzing 30 years
of CFS version 1 free run with old SAS scheme. Careful observation reveals that the LLJ in CFSv2
with revised SAS scheme is much stronger (Figure 8e) than old SAS simulation. Another noteworthy
feature of the CFSv2 with revised SAS simulation is that the strength of the LLJ over BoB is
intensified (Figure 8c and Figure 8e) as compared to CFSv2 with old SAS simulation (Figure 8f) and
it matches with the observation (Figure 8a). The characteristic feature of the upper tropospheric
circulation at 200 hPa is the tropical easterly jet (TEJ) over the southern India and adjoining the
equatorial Indian Ocean (Figure 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 southern India and adjoining Indian Ocean (Figure 9(b-c)). However, the strength of the
TEJ is higher in revised SAS simulation as compared to old SAS simulation (Figure 9(d-f)). The
position of the Tibetan High is also simulated by CFSv2 with both SAS schemes compared to
observations (Figure 9(a-c)).
3.1.3

Tropospheric temperature

Tropospheric temperature (TT) is defined as the air temperature averaged between 600 hPa and
200 hPa following Xavier et al. (2007). The north-south gradient of TT over Indian subcontinent region
is very 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 Figure 10(a-c). Mean
seasonal TT is characterized by elevated heat source of Tibetan plateau and high TT throughout the
tropics as seen in NCEP reanalysis (Figure 10a). CFSv2 with both SAS schemes are able to reproduce
the warm troposphere over Tibetan plateau (Figure 10b and Figure 10c). However, both models
underestimate the mean TT throughout the tropics (Figure 10d and Figure 10e). Saha et al. (2013a)
reported similar cold TT bias in CFSv2 with old SAS scheme. Relative improvement in CFSv2 with
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revised SAS scheme can be seen over northern Indian continent and eastern tropical pacific region
(Figure 10f) compared 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.
3.1.4

Convective rainfall

In the present study, we have changed old SAS scheme to revised SAS deep convective
parameterization 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 Figure 11(a-c). Mean
convective rainfall is considerably underestimated over Indian landmass by CFSv2 with old SAS
scheme (Figure 11b) as compared to observation. However, CFSv2 with revised SAS scheme shows
noticeable enhancement of convective rainfall over Indian landmass region (Figure 11c). CFSv2 with
both SAS schemes overestimate the convective rainfall over equatorial Pacific Ocean, equatorial Indian
Ocean and west coast of Africa region (Figure 11b and Figure 11c) as compared with the observation
(Figure 11a). To bring out the improvement in convective rain by revised SAS, the difference of JJAS
global rainfall between the revised SAS and old SAS is shown in Figure 11d. Revised SAS is able to
improve the convective rainfall on those regions where the CFSv2 with old SAS shows dry/wet bias.
It is likely that the improvement of convective rainfall over Indian landmass during monsoon
season is due to the proper simulation of the probability of occurrences of various convective rainfall
categories. Figure 13 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
(< 10mmday-1) 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 (Figure 12). On the other hand, this bias
is significantly 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 (Figure 13)
that stratiform rainfall distribution and its PDF (Figure 13) has not improved in revised SAS
simulation. Therefore, it appears that the total rainfall PDF improvement in CFSv2 with revised SAS
(Figure 5) scheme is mainly contributed by better simulation of convective rainfall.
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3.1.5

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 14(a-c) shows the global distributions of low level cloud fractions estimated from
International Satellite Cloud Climatology Project (ISCCP) data and CFSv2 model simulations. The
observation from ISCCP shows extensive marine stratocumulus clouds over the eastern tropical Pacific
and Atlantic oceans (Figure 14a), such distributions of low clouds are not well-simulated by CFSv2
with both SAS schemes (Figure 14b and Figure 14c). 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 appear to be overestimated in both SAS schemes as compared to ISCCP over Indian
landmass (Figure 14b and Figure 14c). On the other hand, the spatial distributions of high cloud
fractions throughout the globe are captured by CFSv2 with both SAS schemes (Figure 14(d-f)).
However, both models overestimate the high cloud fractions over tropical Pacific Ocean, west coast of
Africa and equatorial Indian Ocean (Figure 14e and Figure 14f). It is of noticeable interest that the
high clouds over Indian landmass are enhanced in revised SAS simulation and it agrees with the
observation (Figure 14d and Figure 14f). From the global (60°S-60°N) mean values, it appears that
both models simulate less low clouds and more high clouds globally.
3.1.6

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 in daily and seasonal scale. The daily scale analysis of rainfall during JJAS showed
significant improvement in spatial distribution over ISM domain (Figure 4). However, it will be
important to analyze whether the daily scale rainfall improvement is actually coming from the subdaily scale? To identify that, firstly, we have analyzed the diurnal cycle of OLR and rainfall over CI as
indicated in Figure 15a and Figure 15b respectively. The diurnal cycle of OLR shows a clear
maximum at 1130 Indian Standard Time (IST) in observation (dot-dash black line in Figure 15a)
whereas the CFSv2 with old SAS scheme at T126 and T382 resolution is unable to capture the
magnitude as well as the time of maximum of the diurnal cycle. It appears that CFSv2 with old SAS
scheme at both resolutions overestimate the OLR and maximize at around 1430 IST. On the other hand,
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CFSv2 with revised SAS scheme shows similar diurnal cycle of OLR as old SAS scheme; however, the
magnitude of OLR is reduced and agrees with Kalpana-1.
The diurnal cycle of precipitation over CI shows a clear maximum at 1730 IST (Figure 15b,
dash black line) in observation consistent with typical continental regime characterized by an
afternoon-late evening peak (Yang and Smith 2006). CFSv2 with old SAS scheme simulation does not
able to reproduce proper diurnal cycle of precipitation and maximizes 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 studies (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
simulate 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 as seen in TRMM (Figure 15b); although it overestimates compared to TRMM.
The improvement in diurnal cycle of rainfall in revised SAS possibly lies in capturing proper
diurnal rainfall PDF over CI. TRMM estimated rainfall PDF (Figure 16a) shows that the occurrence of
lighter rain rates (0.0 – 0.5 mmhr-1) are relatively more during early morning (0230 IST) to late
morning (1130 IST) hours, whereas, moderate rainfall (0.5 – 2.0 mmhr-1) dominates during the early
afternoon (1430 IST) to late evening (2030 IST) hours. CFSv2 with old SAS scheme at T126 and T382
resolution simulates nearly similar PDF for all the time throughout the day (Figure 16b and Figure
16d). It appears that the old SAS scheme is unable to capture the PDF of lighter and moderate category
rainfall at different times over CI. The revised SAS in CFSV2 shows significant improvement in
simulating diurnal rainfall PDF over CI (Figure 16c). The revised SAS is able to separate out lighter
and moderate category rainfall at different times as 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 17 demonstrates the percentage of rainfall
contribution by each hour to the daily total rainfall 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 resolutions. On the other hand, CFSv2 with revised SAS scheme is able to
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capture the diurnal cycle of contribution to daily total and maximum contribution is seen during
afternoon hour (1730 IST). However, it underestimates the percentage 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 Figure 18a and Figure 18b respectively. ISCCP estimated low clouds maximizes at
around 1130-1430 IST (Figure 17a, black line), whereas CFSv2 with 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 as observation. The high clouds fractions appear to be
maximized in the afternoon to late afternoon hours in observation (Figure 18b, black line). It is likely
that the afternoon observed rainfall maximum over CI is due to the presence of more high clouds
during that time. CFSv2 with old SAS scheme at both resolutions show very weak diurnal cycle of high
clouds and substantially underestimate the high clouds fractions (Figure 18b). 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 worthwhile to evaluate the heating of the revised SAS as compared to old SAS.
As, heating will reflect the strength of the convection. In view of this, apparent heat source (Q1) is
computed based on Yanai et al. (1973). The Q1 profile (Figure 19) averaged over (40oE-140oE,
10oN-35oN), shows that the revised SAS has produced a stronger heating compared to default SAS
indicating enhanced convection in revised SAS.
To throw more insight on model moist processes and rainfall, we have plotted joint probability
distribution function (PDF) of column integrated (surface to 100 hPa) moist static energy (MSE) and
rain rate (Figure 20) over CI during JJAS. MSE is computed using the following relation, MSE =
CpT+gZ+Lq, where T is temperature, Cp is the specific heat at constant pressure, Z is geopotential
height, g is the gravitational acceleration, L is the latent heat of vaporization, and q is the specific
humidity. For evaluating Joint PDF, we have partitioned rainfall and MSE into 30 bins respectively.
The joint PDF of observation (Figure 20a) shows that lighter rain rate dominates the frequency but
there are good numbers of events of higher rain rate of around 30 mmday-1. Contrary to observation,
the SAS shows overestimation of lighter rain rate frequency at a higher moist instability. This means,
although the model has higher moist instability, it fails to produce heavy rainfall events (Figure 20b).
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For RSAS, there is some improvement as the model produces heavy rain rates of the ~25 mmday-1 but
at a higher mean moist instability (Figure 20c). This indicates that in RSAS, the model is able to
produce deeper convection with higher moist instability which eventually contributes in higher rain
rate. As the Revised SAS essentially makes the convection deeper, so cloud becomes deeper and
therefore lasts longer, holds the moisture and as a consequence, it precipitates later in the afternoon
contrary to CFSv2 where the convection appears to be mostly shallow in nature and produce lighter
rain too often. The above analyses thus, bring out the fact that RSAS is able to generate deeper
convection to improve the model fidelity.
All the above analyses indicate that improvement of convective 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 horizontal 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 lots of scope for future model development.
3.1.7 Precipitation variability during active and break periods in revised SAS simulation
As we have noted that revised SAS in CFSv2 is able to simulate proper mean ISM features, we intend
to further investigate the fidelity of revised SAS in reproducing precipitation distribution during active
and break phases (Figure 21). Bias analyses clearly show improved spatial distribution of precipitation
in revised SAS as compared to old SAS during both the phases of monsoon as depicted in Figure 21.
In terms of magnitude, old SAS appears to considerably overestimate precipitation over EIO region
(Figure 5b) and underestimates over the BoB and CI region as compared to TRMM during both the
contrasting phases (Figure 21a and 21d). On the other hand, revised SAS is able to improve these
biases to a large extent (Figure 21b and 21e). It is even more evident when we observe the model to
model precipitation bias comparison in Figure 21c and 21f. Overall, RSAS shows better fidelity in
simulating precipitation during active and break periods than SAS.
Figure 22 demonstrates the diurnal cycle of various parameters over CI region during active
and break phases of ISM. We have identified active (break) phase diurnal cycle by black (red) curves
with different styles for observation and models. The OLR diurnal cycle over CI region is shown in
Figure 22a. Kalpana-1 satellite derived OLR diurnal cycle maximizes at around 1130 Indian standard
time (IST) and minimizes in the afternoon hours during both the phases of monsoon ISO. It indicates
that the convection stays shallower in the morning hours and deepens in the afternoon hours in
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observation. Both models are unable to simulate the observed diurnal cycle of OLR during active and
break periods. The OLR maximizes at around 1430 IST in both models. However, RSAS shows
relative improvement in terms of magnitude of OLR as compared to SAS simulation during both the
phases of ISO.
TRMM estimated diurnal cycle of precipitation shows a distinct maximum (minimum) at around 1730
(1130) IST over CI region during active and break phases (Figure 22b). The magnitude of precipitation
is considerably enhanced (decreased) during active (break) days in observation. Both models are able
to separate out distinct precipitation intensity pattern during active and break periods. However, CFSv2
with SAS scheme shows a premature peak at around 1430 IST during both the phases of ISO. On the
other hand, RSAS shows a better diurnal cycle of precipitation with a peak at around 1730 IST over CI
during active and break phases. However, the magnitude is overestimated (underestimated) in RSAS
during active (break) days.
Figure 22c demonstrates diurnal cycle of cloud water mixing ratio (CWMR) during active and
break phases over CI region. MERRA reanalysis derived CWMR shows maximum at around 1430 IST
during both the spells of ISO. Both models are unable to reproduce proper CWMR diurnal cycle as
MERRA reanalysis. CFSv2 with both cumulus parameterization schemes show similar diurnal cycle of
CWMR having a peak at around 1730 IST. The magnitude of CWMR is underestimated in both the
models during break periods over CI. The diurnal cycle of cloud ice mixing ratio (CIMR) over CI is
shown in Figure 22d during active and break spells. CIMR has a distinct peak at around 1730 IST in
MERRA reanalysis over CI during both the phases of ISO. SAS simulated diurnal cycle of CIMR is
able to reproduce peak at around 1730 IST. However, RSAS fails to capture the proper diurnal cycle of
CIMR as compared to MERRA reanalysis. During break, both models shows very weak diurnal cycle
of CIMR over CI and it is grossly underestimated in terms of magnitude of CIMR. These analyses
clearly bring out the fact that in addition to sub-grid scale convection, we need to improve the grid
scale cloud processes in order to get proper cloud hydrometeors distribution.
3.1.8 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 in simulating Indian summer monsoon 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
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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, w1=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 initial condition as earlier free
runs.
Figure 23(a-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 (Figure 23(a-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 (Figure 23c). However, the revised SC scheme
underestimates the rainfall amount over southern equatorial Pacific region (Figure 23e). Over Indian
landmass, it simulates more rainfall than old SAS scheme (Figure 23f), however, the amount of rainfall
is less than the revised SAS deep convection scheme simulation (Figure 23c). 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 (Figure 23b and Figure 23c). 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 improvements, we have compared the tropospheric temperature 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 possible improvement in the model cloud
microphysics is needed.

3.2 Superparamterization
3.2.1

Madden Julian Oscillation (MJO)

The MJO is the major mode of intraseasonal variability in the tropical atmosphere. The MJO
remains as a challenge to be simulated by most of the contemporary GCMs (Kim et al. 2010). Although
the main focus of this study has been the ISM and the boreal summer climate, the intraseasonal
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variability associated with MJO has been known to influence the ISM, and, therefore, is important to
simulate these variabilities as well. We performed a wavenumber-frequency spectrum analysis on the
observed and the simulated OLR for the tropical belt spanning 15 degrees latitude on either side of the
equator. We used 90-day segments with 60-day overlapping to calculate the spectral power. We
followed the methodology of Wheeler and Kiladis (1999) to compute the wavenumber-frequency
spectra, popularly known as the Wheeler-Kiladis Space-Time Spectra (ST-spectra).
The intraseasonal variability as represented by the ST spectra for the symmetric and antisymmetric components is shown in Figure 24. In the observations, for the symmetric component
(Figure 24a), the most prominent feature of the spectra is the large power seen for the wavenumber 1-2
for time period shorter than 30-days, which corresponds to MJO signal. The other features are the
eastward propagating Kelvin waves, the westward propagating equatorial Rossby (ER) waves and the
very high frequency (time period < 3 days) inertia-gravity (IG) waves. The most prominent feature of
the ST-spectra of the anti-symmetric component, for the observations (Figure 24b) is the power
representing the mixed Rossby gravity (MRG) waves. The CFSv2 ST-spectra for the symmetric
component (Figure 24c) seems to indicate that the model has difficulty reproducing the observed
intraseasonal variability, including the MJO and Kelvin waves. The corresponding anti-symmetric
components (Figure 24d) are notably absent in CFSv2 simulation. On the other hand, the ST-spectra
for the SP-CFS simulations (Figure 24e and Figure 24f) look improved compared to the CFSv2
spectra. The MJO’s time period is closer to 30 days, which is slightly shorter than the observed MJO
period. The eastward propagating Kelvin waves and the westward propagating ER waves are well
captured by the SP-CFS. The high frequency IG waves are captured with a bit more power than
observed. The anti-symmetric component of MRG waves is also present in SP-CFS spectrum
(Figure 24f), although with rather weak amplitude.
It is noteworthy that in the previous applications of superparameterization, significant
improvement in simulating the MJO has also been reported (Khairoutdinov et al. 2008; Benedict and
Randall 2009; DeMott et al. 2011). However, it is worthy to be noted that SP framework does not
always guarantee an improvement of the biases of the parent GCM. For example, the oceanic Tropical
Convergence Zone (TCZ) over Indian Ocean (IO) region was clearly simulated by CAM for the
monsoon months, whereas it was found to be absent in SP-CAM (Khairoutdinov et al. 2005)
simulation. Similar deficiency is also noticed in SP-CCSM in simulating oceanic TCZ over the IO
region during ISM season (Goswami et al. 2013). Therefore, it is particularly important to evaluate the
improvement of intraseasonal variability in the SP-CFS. The present analyses of SP-CFS for MJO in
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conjunction with earlier studies using different model, confirms the importance of the explicit
representation of the cloud processes in simulating the convectively coupled equatorial waves (CCEW)
and the MJO.
We also analyze the space-time spectra of the climate simulations using CFSv2 in T126 and
T382 truncations, respectively. The corresponding ST-spectra are shown in Figure 25. Comparing
Figure 25a and Figure 25b with Figure 24c, and Figure 25c and Figure 25d with Figure 24d, it is
noted that the CFSv2 simulation of the equatorially trapped convectively coupled waves and MJO does
not show much improvement with the increase in resolution. Furthermore, it is noteworthy that even
with the relatively coarse resolution (T62), the SP-CFS simulation shows a more realistic spectrum of
tropical waves (Figure 24e and Figure 24f) than the high resolution (T126 and T382) CFSv2
simulations (Figure 25). However, it may be noted that the high power in the wave number 14 in the
observation (Figure 24a) is not a signal as mentioned by Demott et al. (2011). This is because, the peak
in the wavenumber 14 in the observations (Figure 24a and Figure 24b) is related to the 14 swaths per
day of the satellite around the earth (Wheeler and Kiladis 1999) and do not have any meteorological
significance. The above analyses further corroborate the importance of physically based representation
of cloud processes in simulation of the tropical atmosphere, and expose the limitations of conventional
convective parameterization.
3.2.2

Ratio of the synoptic to ISO variance

Seeing the noticeable improvement in the tropical intraseasonal variabilities, it will be worth
evaluating the synoptic scale and ISO scale contributions in the SP-CFS simulation as against the
CFSv2 to address the precipitation biases. In order to explain the dry precipitation bias in CFSv2
simulations, Goswami et al. (2014) used a metric to examine the share of the synoptic and the ISO
variance in the total monsoon variability. Although their study focused onto the simulation of the ISM,
the variance analysis brought out a bigger picture of deficiency in the CFSv2 simulations: the CFSv2
model systematically underestimates the synoptic variance relative to the variance of the low frequency
oscillatory modes over the entire globe; even more so over the tropics which is consistent with weaker
power of equatorial convectively coupled waves (Figure 24 and Figure 25). A similar analysis has
been carried out for the SP-CFS simulation. It can be seen in Figure 26a and Figure 26b, the synoptic
variance accounts for 60-80% of the total seasonal variance, whereas ISOs can explain 30-40%, for
most regions in the ±30 degrees latitude zone. Unlike the observations, CFSv2 underestimates the share
of synoptic variance (Figure 26d) and overestimates ISO variance (Figure 26e). On the other hand,
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SP-CFS simulations look much more realistic compared to CFSv2 simulations (Figures 26g, 26h and
26i). Although there are some minor random biases in the simulation of the relative variances on the
synoptic and ISO scale, systematic underestimation (overestimation) of synoptic (ISO) variance is not
evident in SP-CFS simulation. However towards the east Pacific, synoptic and ISO variance share
approximately equal contributions unlike observations where the synoptic variance dominates.
Nevertheless, the realistic simulation of relative share of synoptic and ISO variance is one of the major
achievements for SP-CFS.
3.2.3

Intraseasonal Variability (ISV)

ISM is one of the most difficult climate systems to simulate/predict owing to the relative
influential role played equally by the externally and internally generated variability of the system
(Ajaya Mohan and Goswami 2003). In order to simulate a realistic mean monsoon, a model needs to
reasonably simulate the internal variability. Most of this internal variability is generated by the low
frequency ISOs. It has been well documented that the variability due to the ISOs lie within the period
range of 10-90 days (Goswami 2005; Waliser 2006; Wang 2012). To bring out the ISV, we band-pass
filter (Duchon 1979) the rainfall anomaly for 10-90 day window, extract the JJAS from the filtered data
and then compute the standard deviation. We carried out the same exercise for the two
modelsimulations and the observations. The ISV for the SP-CFS, CFSv2 simulations and observations
based on TRMM are respectively shown in Figures 27a, 27b and Figure 27c,. As rainfall follows
Poisson distribution (Goswami et al. 2011) the ISV follows a similar pattern as that of the JJAS mean
rainfall shown in Figure 32. Consequently, CFSv2 shows a weak ISV over the Indian landmass. Also
unrealistically high ISV is noted over the Arabian Sea region in the CFSv2 simulations. SP-CFS
simulations capture the ISV reasonably well compared to the observations. Over the Indian landmass,
simulation of ISV is improved compared to that in CFSv2 simulations although being slightly weaker
than observed in the north-central India. The ISV look stronger compared to the observations over the
equatorial Indian Ocean.
3.2.4

Power Spectrum

Analysis of the power spectrum to identify the quasi periodic modes inherent in a time series is
a proven technique (Goswami 2012). The observed ISO modes present in the ISM are in the period
range of 10-20 days and 30-60 days (Yasunari 1979; Sikka and Gadgil 1980; Goswami 2012). After
analysis of the ISV, we further computed power spectrum for four representative boxes (shown in
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Figure 28) over the ISM domain where maximum variability is noted in the ISV plot (Figure 28). In
all four panels of the Figure 28, the blue line (for SP-CFS) in general agrees well with the black line
(for observation) and the agreement appears to be particularly better for the central India and Bay of
Bengal box, suggesting that SP-CFS could capture the MISO modes with reasonable fidelity. CFSv2
shows less (much less for the central India and Arabian Sea box) power compared to observation,
except for the box over the Indian Ocean. This may possibly be linked to the dry (wet) bias (Figure 32)
of CFSv2 simulated monsoon rainfall over the Indian landmass (equatorial Indian Ocean). In the high
frequency range (values 0-10 along the x-axis), SP-CFS shows more power compared to observations.
The above analyses clearly bring out the better capability of SP-CFS in capturing the observed
10-20 day and 30-60 day MISO modes.
The above sections clearly demonstrate the improvement of simulation of Intraseasonal
variability by SP-CFS for different scales and modes. We would now like to explore whether the
improvement in the intraseasonal features can result in the improvement of seasonal mean by SP-CFS.
3.2.5

Mean field Analyses
i) Tropospheric Temperature (TT) cold bias

One of the major concerns about the CFSv2 simulated climate is the unrealistically cold TT over
the entire globe. The version 1 of the CFS (CFSv1) also had a similar cold TT bias (Saha et al. 2013a);
even worse, the magnitude of the cold bias has increased for CFSv2. The temperature distribution
particularly the north-south temperature gradient in the troposphere greatly influences the global
circulations (Gill 1980). The influence is even more direct for the Indian region where the TT plays a
vital role in maintaining the advancement of the ISM (Goswami and Xavier 2005; Xavier et al. 2007).
It is interesting to note that the SP-CFS has been successful in reducing the cold bias, especially over
the Tropics. We computed the mean TT as the average temperature of the atmosphere between
300-600hPa for JJAS season. Figure29a and Figure 29b show the TT bias of the CFSv2 and SP-CFS
simulations with respect to the NCEP temperature field, respectively. It can be seen (Figure29a) clearly
that CFSv2 simulates significantly colder (~ 3 to 7 °C) troposphere with respect to NCEP, over the
entire globe. This temperature bias has reduced significantly in SP-CFS with a warmest bias of 1°C
over a few locations in tropics and a coldest bias of 4 °C over the eastern end of Russia. Figure 29c
shows the vertical profile of temperature for tropics. It is clear that the SP-CFS simulated temperature
profile (the green line) is almost identical to the NCEP temperature profile (the black line), over tropics
(tropics is defined here as 30°S to 30°N). This improvement may possibly be attributed to better
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simulation of the heat sources due to the explicit representation of the cloud processes by the CRMs as
also revealed by the intraseasonal variabilities and convectively coupled waves discussed above.
ii) JJAS Mean precipitation and OLR
The JJAS mean precipitation and OLR are shown in Figure 30. The mean JJAS precipitation
and OLR are reasonably well captured by both the models. The simulated OLR looks a bit improved in
SP-CFS simulation, particularly over the Pacific and Indian Oceans. Although the improvement in the
mean precipitation is not as evident as in OLR, SP-CFS simulates a better rainfall distribution pattern
(pattern correlation of 0.82) compared to that of CFSv2 (pattern correlation of 0.77). Particularly over
the ISM region, which is the domain of focus in this study, the dry precipitation bias seen in CFSv2
simulation has been reduced significantly in SP-CFS simulation. However, there are some pockets of
excessive rain in the simulated mean precipitation field shown by both models; perhaps, more of those
for SP-CFS. These excessive wet regions in SP-CFS simulation may possibly be due to the periodic
boundary condition considered for the CRMs. Similar biases have been reported in SP-CCSM
simulations (Benedict and Randall 2009; Goswami et al. 2013).
iii)

Probability Distribution Function (PDF) of rainfall and OLR

It is needless to mention that to capture the mean climate realistically, a model needs to capture
the spatio-temporal distribution of rainfall accurately (Goswami et al. 2011). The CRM in the SP
framework is expected to improve the cloud types and their distribution. So, the question that can be
asked, is the improvement of the day-to-day rainfall variability and the reduction of the mean
precipitation dry bias in SPCFS arising from improved simulations of cloud types and their
distribution? Are the right kinds of clouds contributing to the right categories of rainfall? To gain more
insight into these questions, we plot the joint distribution of rainfall versus OLR, taking OLR as a
proxy for cloud-top height. We counted all events with ≥1mm day-1 rainfall and sorted them into 2-mmwide classes (1–3, 3–5mm day-1, etc.). The events in each class are again sorted based on their
corresponding OLR values categorized in 5Wm22 increments, starting from 100Wm-2. In Fig. 4 we
have plotted the actual counts obtained following the method mentioned above for every grid point
over the domain 15oS–30oN, 50o–110oE, for the five JJAS seasons. For clarity, the values shown in
Figure 31 are after dividing by a factor of 100; that is, a contour line of 1 is equivalent to 100 events.
We note from the shading information in Figures 31a, b, over the ISM domain, lighter rain events with
OLR values of approximately 270Wm-2 show the maximum count for the observations. A secondary
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peak exists for the lighter rain events with OLR values of approximately 220Wm-2. These peaks
possibly correspond to rain coming from middle, or congestus, clouds (primary peak) and from high, or
stratiform. clouds (secondary peak). The abundance of rain from congestus clouds was also reported in
Morwal et al. (2015), although their study domain was much smaller and only for the monsoon
withdrawal phase. As we go from light to moderate to heavy rainfall events, the twin peaks of the joint
distribution gradually fades out and we see a single peak centered aboutOLR values of about
180–200Wm-2. Figure 31a suggests that CFSv2 simulates too many lighter-intensity rain events for
OLR values of about 240–280Wm-2. We note that the bimodal nature of the distribution for light-rain
events is missing in the model simulation. Also the fact that CFSv2 simulated most of the events within
the OLR range of about 180–290Wm-2 indicates that the model simulated climate fails to reproduce the
spectrum of clouds seen in nature. We note from Figure 31b that SP-CFS also seems to oversimulate
the lighter-intensity rain events. However, the overestimation of the light rain events has been reduced
compared to CFSv2 and also the bimodal nature of the light rain distribution is reasonably well
captured by the model. In addition, the range of simulated OLR values has improved in the SPCFS
simulations, indicating a better cloud distribution. We performed the same exercise but broadened our
area of interest to the entire tropics within the latitude band 15oS–15oN (Figures 31c, d). We note that
the improvement seen in the rainfall–OLR joint distribution over the ISM domain is actually a subset of
the overall improvement seen over the tropics. In fact, the improvement is even more impressive over
the tropics. We argue that this improvement in the rainfall–OLR joint distribution is a very important
improvement, as seen within the superparameterized framework.
iv) ISM precipitation simulation
Simulation of mean ISM precipitation has always been one of the first and major ways to
validate any model’s fidelity; not only in simulating ISM but also the global climate. Figure 32 is
similar to the rainfall plots in Figure 30, except that we have now zoomed over the ISM region. As we
had mentioned earlier, the CFSv2 simulation shows a major dry bias in simulating the ISM rainfall
(Figure 32a) compared to the observations (Figure 32c). The distribution of the JJAS mean
precipitation is also unrealistic. SP-CFS simulated JJAS mean ISM (Figure 32b) looks a bit improved.
The locations of excessive rain bias may again possibly result from a overdoing of the convective
processes by the CRMs. The reduction of the dry precipitation bias over the Indian landmass is
noteworthy. The reduction in dry precipitation bias can be better visualized in the annual cycle plot of
the climatological ISM rainfall over the Indian region [75°E-90°E; 15°N-25°N] (Figure 33). While
28

reduction of the dry bias in SP-CFS (Figure 33, solid line) is noteworthy, central India still remains
significantly dry compared to the observations. We also note that although the timing of the withdrawal
of the monsoon is close to the observations in SP-CFS, the onset is delayed in the model by a couple of
weeks.
v) Winds
Figure 34 shows the JJAS mean circulation pattern at 850hPa and 200hPa level. Both the
models SP-CFS (Figure 34a and Figure 34d) and CFSv2 (Figure 34b and Figure 34e) could simulate
the observed circulation patterns (Figure 34c and Figure 34f) fairly well. On detailed view, SP-CFS
simulated winds look better compared to CFSv2 as evident in southern hemispheric westerlies, the
monsoon wind over the Bay of Bengal (Figure 34a, Figure 34b and Figure 34c). At the 850hPa, in
simulating the strength of the monsoon low level jet (LLJ), spread of the LLJ while meeting the Indian
landmass and extension of the LLJ till western Pacific, SP-CFS shows better fidelity compared to
CFSv2 simulations. However the winds over the east-equatorial Indian Ocean and north of Australia
(Figure 34a) are relatively stronger compared to the observations (Figure 34c). At the 200hPa,
SP-CFS could capture the extension of the easterly jet over the African Continent which is missing in
the CFSv2 simulated winds (Figure 34d, Figure 34e and Figure 34f). However the spread of the
strong easterly winds in SP-CFS simulations is confined over a relatively smaller longitude belt
(60°E-95°E in Figure 34d) compared to the observations (40°E-110°E in Figure 34f).

3.3 Convective and Cloud parameterizations
3.3.1

Mean State

Figure 35 shows the seasonal mean (June-September, JJAS) precipitation (mm day-1, shaded)
and SST (°C, contour) for observations (TRMM and TMI), CTRL and CFS-CR. The observed
precipitation maxima during boreal summer are located over the Western Ghats, along the eastern shore
of the Bay of Bengal (BoB) and over the WP, near the Philippines (Figure 35a). A secondary
precipitation maximum is also evident over the eastern equatorial Indian Ocean (EEIO). TMI based
seasonal mean SST displays the maxima (~29 °C) over EEIO, head BoB and WP warm pool region.
Although CTRL captures the location of the observed precipitation maxima (Figure 35b), the
precipitation amount is considerably overestimated (underestimated) over the oceanic region (Indian
landmass). Consistent with previous studies (e.g. S13; G14), the simulated tropical SST, especially over
the Indian Ocean (IO) is colder than the observation. In contrast, CFS-CR shows better agreement with
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the observed precipitation distribution over the ISM domain (Figure 35c). The rainfall distribution is
also found to have improved over the western part of equatorial Africa and northern part of south
America as evidenced from the bias plots of Figures 35d, 35e and 35f. The double ITCZ structure as
noted in CTRL (Figure 35b and 35d ), is less prominent in CFS-CR but the zonally oriented
precipitation band over the Pacific is stronger in CFS-CR and extended up to the eastern Pacific
(Figure 35e). Although the simulated SST appears to be ~2°C warmer than the observation, the
locations of the maxima are well captured in CFS-CR. The CFS-CR appears to improve the easterly
shear (Figure 36a) particularly north of the equator and also the tropospheric temperature gradient
(Figure 36b) and specific humidity (Figure 36c). Although, the TT is cooler south of 12N in CFS-CR
(Figure 36b), the TT gradient has improved and monsoon circulation is actually influenced by TT
gradient. The annual rainfall cycle over India agrees reasonably well with the observation (Figure 37b)
and the dry (wet) bias over Indian subcontinent (northern IO) is significantly improved in CFS-CR
(consistent with Figure 35c).
In addition, fidelity of the model in simulating the seasonal mean wind at 850 and 200 hPa,
precipitation, Temperature at 500 hPa, OLR and SST over the ISM domain (40°-120°E, 15°S-30°N) are
shown in Taylor diagram (Taylor 2001) (Figure 37a). CFS-CR shows significant improvements over
CTRL in simulating precipitation, temperature, U850 and OLR distribution and a moderate
improvement in U200 and SST. The annual cycle of TT difference between a northern box (40°100°E, 5°-35°N) and southern box (40°-100°E,15°S-5°N) is a metric defined by Xavier et al. (2007)
that shows the onset, withdrawal and length of the ISM season. CFS-CR shows remarkable agreement
with observation (Figure 37c) in simulating the annual cycle of TT as compared to CTRL.
To further analyze the precipitation characteristics in the model, the probability distribution
function (PDF) of daily JJAS precipitation is computed for different regions: monsoon zone (MZ) over
central India (defined in Rajeevan et al. 2010), BoB (80°-100°E, 10°-20°N), EEIO (75°-100°E,
10°S-5°N) and WP (115°-140°E, 10°-25°N). Hirons et al. (2012) noted an improvement in rainfall PDF
through the modification in entrainment formulation of ECMWF model. To identify the role of
modification of cloud and convective parameterization, the contribution of each rain rate bin to the
daily total rainfall during all seasons are examined (Figure 38 ). In the present study, similar to Abhik
et al. (2014), the rain rates are grouped into three categories (low: < 10 mm day-1; moderate: 10-40 mm
day-1 and high: >40 mm day-1). The low rain rates have higher contribution to the total observed
precipitation relative to the other two categories. CFS overestimates the low rain rate but
underestimates the moderate and high rain rates over all four regions in both the simulations. However,
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CFS-CR exhibits better agreement with TRMM observation, especially over BoB, EEIO and WP for
the moderate and high rain rate categories although the distribution of low rain rate PDF is marginally
improved over MZ and WP (Figure 38a and 38d),. The enhanced low and moderate precipitation could
be one of the possibility behind the wet bias showed by CFS-CR over the warmer waters of WP.

3.3.2 Intraseasonal Variability
The realistic interaction between BSISO and convectively coupled equatorial waves (CCEWs)
is one of the major concerns of the current GCMs (Demott et al. 2011, Abhik et al. 2014). Figure 39
assesses the distribution of CCEWs in wavenumber-frequency spectra for observed and simulated OLR
datasets during boreal summer following Wheeler and Kiladis (1999). The black solid curves in
Figure 39 represent the shallow water dispersion relationship for equivalent depths of 12, 25 and 50m
respectively. In observation (Figure 39a), symmetric spectral peaks are evident for the low-frequency
MJO (wavenumber 1-3 and periodicity about 45-day), n=1 ER and high-frequency Kelvin and n=1
inertio-gravity (IG1) waves. The peak around wavenumber 14 and periodicity ~ 10-day is an artifact of
the satellite sampling (Wheeler and Kiladis1999). In CTRL, all the symmetric waves are found to be
weaker and disorganized (Figure 39b). The simulation of CCEWs improves in CFS-CR (Figure 39c)
compared to CTRL. CFS-CR produces realistic MJO and ER variability, although the simulated highfrequencies exhibit moderate improvement over CTRL. Similar advancements are also apparent in the
simulation of the anti-symmetric waves in the model. The unusual anti-symmetric MJO peak in CTRL
(Figure 39e) is significantly reduced in CFS-CR (Figure 39f). The mixed-Rossby gravity wave
(MRG) peak is severely underestimated in both the simulations relative to the observation. However, a
weak organization of MRG and tropical depression-type disturbances are evident in CFS-CR.
The northward propagation over the ISM region is the dominant mode of BSISO. The poleward
migration of convective anomalies is summarized in the boreal summertime meridional wavenumberfrequency spectra (Figure 40) over the Indian region (65°-95°E, 15°S-30°N). The spectra are
calculated by Fourier transformation of seasonal cycle removed precipitation (shaded) and zonal wind
at 850 hPa (U850, contour) dataset over 184 day segments during each boreal summer and then being
averaged over all the seasons. The dominant spectral peak in observed precipitation and U850 is evident
at meridional wavenumber 1 with 40-50-day periodicity (Figure 40a). These scales distinguish the
low-frequency northward propagating BSISO mode from other high-frequency convective
disturbances. In addition to that, a secondary peak is also observed around 20 day periodicity. In CTRL,
the primary as well as the secondary peak is shifted towards the low frequencies, around 60-day and
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35-day respectively (Figure 40b). CFS-CR exhibits an improvement over CTRL in simulating the
meridional spectra (Figure 40c). Although the dominant peak occurs around 50-day, the secondary
peak is comparable to the observed counterpart. It indicates the potential of the present modification of
cloud/convection schemes to overcome some of the inherent biases of the CFS.
The spatiotemporal characteristics of eastward and northward propagating BSISO are examined
in Figure 41. Figure 41 shows lag correlation analysis of 20-100-day filtered precipitation (shaded)
and U850 (contour) against a base time series of 20-100-day filtered boreal summertime precipitation
averaged over EEIO (10°S-5°N, 75°-100°E). The correlation based on the time series of 20-100-day
filtered precipitation anomalies over EEIO implicitly selects the eastward propagating mode of BSISO
(top panels, Figure 41(a-c)) and the northward propagating BSISO events (bottom panels, Figure
41(d-f)) which are associated with the eastward propagation. The observed eastward propagating mode
first appears over the western Indian Ocean and propagates eastward across the Maritime Continent up
to the WP (Figure 41a). Easterly (westerly) zonal wind at 850 hPa leads (lags) the precipitation
anomaly by about 5–7 days and the zonal wind anomaly shows faster eastward propagation after the
decay of precipitation anomaly near the date line. Compared to observation, CTRL simulates slower
eastward propagation of BSISO convection over IO and the correlation rapidly decays across the
Maritime Continent (Figure 41b). However, U850 anomalies show some eastward movement over the
WP. In contrast, the eastward phase speed of the CFS-CR simulated BSISO matches well with the
observation (Figure 41c). The convective anomalies propagate into the WP, but lower correlations are
evident to the east of the Maritime Continent. Consistently, CFS-CR simulated U850 anomalies also
exhibit the observed phase relationship during eastward propagation into the WP.
The quadrature relationship between precipitation and U850 is also evident for the observed
northward propagating mode of BSISO (Figure 41d). The precipitation anomalies propagate poleward
from the equatorial region. The observed northward moving BSISO appears to be stronger, slower and
of longer duration relative to the southward component. Unlike the eastward propagating mode, CTRL
simulates reasonable northward propagation (Figure 41e) with a slightly slower phase speed than the
observation. But the southward propagation is considerably underestimated in CTRL. CFS-CR
produces a more realistic poleward movement with observed phase speed and temporal duration
(Figure 41f). The amplitude of the northward propagating mode is comparable to the observation but
the southward movement appears to be slower. Nevertheless, CFS-CR successfully reproduces most of
the salient features of the observed BSISO. As a consequence, the simulated northward propagation in
CFS-CR is better represented over CTRL from phase 2 onwards (Figure not shown). The large-scale
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organization of the northwest-southeast tilted rain band is well simulated in CFS-CR relative to CTRL.
This improvement in CFS-CR appears to be responsible for the realistic intraseasonal variability of the
enhanced precipitation anomalies and its longer residence time over the Indian subcontinent.
To understand the role of interaction between cloud processes and the large-scale BSISO
circulation, the phase-relationship of the various cloud distributions associated with BSISO convection
(represented by precipitation anomalies) are examined over both the EEIO (top panels) and WP
(bottom panels) regions (Figure 42). The transition from low to middle to high cloud is evident during
BSISO evolution in ERAI (Figure 42a). The low cloud anomalies lead the maximum BSISO
convection, while the high cloud peak lags the maximum convection. A similar cloud evolution
associated with BSISO is already reported in earlier observation based studies (e.g. Jiang et al. 2011,
Abhik et al. 2013). However, CTRL does not produce such relationship over EEIO, low cloud maxima
collocates with the maximum BSISO rainfall activity (Figure 42b). It indicates lack of preconditioning
processes at the leading edge of simulated BSISO convection due to occurrence of precipitating low
clouds, consistent with results in Figure 37. In contrast, the vertically tilted cloud structure is well
reproduced in CFS-CR over EEIO (Figure 42c), where realistic eastward propagation is evident. The
trimodal characteristic of low, middle and high cloud is properly captured by CFSCR over WP also
(Figure 42f) as compared to CTRL (Figure 42e) as against the ERAI reanalyses (Figure 42d).
One of the most challenging task in a climate model is to capture the distribution of different
cloud hydrometeors (Waliser et al. 2009) as the tendencies of these parameters are not generally
computed at the grid scale. However, the modification of the cloud microphysics in CFS is able to
simulate realistic annual mean cloud ice distribution (Figure 43a) compared to CloudSat observation
(Waliser et al. 2009). Besides, cloud ice, for the first time for a climate model, the vertical distribution
of other hydrometeors namely mixed phase graupel (Figure 43b), snow (Figure 43c), cloud water
(Figure 43d) and rain water (Figure 43e) are also plotted. The gap of resolving the cloud process and
improper representation is particularly resolved in CFSv2 with the inclusion of WSM6. This indicates
that the generation of cloud hydrometeors explicitly by WSM6 not only improves the vertical
distribution of cloud ice, snow, graupel etc. but also has improved the characteristic distribution of
different cloud during 8 phases of BSISO.
Another major issue in the climate model is the unrealistic proportion of model convective and
model large scale or stratiform rainfall. Many researchers have reported (Sabeerali et al. 2013) that
most of the CMIP5 models fail to capture the observed proportion of convective and startiform rainfall.
Keeping this in mind, a comparison of connective and stratiform rainfall as obtained by the CTRL, CFS
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with Rev SAS and by CFS-CR are showed in Figure 44. The areas averaged rainfall for global tropics
and also for Indian land and ocean region are separately showed in Figure 44a and 44b respectively. It
can be clearly noted that CTRL (default CFS) produce 80% convective and 20% stratiform rain. The
revised SAS scheme actually produces more convective rain ~85% and lesser stratiform rain. However,
the CFS-CR could actually able to improve the ratio by reducing the convective proportion to ~70%
and the stratiform fraction stands at around 30%. Similar improvement in convective and stratiform
rain has been noted more prominently over Indian sub continental region. This improvement of
improving the stratiform rain fraction could be considered to be one of the most significant by the
revision of cloud and convection parameterization of CFSv2.
Finally, we would like to present the different radiation parameters as obtained from default
CFS and CFS-CR with respect to observation and reanalyses. Figure 45 shows the difference of net
longwave flux at the surface between a) default CFS and ISCCP and b) CFS-CR and ISCCP. It may be
noted that CFS-CR significantly improved the net long wave flux at the surface in most part of the
global tropics except north of 60N where a positive bias is noticed. The net short wave flux at the
surface is also shown in Figure 45. The improvement in net short wave flux by CFS-CR is not as
evident as the LW. However, positive bias seen in default CFS particularly over northern Atlantic,
northern Pacific, off the coast of California, west coast of Southern Africa and coast of Chile/Peru is
found to have improved in CFS-CR. The net short wave bias over Indian land mass and over Indian
Ocean region has shown prominent improvement.
Another important parameter in radiation is latent heat flux and sensible heat flux. The latent
heat flux in CFS-CR is found (Figure 45) to have remarkably improved as compared to CFS. Positive
latent heat bias is evident over southern ocean, equatorial Pacific and Indian ocean region whereas
negative latent heat flux is prominent over Indian land mass, equatorial Africa, northern part of south
America and also some part continental US in CFS simulation. The biases over all these regions are
found to have improved in CFS-CR. The improvement of negative latent heat bias in CFS-CR is
consistent with improved precipitation distribution over land and ocean. The sensible heat flux of
CFS-CR is found to have improved mostly over global tropics. However, north of 60oN, a positive bias
is seen in CFS-CR.
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Conclusions
In the present study, we intend to revise the convection and cloud schemes in the CFSv2 to
reduce its systematic biases for global tropics in general and for Indian summer monsoon in particular.
As convective rainfall in a model plays a dominant role in deciding the daily total, it is felt to make first
attempt to evaluate a revised convection scheme at various temporal scale namely diurnal, daily and
seasonal for Indian summer monsoon periods. Keeping this in to account, the impact of a revised SAS
deep convection parameterization scheme in CFSv2 model is evaluated to examine model fidelity for
the simulation of spatio-temporal variability of the mean ISM. The implementation of revised SAS
scheme is based on the study by Han and Pan (2011). Based on a 15 years of climate run with and
without revised SAS, model output at daily scale is evaluated first. The diagnosis reveals that the
positive precipitation 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 Indian summer monsoon precipitation. The long-standing inability to reduce
the dry bias over Indian landmass and wet bias over equatorial Indian Ocean in many GCMs appears to
be largely resolved in revised SAS simulation. 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
reasonably well as compared to observation over the 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 the Indian landmass. The area averaged smoothed 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 relatively 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 compared to observation.
At the same time, it is clearly seen that CFSv2 with both SAS schemes simulate the northward
propagation of rainfall band reasonably well compared to TRMM observations.
Revised SAS could not improve the cold bias in the mean air temperature profile over the
global tropics or over the ISM domain as compared to NCEP. The 850hPa JJAS mean circulation over
ISM domain is found to be realistic in revised SAS simulation but strength of the cross equatorial low
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level jet (LLJ) is weak as compared to NCEP but improved 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. Noticeable
intensification of TEJ can be seen in revised SAS simulation as compared to old SAS simulation.
Consistent with the temperature profile, revised SAS underestimates the tropospheric temperature (TT)
throughout the tropics in both SAS schemes.
The JJAS mean convective rainfall is found to be better captured in revised SAS simulation as
compared to old SAS simulation. CFSv2 with old SAS scheme considerably 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
compared 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
convective rainfall PDF by the revised SAS.
The simulated low cloud distributions appear to be underestimated over the eastern tropical
Pacific and Atlantic oceans as compared to ISCCP estimation. However, over Indian landmass, CFSv2
with both SAS schemes overestimate low cloud distributions. Model evaluated low cloud distribution
is not realistic as compared to observation. 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
increased in revised SAS simulation and it agrees with the observation. Possibly, in revised SAS, the
cumulus convection is stronger and deeper resulting in formation of more high clouds.
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 contributed by the sub-daily or diurnal scale? The study reveals that the revised SAS is
able to capture proper diurnal cycle and the time of rainfall maximum over CI as compared to TRMM.
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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 noticeable 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 category rainfall at different time of the day as
compared to TRMM. On the other hand, the old SAS scheme simulates similar diurnal rainfall PDF for
all the time of the day for both the resolutions. The diurnal cycle of low cloud fractions 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
amplitude is underestimated.
The above analyses indicate that the 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 improve convective parameterization vis-à-vis model fidelity.
Although we have seen that the rainfall has improved over ISM domain in revised SAS at T126
resolution, many other parameters such as TT, low cloud fraction etc. do not show much improvement
in revised SAS simulation which poses a question whether convective or sub-grid scale
parameterization is alone sufficient to improve model systematic bias.
To address the question, we attempted development of SP-CFS and presented the analysis of a
664-day free run at T62 resolution. This is for the first time the NCEP CFSv2 model has been run
without conventional cumulus parameterization and with super-parameterization of cloud processes.
Some of the known major biases of CFSv2, like the cold tropospheric temperature bias,
underestimation of the synoptic variance have significantly reduced in the SP-CFS. The improvement
of TT in SP approach gives the message that resolving the grid-scale cloud processes are essential for
the improvement of tropospheric temperature. It is also noticeable that SP-CFS has better simulated the
equatorial trapped convectively coupled waves. Better simulation of convectively coupled equatorial
waves in SP-framework has been reported earlier for SP-CCSM also (DeMott et al. 2011). As
mentioned in DeMott et al. 2011, possibly the CRMs in the SP framework preconditions the moisture
field (Waite and Khouider 2010) thereby creating a favorable conditions for the deeper convections to
follow. Khouider and Majda 2008 have demonstrated that these sequences of evolution of convection
can explain the convectively coupled equatorial waves. This explains the success of SP-CFS over CFS
in simulating the equatorial waves. CFS, which used the simplified Arakawa-Schubert convection
scheme, allows detrainment only through the top of the cloud and hence lacks moisture in the middle
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and upper troposphere (Pattnaik et al. 2013) and fails to simulate the moisture preconditioning. A better
simulation of the equatorial convectively couples waves and associated variabilities by SP-CFS in turn
have been manifested in capturing better space-time structure of different monsoon modes,. The
improvement of intraseasonal variabilities of convection and rainfall is reflected in the improvement of
mean seasonal rainfall, its PDF and also the annual cycle. Consistent with these improvements, the dry
bias of the ISM has also been reduced.
The SP-CFS thus shows much promise in improving the intraseasonal variabilities of global
models and definitely demands further research. There are still some considerable biases; however,
note that the results presented in this paper have been obtained with little if any tuning of many
parameters set in CRM. Tuning the CRM microphysics by choosing the uncertain microphysics
constants, such as, for example, ice-to-snow conversion threshold would be just one of the many
choices to try to reduce the biases in the SP-CFS simulations. Although the SP-CFS is still in a
development phase, it has already demonstrated the importance of resolving the sub-grid scale cloud
processes in simulating the global climate, and, in particular, the ISM. A detailed analysis of longer SPCFS simulations would give us a more robust understanding of the biases and the ways of mitigating
them. Inspite of the promise shown by SP-CFS, it is noteworthy to mention that running SP-CFS is
time consuming and expensive. Keeping this in mind, it is felt that possibly an approach with sub-grid
scale convective parameterization along with a suitable grid-scale cloud scheme will be worth testing.
As a consequence, another development is attempted in CFSv2 by adding a more realistic cloud
scheme which has been extensively used in Weather Research Forecasting (WRF) model-namely
WSM6. Therefore, this study would provide a compelling evidence of the role of cloud processes on
the simulation of BSISO in NCEP CFSv2 model.
The existing convective parameterization (SAS) and Zhao-Carr simple microphysical scheme of
the model are replaced by the revised SAS scheme and the WSM6 microphysics respectively. A
comparative analysis for the simulation with revised cloud processes (CFS-CR) is performed relative to
the standard long simulation (CTRL) of the model with default SAS and Zhao-Carr cloud scheme and
the observation. CFS-CR simulated mean climate during boreal summer shows certain improvements
over CTRL in producing the precipitation and other important dynamical-thermodynamical variables
over the ISM region. It also simulates the realistic BSISO signal over the Indian Ocean. The interaction
between low-frequency BSISO and the high-frequency CCEWs is better reproduced in CFS-CR. The
phase-relationship between CFS-CR simulated BSISO convection and the different cloud distributions
agree well with the observation. As a consequence, the eastward and northward propagating BSISO
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modes are realistically simulated with observed phase-speed over the ISM domain. But the simulated
eastward propagation considerably weakens over the WP, where such a relationship is not maintained
in CFS-CR. The most important contribution of adding sophisticated cloud scheme (WSM6) is the
realistic annual cloud ice and cloud liquid water distribution. . For the first time, we have made CFSv2
to simulate realistic cloud ice and also other hydrometeors such as graupel, snow etc. distribution
which has not been seen in any other GCMs (Waliser 2009). The realistic cloud ice and other cloud
hydrometeors distribution have resulted in improved heating over the whole troposphere and its
response in circulation. Another major task accomplished is the improvement of convective and
stratiform rainfall distribution over the global tropics and also over the Indian sub continent. Besides
improving the cloud processes vis-à-vis the seasonal and intraseasonal variability of precipitation, the
other major aspect that is addressed is the improvement of radiation component. Net LW fluxes at the
surface and net latent heat flux has substantially improved. Net SW flux at the surface and net sensible
heat flux also show improvement over global tropics and over Indian land and Ocean region. However,
the negative bias showed by CFS-CR in the SW flux and positive bias in the sensible flux over higher
latitudes (north of 60оN), needs to be explored further. Therefore, this study confirms that the proper
representation of the cloud processes is one of the key factors to improve the model fidelity for mean
state and BSISO simulations.
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a)

b)
Figure 1. a) The schematic showing the arrangement of cloud resolving model (CRMs) within each
grid of CFSv2. b) Parallel Computational cost of Superparameterzed CFS with the
theoretical.
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Figure 2.JJAS mean climatological precipitation (mmday-1) over global domain (50оN-50оS)
from (a) TRMM, CFSv2 with (b) old SAS and (c) revised SAS scheme. Biases
(mmday-1) in CFSv2 with (d) old SAS and (e) revised SAS scheme with respect to
TRMM and (f) biases in CFSv2 with revised SAS with respect to old SAS scheme.
Global mean rainfall values are calculated for both observation and models
(Fig. 2(a-c)). RMSE and pattern CC is calculated for old SAS (Fig. 2b) and revised
SAS (Fig. 2c) with respect to TRMM.

52

Figure 3. JJAS mean climatological OLR (Wm-2) over global domain (50оN-50оS) from
(a) NOAA, CFSv2 with (b) old SAS and (c) revised SAS scheme. Biases (Wm -2) in
CFSv2 with (d) old SAS and (e) revised SAS scheme with respect to NOAA and
(f) biases in CFSv2 with revised SAS with respect to old SAS scheme. Global mean
OLR values are calculated for both observation and models (Fig. 3(a-c)). RMSE and
pattern CC is calculated for old SAS (Fig. 3b) and revised SAS (Fig. 3c) with respect
to NOAA.
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Figure 4.JJAS mean climatological precipitation (mmday-1) over Indian summer monsoon domain
from (a) TRMM, CFSv2 with (b) old SAS and (c) revised SAS scheme. Biases (mmday-1)
in CFSv2 with (d) old SAS and (e) revised SAS scheme with respect to TRMM and
(f) biases in CFSv2 with revised SAS with respect to old SAS scheme. Mean rainfall
values are calculated for both observation and models (Fig. 4(a-c)). RMSE and pattern CC
is calculated for old SAS (Fig. 4b) and revised SAS (Fig. 4c) with respect to TRMM.
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Figure 5. 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.
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Figure 6. (a) The area averaged smoothed (first 3 harmonics plus mean) annual cycle of
climatological rainfall (mm day-1) 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-1) from (b) CFS2 with revised SAS, (c) CFSv2 with old SAS scheme and (d) TRMM
averaged over 70°E–90°E. RMSE and pattern CC is calculated for revised SAS (Fig. 6b) and
old SAS (Fig. 6c) with respect to TRMM.
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Figure 7. Top row (a-c) and bottom row (d-f) are Longitude-time and latitude-time plots of 10-90 day
filtered TRMM precipitation anomalies regressed on a reference time series, averaged over
10°N-20°N and 70°E-90°E, respectively. (b and e) and (c and f) Same as Figures 7a and 7d
but for CFSv2 with old SAS and revised SAS scheme, respectively. RMSE and pattern CC
are calculated for old SAS (Fig. 7b and 7e) and revised SAS (Fig. 7c and 7f) with respect to
TRMM.
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Figure 8. JJAS mean climatological 850 hPa winds (ms-1) for (a) NCEP, CFSv2 with (b) old SAS and
(c) revised SAS scheme. Biases (ms-1) 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
SAS scheme.
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Figure 9. JJAS mean climatological 200 hPa winds (ms-1) for (a) NCEP, CFSv2 with (b) old SAS and
(c) revised SAS scheme. Biases (ms-1) 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
SAS scheme.
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Figure 10. JJAS mean climatological tropospheric temperature (K) from (a) NCEP, CFSv2 with (b)
old SAS and (c) 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 SAS scheme. Global mean TT values are calculated for both observation and
models (Fig. 10(a-c)). RMSE and pattern CC is calculated for old SAS (Fig. 10b) and
revised SAS (Fig. 10c) with respect to NCEP.
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(d)

Figure 11. JJAS mean climatological convective rainfall (mm day-1) from (a) TRMM 3G68, CFSv2
with (b) old SAS and (c) revised SAS scheme. Global mean convective rainfall values are
calculated for both observation and models (Fig. 11(a-c)). RMSE and pattern CC is
calculated for old SAS (Fig. 11b) and revised SAS (Fig. 11c) with respect to TRMM 3G68.
(d) difference of convective rainfall (mm day-1) in CFSv2 with revised SAS with respect to
old SAS scheme.

61

Figure 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.
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Figure 13. Percentage of PDF of stratiform 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.
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Figure 14. JJAS mean climatological low cloud fractions (%) for (a) ISCCP, CFSv2 with (b) old SAS
and(c) revised SAS scheme. (d-f) Same as Figures 15(a-c) but for high cloud fractions.
Global mean cloud fractions are calculated for both observation and models (Fig. 14(a-f)).
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Figure 15. JJAS climatology of (a) OLR (Wm-2) and (b) rainfall (mm hr-1) over CI. For each panel,
red line is for CFSv2-OldSAS-T126, green line for CFSv2-OldSAS-T382 and blue line is
for CFSv2-revised SAS-T126. The black line in (a) is for Kalpana-1and for (b) TRMM.
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Figure 16. Percentage of PDF of rainfall rate over CI from (a) TRMM, CFSv2 with (b) old SAS at
T126 resolution, (c) 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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Figure 17. 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 resolution, revised SAS (blue line) at T126 resolution and old SAS at
T382 resolution (green line).
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Figure 18. JJAS climatology of (a) low cloud fractions (%) and (b) high cloud fractions (%) over CI.
For each panel, red line is for CFSv2-OldSAS-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.
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Figure 19. JJAS domain-averaged (40oE–140oE, 10oN–35oN) apparent heat source Q1 (K day-1) for
CFSv2 with old SAS (red) and revised SAS (blue) scheme.
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Figure 20. Joint probability distribution function of rainfall (mmday-1), along the y axis, and column
integrated (surface to 100 hPa) MSE (x 107 Jm-2), along the x axis, over CI region for
(a) observation (TRMM and MERRA), CFSv2 with (b) SAS and (c) RSAS scheme
during JJAS.

70

(a
)

(b
)

(c
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Figure 21. The spatial distribution of precipitation (mmday-1) bias during active phase in CFSv2 with
(a) Old_SAS and (b) Rev_SAS scheme with respect to TRMM and (c) biases in CFSv2
with RSAS with respect to SAS scheme. (d-f) is similar as (a-c), but for break phases.
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Figure 22. Diurnal cycle of (a) OLR (Wm-2), (b) precipitation (mmhr-1), (c) CWMR (Kgm-2) and
(d) CIMR (Kgm-2) over CI region. For each panel, black line is for active periods and red
line is for break periods. Observation (TRMM-precipitation and Kalpana-1-OLR) and
reanalyses (MERRA-cloud hydrometeors) denoted by solid line, CFSv2 output with
Old_SAS by dot-dash line and Rev_SAS indicated by dash line.
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Figure 23. JJAS mean climatological precipitation (mmday-1) over global domain (50оN-50оS) from
(a) TRMM, CFSv2 with (b) old SAS and (c) revised SAS having SC scheme. Biases
(mmday-1) 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 respect to old SAS
scheme. Global mean rainfall values are calculated for both observation and models
(Fig. 21(a-c)). RMSE and pattern CC is calculated for old SAS (Fig. 21b) and revised SAS
(Fig. 21c) with respect to TRMM.
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 24. Space-Time spectra (Wheeler-Kiladis diagram [Wheeler and Kiladis, 1999]) of OLR
showing the symmetric component for (a) NOAA OLR, (c) CFSv2 and (e) SP-CFS and
the anti-symmetric component for (b) NOAA OLR, (d) CFSv2 and (f) SP-CFS.
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Figure 25. Space-Time spectra (Wheeler-Kiladis diagram [Wheeler and Kiladis, 1999]) of OLR
showing the symmetric component for (a) CFSv2-T126, (b) CFSv2-T382 and the antisymmetric component for (c) CFSv2-T126, (d) CFSv2-T382.
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Figure 26. Ratio of synoptic scale (2-10 day bandpassed) variance to total variance for (a) TRMM,
(d) CFSv2 and (g) SP-CFS; Ratio of ISO scale (10-90 day bandpassed) variance to total
variance for (a) TRMM, (d) CFSv2 and (g) SP-CFS; Ratio of ISO scale variance to synoptic
scale variance for (a) TRMM, (d) CFSv2 and (g) SP-CFS. [All the variances are computed for
JJAS daily rainfall anomalies (mm day-1)].
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Figure 27. Boreal summer intraseasonal variability (standard deviation of 10-90 day filtered
daily anomaly for JJAS) (mm day-1) of (a) SP-CFS, (b) CFSv2 and (c) TRMM.
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Figure 28. Power spectra of the JJAS rainfall anomalies averaged over (a) Central India, (b) Bay of
Bengal, (c) Arabian Sea and (d) Equatorial Indian Ocean (the boxed are indicated in the FIG.
9) for SP-CFS (Blue line), CFSv2 (Red line) and TRMM (Black line).

78

Figure 29. Boreal summer (JJAS) Tropospheric temperature bias of (a) CFSv2 and (b) SP-CFS, relative
to NCEP. [The boreal summer tropospheric temperature is computed as the JJAS mean of
climatological temperature averaged between 300-600hPa]. (c) Vertical profile of JJAS mean
climatological temperature for tropics (30oS to 30oN for all longitudes).
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Figure 30. Climatological mean JJAS rainfall (mm/day) for (a) SP-CFS, (b) CFSv2 and (c) TRMM and
climatological mean JJAS OLR (W/m2) (d) SP-CFS, (e) CFSv2 and (f) NOAA OLR.
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Figure 31. Joint distribution of rainfall (mm day21), along the y axis, and OLR (W m22), along the
x axis, computed for each grid point, (a),(b) over the monsoon domain bounded by
15oS–30oN and 50o–110oE and (c),(d) over the entire tropics within 15oS–15oN, for the five
boreal summers (JJAS). For observations we have taken TRMM rainfall and
NOAA OLR. Model-simulated values from (left) CFS and (right) SP-CFS are contoured
and overlaid on the observation (shaded). The values are in multiples of 100.
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Figure 32. Climatological mean JJAS rainfall (mm day-1) for (a) CFSv2, (b) SP-CFS and (c) TRMM,
over the Indian monsoon region.
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Figure 33. Annual cycle of the climatological mean rainfall (mm day-1) for SP-CFS (solid line),
CFSv2 (dot line) and TRMM (dashed line) averaged over the area: 75E-90E; 15N-25N.
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Figure 34. Climatological mean JJAS winds (m/s) at 850hPa for (a) SP-CFS, (b) CFSv2 and (c) NCEP
and at 200hPa for (d) SP-CFS, (e) CFSv2 and (f) NCEP.
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Figure 35. Seasonal (June‐September) mean precipitation (shaded, mm day‐1) and SST (contour, °C)
for (a) observation and (b) CTRL and (c) CFSCR, (d) bias of CTRL, (e) bias of CFSCR and
( f) difference of CFSCR and CTRL
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Figure 36. Meridional distribution of boreal summer mean (a) Ushear, (b) TT and (c) surface Specific
Humidity at surface for observation, CTRL and CFSCR. All dataset are averaged over
70°-90°E.
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Figure 37. (a) Taylor diagram for summarizing the relative skill of the simulations relative to the
observed summertime mean meteorological fields over the region 40°–120°E, 15°S–30°N.
Black dot denotes the reference point. (b) Climatological annual precipitation cycle over
central India (73°-85°E, 15°-25°N), (c) same as 4b, but for TT difference between a
northern box (40°-100°E, 5°-35°N) and southern box (40°-100°E,15°S-5°N).
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Figure 38. Probability distribution function (PDF) of daily rainfall (mm day‐1) during all JJAS seasons
with a bin width of 5 mm day‐1 in percentage over (a) monsoon zone, (b) Bayof Bengal,
(c) equatorial Indian Ocean and (d) western Pacific.
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Figure 39. Wavenumber vs frequency distribution of spectral‐power divided by estimate background
spectra for equatorially symmetric (a‐c) and anti‐symmetric (d‐f) OLR anomalies for
observation, CTRL and CFSCR. Shallow water dispersion relationships for equivalent
depths of h = 12, 25, and 50 m are shown in black lines.
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Figure 40.Meridional wavenumber‐frequency spectra during boreal summer over 15°S–30°N using
precipitation (shaded, mm2 day‐2) and U850 (contour, m2 s‐2) data averaged between 60°
and 95°E for (a) TRMM 3B42 and CFSR, (b) CTRL and (c) CFSCR
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Figure 41. (a)‐(c) Longitude vs lag correlation and (d)‐(f) latitude vs lag correlation of
20–100‐dayfiltered precipitation (shaded) and U850 (contour) with base 20‐100‐day
filtered precipitation time series over EEIO (10°S–5°N, 75°–100°E) for observation,
CTRL and EXP. For longitudelag (latitude‐lag) plot data are averaged between 70°E‐90°E
(10°S and 10°N).
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Figure 42. Evolution of anomalous low, middle and high cloud fractions (%, left axis) and rainfall
anomalies (mm day-1, right axis) associated with BSISO convection over EEIO (top panels)
and WP (bottom panels) for observation, CTRL and CFSCR.
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a)

b)

c)

d)

e)

Figure 43. Annual zonal mean (a) cloud ice (b) graupel, (c) snow, d) cloud water and e) rain water from
CFSCR (all units are in gm kg-1).
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Figure 44. a) Convective and Non-Convective (stratiform) rain averaged over 40-120oE, 15oS-30oN:
Ctl: default CFST126; CFSCR: Revised Convective parameterization, WSM6 as
microphysics and SAM in the radiation..
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Figure 45. The upper panel net long wave and net short wave flux at the surface and lower panel shows
annual sensible and latent heat flux. In each panel the difference of default CFS with
respect to ISCCP/reanalyses is shown in a) and difference between CFS-CR and
ISCCP/reanalyses are shown in b).
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