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Abstract The present study explores the impact of two dif-
ferent microphysical parameterization schemes (i.e. Zhao and
Carr, Mon Wea Rev 125:1931-1953, 1997:called as ZC;
Ferrier, Amer Meteor Soc 280-283, 2002: called as BF) of
National Centers for Environmental Prediction (NCEP)
Climate Forecast System version 2 (CFSv2) on Indian sum-
mer monsoon (ISM). Critical relative humidity (RHcrit) plays
a crucial role for the realistic cloud formation in a general
circulationmodel (GCM). Hence, impact of RHcrit along with
microphysical scheme on ISM is evaluated in the study.
Model performance is evaluated in terms of simulation of
rainfall, lower and upper tropospheric circulations, cloud frac-
tion, cloud condensate and outgoing longwave radiation
(OLR). Climatological mean features of rainfall are better rep-
resented by all the sensitivity experiments. Overall, ZC
schemes show relatively better rainfall patterns as compared
to BF schemes. BF schemes along with 95%RHcrit (called as
BF95) show excess precipitable water over Indian Ocean ba-
sin region, which seems to be unrealistic. Lower and upper
tropospheric features are well simulated in all the sensitivity
experiments; however, upper tropospheric wind patterns are
underestimated as compared to observation. Spatial pattern
and vertical profile of cloud condensate is relatively better
represented by ZC schemes as compared to BF schemes.
Relatively more (less) cloud condensate at upper level has
lead to relatively better (low) high cloud fraction in ZC (BF)
simulation. It is seen that OLR in ZC simulation have great
proximity with observation. ZC (BF) simulations depict low

(high) OLR which indicates stronger (weaker) convection
during ISM period. It implies strong (weak) convection hav-
ing stronger (weaker) updrafts in ZC (BF). Relatively more
(less) cloud condensate at upper level of ZC (BF) may pro-
duce strong (weak) latent heating which may lead to relatively
strong (weak) convection during ISM. The interaction among
microphysics, thermodynamics, and dynamics works in tan-
dem through a closed feedback loop.

1 Introduction

Indian summer monsoon is an important facet of life in India
(e.g., Webster et al. 1998; Kripalani et al. 2003). The variable
nature of Indian summer monsoon rainfall (ISMR) has a pro-
found impact on socioeconomic growth. About 80 % of the
annual rainfall over India occurs during the summer monsoon
period (June–September). Monsoon is a large-scale phenom-
enon, and it is linked with different global circulation systems.
The role of cloud properties on Indian summer monsoon
(ISM) is not well understood. The understanding of water
content, formation of cloud hydrometeors, latent heating,
and a combination of microphysical and dynamical processes
during ISM is essential (Hazra et al. 2013a, b). The impor-
tance of interaction of cloud properties and dynamics in
governing the ISM variability (Hazra et al. 2013a; Kumar
et al. 2014), and thus, improvement of their biases in the
model is crucial for the better ISM rainfall prediction.
Rainfall variability is also governed by clouds which play a
leading role in radiative energy and water cycle balances
(Stephens et al. 2002; Hazra et al. 2014). Linkage between
cloud and microphysical processes is well known. Clouds
play a crucial role in the dynamics and thermodynamics of
the atmosphere. The realistic representation of cloud forma-
tion by general circulation model (GCM) is one of the major
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attributions to the improved depiction of ISMR. In the tropics,
the upper level clouds containing ice and mixed phases sig-
nificantly affect the radiation balance of the atmosphere
(Baker 1997). GCM experiments have also pinpointed that
the microphysical and dynamical processes of clouds influ-
ence the radiative processes (e.g., Arakawa and Schubert
1974). Thus, the treatment of clouds which is the product of
complicated interaction among radiation, moist convective
process with large-scale circulation and microphysical pro-
cesses, is one of the most complex tasks in GCM. Ice and
mixed-phase clouds are important part of the climate systems
and yet poorly understood and represented in GCMs to simu-
late the climate (Waliser et al. 2009). A high degree of uncer-
tainty still remains in observations of even bulk ice properties
(Waliser et al. 2009). Therefore, quantitative forecasting of
precipitation has been one of the major challenges in opera-
tional GCM. The effects of clouds on the treatment of con-
densation and evaporation are also important in the precipita-
tion calculation. Although reasonable precipitation forecasts
have been produced using simple schemes, one cannot neglect
cloud water and cloud ice in the model thermodynamic and
hydrological fields. Furthermore, the exclusion of ice-phase
clouds in the model can lead to underestimation of latent heat
release below the freezing level (<0 °C) and therefore
weakens the feedback of condensation to the thermody-
namic fields. Recently, Waliser et al. (2009) have shown
that the representation of cloud ice in GCM is inade-
quate. So, this is an ongoing challenge to rectify these
shortcomings and to reduce the model bias in the cloud
hydrometeor production. Previous studies based on ob-
servations have pinpointed that microphysical properties
are associated with monsoon (e.g., Rajeevan et al. 2013;
Hazra et al. 2015a; De et al. 2015). In this perspective,
the parameterization of microphysics has utmost impor-
tance in GCMs for the simulation of ISM. It has moti-
vated us to take up the present study which evaluates
impact of microphysical schemes on ISM by utilization
of fully coupled ocean–atmosphere model.

Recent generation dynamical coupled ocean–atmosphere
systems of National Centers for Environmental Prediction
(NCEP) Climate Forecast System (CFS) version 2 (hereafter
referred as CFSv2, Saha et al. 2014a) have played a vital role
in betterment of tropical seasonal prediction (e.g., Saha et al.
2014b; Saha et al. 2013; Pokhrel et al. 2012; Hazra et al.
2015b). CFSv2 has two types of microphysical schemes
namely Zhao and Carr (1997) and Ferrier et al. (2002).
Details of the clouds schemes are presented in section 2.2.
For better elucidation of cloud processes, we have also per-
formed sensitivity experiments using different RHcrit values
(90 and 95%) for the present CFSv2 microphysical scheme of
Zhao and Carr (1997) and Ferrier et al. (2002). In general,
RHcrit is empirically adjusted within the cloud cover formu-
lation to mimic the observation or to fine-tune the

climatological simulations. Impact of RHcrit along with mi-
crophysical scheme on ISM is also evaluated in this study.

This paper is arranged as follows: Section 2 deals with
model description and design of numerical experiments.
Section 3 illustrates results and discussion. Conclusions are
stated in section 4 of the manuscript.

2 Model description and design of numerical
experiment

2.1 Model description

NCEP has developed the Climate Forecast System version 2
(CFSv2; Saha et al. 2010, 2014a) fully coupled ocean‐atmo-
sphere‐land model with advanced physics, increased resolu-
tion, and refined initialization to improve the seasonal climate
forecasts. CFSv2 consists of a spectral atmospheric model at a
resolution of T126 (∼0.937°) with 64 hybrid vertical levels
and the Geophysical Fluid Dynamics Laboratory (GFDL)
Modular Ocean Model, version 4p0d (Griffies et al. 2004) at
0.25–0.5° grid spacing with 40 vertical layers. The atmo-
sphere and ocean models are coupled with no flux adjustment.
It utilizes simplified Arakawa–Schubert (SAS) cumulus con-
vection (Hong and Pan 1998) with momentum mixing. It im-
plements orographic gravity wave drag based on Kim and
Arakawa (1995) approach and subgrid scale mountain
blocking by Lott and Miller (1997). It uses rapid radiative
transfer model (RRTM) shortwave radiation with maximum
random cloud overlap (Iacono et al. 2000; Clough et al. 2005).
It is also coupled to a four-layer Noah land surface model (Ek
et al. 2003) and a two-layer sea ice model (Wu et al. 2005).

2.2 Cloud microphysics scheme in CFSv2

There are two microphysical schemes in CFSv2 namely Zhao
and Carr (1997) and Ferrier et al. (2002) implemented by
Moorthi et al. (2001) and Nakagawa et al. (2011). The con-
version of precipitation is diagnostically calculated directly
from the cloud water/cloud ice mixing ratio, and
precipitation rate is parameterized following Zhao and Carr
(1997) for ice and Sundqvist et al. (1989) for liquid water. The
convective source term is provided by the cloud top detrain-
ment in the convective parameterization (Moorthi et al. 2001,
2010). The large-scale condensation is based on Zhao and
Carr (1997) and Sundqvist et al. (1989). Moorthi et al.
(2001) introduced a simple cloud microphysics parameteriza-
tion (Zhao and Carr 1997; Sundqvist et al. 1989) in CFSv2
where cloud condensate is a prognostic variable. Both large-
scale condensation and the detrainment of cloud water from
cumulus convection provide sources of cloud condensate
(Moorthi et al. 2010; Sun et al. 2010).
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On the other hand, the Ferrier cloud microphysics scheme
used in the NCEP North American Mesoscale Forecast
System (Ferrier et al. 2002) was tested for the NCEP Global
Forecast System (GFS) and consequently implemented in
CFSv2 (Moorthi et al. 2001; Nakagawa et al. 2011). The
Ferrier scheme is a double-moment bulk cloud microphysics
scheme which predicts various forms of condensate in the
form of cloud water, small ice crystals, rain, and precipitation
ice. Precipitation ice is determined to be in the form of snow,
graupel, or sleet (frozen raindrops) based on the density of the
precipitation ice, which is explicitly calculated. Ferrier scheme
is designed for the use in high-resolution model and does not
consider partial cloud explicitly. Ferrier scheme is applied
separately to the cloudy and clear with precipitation portion
of the grid.

For calculating cloud optical thickness, all the cloud con-
densate in a grid box is assumed to be in the cloudy region. So,
the cloud condensate mixing ratio is computed by the ratio of
grid mean condensate mixing ratio and cloud fraction when
the latter is greater than zero (Saha et al. 2014a). The fractional
cloud cover used in the radiation calculation is diagnostically
determined from the predicted cloud condensate based on the
approach of Xu and Randall (1996).

2.3 Design of numerical experiment

The CFSv2 has been ported on IBM Prithvi High
Performance Computing (HPC) system at Indian Institute of
Tropical Meteorology (IITM), Pune. According to Sundqvist
et al. (1989), relative humidity-based cloud schemes assume
cloud formation after the relative humidity (RH) reaches a
critical value (RHcrit). In general, RHcrit is empirically ad-
justed within the cloud cover formulation to mimic the obser-
vation or to adjust the long-term climatological simulations
(Walcek 1994). This tuning of RHcrit within a physically
plausible range gives a better representation of cloud process-
es and also produces a better resemblance with observation
(Slingo et al. 1987; Sanderson et al. 2010).

Cloud scheme in CFSv2 is also based on relative humidity.
For the same, four sets of sensitivity experiments are per-
formed by specifying different values of RHcrit (low and high
values) along with microphysical scheme. The details of ex-
perimental design are as follows:

ZC90 run: Zhao and Carr (1997) microphysical scheme +
value of RHcrit is set as 90, 90, and 90 % for low, mid, and
high levels, respectively.

BF90 run: Ferrier et al. (2002), Moorthi et al. (2001) mi-
crophysical scheme + value of RHcrit is set as 90, 90, and
90 % for low, mid, and high levels, respectively.

ZC95 run: Zhao and Carr (1997) microphysical scheme +
value of RHcrit is set as 95, 95, and 95 % for low, mid, and
high levels, respectively.

BF95 run: Ferrier et al. (2002), Moorthi et al. (2001) mi-
crophysical scheme + value of RHcrit is set as 95, 95, and
95 % for low, mid, and high levels, respectively.

Initial conditions for the atmosphere and the ocean are tak-
en from NCEP Climate Forecast System Reanalysis (CFSR,
Saha et al. 2010). In the present experiments, the CFSv2 has
been integrated for 10 years. In our analysis, we have utilized
the last 9 years of simulations after excluding the first model
year for spin-up purpose. Climatological mean of required
fields are presented in these analyses and compared with ob-
servation and reanalysis products. The biases (model minus
observation) of various variables (precipitation, cloud frac-
tion, outgoing longwave radiation, temperature, precipitable
water) are also computed.

2.4 Observed datasets used

This study uses rainfall datasets from the Global Precipitation
Climatology Project (GPCP; Adler et al. 2003) and Tropical
Rainfall Measuring Mission (TRMM) 3B42. Convective and
stratiform rain products from TRMM are used in the study.
Monthly products such as wind patterns, precipitable water,
and temperature from NCEP reanalysis version 2 (Kanamitsu
et al. 2002) are also utilized in the analysis. The Modern-Era
Retrospective Analysis for Research and Application
Analysis (MERRA) monthly product between 2001 and
2011 has been used for cloud ice and cloud water hydrome-
teors. Detailed description of MERRAv5.2.0 dataset is avail-
able in recent work of Rienecker et al. (2011). The cloud
fraction dataset from the Cloud‐Aerosol Lidar with
Orthogonal Polarization (CALIOP) instrument on board the
Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) satellite is used here (Hu et al.
2009; Winker et al. 2009; Thorsen et al. 2011; Hazra et al.
2015a). The monthly June–September (JJAS) climatology
product of cloud fraction from 2006–2012 have been used
for the calculation of high cloud fractions. NOAA interpolated
outgoing longwave radiation (OLR; Liebmann and Smith
1996) is also used in the present study.

3 Results and discussions

3.1 Performance of microphysical schemes in terms
of rainfall

The simulation of the rainfall patterns by dynamical model
over Indian region has been proved to be a difficult task due
to its extremely complex spatial distribution and large precip-
itation gradients. This may pose difficulty in replicating the
exact pattern with the correct amplitude (Kulkarni et al. 2010).
However, a model which is able to simulate the observed
climatological mean more closely also have a propensity to
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have a better prediction skill (e.g., Delsole and Shukla 2010).
Therefore, climatological mean features have utmost impor-
tance for understanding the improvements in the skill of mod-
el. The major observed features of ISMR captured well by the
CFSv2 experiments (i.e., ZC90, BF90, ZC95, BF95) are pri-
mary continental rain belt extending from the Bay of Bengal
across the Indo-Gangetic plains corresponding to the mon-
soon trough and the low pressure systems, secondary oceanic
rain belt near the equatorial regions around 5° S (Fig. 1a–e).
Other features include rainfall maximum over west coast due
to the Western Ghats orographic barrier, maximum rainfall
over northeast India associatedwith the Himalayan orography,
and low rainfall over the southeast peninsula (Fig. 1a–e).
Region of mini-cold pool region off the southern tip of India
(e.g., Joseph et al. 2005; Rao et al. 2006) marked by very low
rainfall is also well simulated by the CFSv2 experiments
(Fig. 1a–e).

CFSv2 simulations depict dry rainfall bias over central
Indian region (CFSv2 rainfall bias: Fig. 2a–d). However,

relatively less dry bias is noted in ZC90 (Fig. 2a) with respect
to observed rainfall (GPCP). ZC90 and ZC95 show pattern
correlation of 0.7 with respect to observation (GPCP). In case
of BF90, pattern correlation come out to be 0.6, and for BF95,
it is very low as 0.3. ZC90-simulated rainfall patterns are
relatively better over central India as compared to BF90
(Fig. 2e, see also Table 1). BF90, BF95, and ZC95 experi-
ments are not able to show any improvement over central
Indian region (Fig. 2f–h). In case of ZC90, BF90, and ZC95
experiments, equatorial Indian Ocean region exhibits wet bias
over entire basin except some part of central equatorial Indian
Ocean region (Fig. 2a–c). However, in case of BF95, entire
Indian Ocean basin has prevalent wet bias (Fig. 2d). Northeast
Indian region and eastern equatorial Indian region is dominat-
ed by wet bias in BF95 experiment, which is quite unrealistic
(Fig. 2d). Ferrier et al. (2002) scheme (hereafter BF) with high
RHcrit (i.e., 95 %) seems to produce more rainfall over heavy
rainfall regions of Indian landmass and also over oceanic
regions.

Fig. 1 CFSv2-simulated JJAS (June–September) rainfall (mm/day) climatology for a ZC90, bBF90, c ZC95, and dBF95. CorrespondingGPCP-based
JJAS rainfall climatology is also presented (e)
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JJAS mean and standard deviation for ISMR (aver-
aged over larger domain of Indian region: 5° N–35° N,
65° E–95° E) are presented in Table 2. It was computed
based on 9 years of JJAS mean (since first year is
excluded for the model spinup). ZC-simulated JJAS
mean is relatively better than that of BF simulated
(see Table 2). In terms of standard deviation (SD),
ZC95 and BF95 show better performance which is com-
parable with observation. However, in terms of both
JJAS mean and SD, ZC95 is relatively better. BF90-
simulated JJAS mean is relatively low (i.e., 5.3), and
it has very large SD (0.9). BF95-simulated JJAS mean
is largely underestimated (i.e., 5.2). Overall ZC has sim-
ulated better mean and interannual variability as com-
pared to BF.

Model-simulated ZC and BF experiments are able to depict
the observed SD of JJAS rainfall (Fig. 3a–e). High raining
regions such as Western Ghats, northeast regions of India,
and tropical Indian Ocean regions are marked by high stan-
dard deviation of JJAS rainfall (see observation; Fig. 3e). ZC
and BF are able to capture these characteristics features rea-
sonably well (Fig. 3a–d). However, slight overestimation of
SD is noted in case of ZC90, BF90, and BF95. ZC95-
simulated SD is relatively in good agreement with observa-
tion. As a result, interannual variability exhibited by ZC95 is
relatively better as compared to others.

Fig. 2 Model rainfall bias (i.e., difference between JJAS rainfall
climatology of CFSv2 and GPCP, unit: mm/day) for a ZC90 (i.e.,
ZC90-GPCP), b BF90 (i.e., BF90-GPCP), c ZC95 (i.e., Z95-GPCP), d

BF95 (i.e., BF95-GPCP). Difference between the individual experiments
is presented as e ZC90-BF90, f ZC95-BF95, g BF95-BF90, and h ZC95-
ZC90

Table 1 JJAS rainfall bias (model—GPCP) over Indian region
(averaged over 70° E–90° E, 10° N–25° N; unit: mm/day) for ZC90,
BF90, ZC95, and BF95

ZC90 BF90 ZC95 BF95

Rainfall bias over Indian region
(averaged over 70° E–90° E,
10° N–25° N; unit: mm/day)

−3.5 −4.4 −4.0 −3.9

Table 2 JJAS mean and standard deviation for ISMR (averaged over
5° N–35° N, 65° E:95° E) for ZC90, BF90, ZC95 experiments and for
observation based on TRMM 3B42

Experiment name JJAS mean
(mm/day)

Standard deviation
(SD; mm/day)

ZC90 5.4 0.7

BF90 5.3 0.9

ZC95 5.4 0.5

BF95 5.2 0.5

TRMM 3B42 (observation) 5.7 0.4
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Further, we have examined convective and large-scale rain
from the simulation of different microphysical schemes (ZC
and BF; Fig. 4a–b). It reveals that both the schemes overesti-
mate (underestimate) the convective rain (large-scale rain/
stratiform rain). Annual cycle pattern of convective rain of
ZC90 resembles (differs) with observation during onset
(withdrawal) phase of ISM (Fig. 4a). The annual cycle of
convective rain for ZC95, in case of onset and withdrawal of
ISM, is comparable with observation (Fig. 4b). However,
JJAS mean of ZC95 depicts variations, and it overestimates
as compared to observation. In contrast, the annual cycle of
BF90 and BF95 depict reasonable patterns during withdrawal
as compared to onset of ISM. For large-scale rain, both mi-
crophysical schemes (ZC and BF) portray similar patterns
during onset and withdrawal of ISM. However, ZC90 pro-
duces relatively less large-scale rain as compared to BF90.
In contrast, there is less difference in large-scale rain of
ZC95 and BF95. As a result, annual cycle (for ZC95 and
BF95) patterns are also similar.

3.2 Precipitable water

Precipitable water (PW) is an important variable of the model
as it is manifested in surface precipitation. In general, PW
mimics the rainfall patterns in observations (Fig. 5e).
CFSv2-simulated PW for ZC90, BF90 and ZC95 experiments
also resemble with corresponding rainfall patterns (Fig. 5a–c).
However, BF95 shows overestimation of PW over northeast
Indian land mass region and over most of the oceanic warm
pool region (mean: Fig. 5d, bias: Fig. 6d). This land and
marine-based atmospheric moisture may contribute in excess
rainfall activity by precipitating out (e.g., Trenberth and
Guillemot 1998; Misra et al. 2012) over these regions. As a
result, BF95 shows excess rainfall in Indian Ocean basin re-
gion (wet bias seen in Fig. 2d). CFSv2 exhibits negative PW
bias over northern and central Indian region in all experiments
(Fig. 6a–d), which is also in line with rainfall bias (Fig. 2a–d).
However, ZC90-simulated pattern demonstrates improvement
in this northern and central Indian region PW bias as

Fig. 3 Standard deviation (unit: mm/day) of JJAS rainfall for a ZC90, b BF90, c ZC95, d BF95 (based on 9 years of CFSv2 simulations), and for e
observation (based on TRMM 3B42 dataset for the period 1998–2009)
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compared to other experiments (Fig. 6e–h). BF scheme
shows larger variation in PW patterns, which is clear
from Fig. 6g (induces heavy PW in case of BF95) as
compared to ZC scheme (where moderate changes are
taking place; Fig. 6h). Overall, ZC90 scheme perfor-
mance seems to be optimal.

3.3 Lower and upper tropospheric circulation

The dominant features of the monsoon circulation over south
Asian region are the cross-equatorial flow (Findlater jet) from

Southern Hemisphere along the east coast of Africa,
southwesterly/westerly flow over the Arabian Sea, Indian pen-
insula and Bay of Bengal (Fig. 7e; observed winds at
850 hPa). Findlater jet transports moisture from the southern
Indian Ocean to Indian landmass by connecting the
Mascarene High and Indian monsoon trough and forms the
lower branch of Hadley cell. CFSv2-simulated wind patterns
(ZC90, BF90, ZC95, and BF95) are also able to depict the
conspicuous feature of Findlater jet (Fig. 7a–d). Among mod-
el simulation, differences are minimal (see Table 3, Findlater
jet core speed averaged over 46° E–65° E, 5° N–15° N).

Fig. 4 Annual cycle of
convective (CP)/large-scale (LS)
rain from two microphysical
schemes (i.e., ZC and BF) for a
90 % RHcrit and b 95 % RHcrit.
For observational purpose,
TRMM convective (CP_TRMM)
and stratiform (SR_TRMM) rain
are used
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Sometimes, a dynamic instability of the Findlater jet can occur
leading to a real split of the jet near Somalia creating two jets
over India–Sri Lanka longitudes (Thompson et al. 2008). This
splitting of jet could be a temporary feature associated with
break spell (Joseph and Sijikumar 2004), and it could be a
feature of the transition between a dry and a wet spell of the
monsoon (Thompson et al. 2008). However, dominance of
northern jet (southern jet) might play an important role for
the strengthening (weakening) of monsoon (e.g., Thompson
et al. 2008). When the northern jet alone is dominant, the
Indian monsoon tends to be wetter. When the southern
jet alone is dominant, the monsoon is drier (Thompson
et al. 2008). In case of ZC simulations, northern jet is
dominant. As a result, ZC-simulated monsoon can be
wetter, which may lead to better JJAS mean. In case
of BF simulations, southern jet is dominant which may
lead to relatively drier monsoon.

In the upper troposphere (at 200 hPa), CFSv2 experiments
(ZC90, BF90, ZC95, and BF95) are able to depict a prominent

observed circulation system of Asian monsoon in terms of
Tibetan High (Fig. 8a–e). Tibetan anticyclone contains an east-
erly jet stream in its southern flank called as tropical easterly jet
(TEJ). TEJ is located over the southern India and adjoining
equatorial Indian Ocean. This characteristics feature of TEJ is
well captured by the CFSv2 experiments, although its strength
is underestimated (Fig. 8a–e; Table 3). Strength of TEJ is relat-
ed with the monsoon activity over the Indian subcontinent
(Naidu et al. 2011; Chaudhari et al. 2013). ZC90-simulated
TEJ strength is 15.4 m/s which is underestimated as compared
to observation (which has TEJ strength as 19.2 m/s). However,
it is relatively better than that of ZC95 (15.0m/s). Although BF-
simulated TEJ strength is more close to observations, it is con-
taminated by more dry bias over Indian region.

Overall, CFSv2 is able to depict these features; however,
simulated wind patterns are underestimated in upper tropo-
sphere. Microphysical schemes might be responsible for this
moderate success of depicting upper tropospheric circulation
which will be discussed in the next section.

Fig. 5 CFSv2-simulated JJAS precipitable water climatology (%) for a ZC90, b BF90, c ZC95, and d BF95. Corresponding NCEP-based JJAS
precipitable climatology is also presented (e)
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3.4 Total cloud condensate, high-level cloud fractions,
and outgoing longwave radiation

Spatial pattern of total cloud condensate is relatively better
represented by ZC schemes as compared to BF schemes
(Fig. 9a–e), although it is underestimated over Indian land-
mass region as compared to MERRA. Regarding BF, simulat-
ed total cloud condensate patterns are better over Indian land-
mass. However, it is highly overestimated over northeast re-
gion, which is unrealistic. To get the further details, vertical
profile of total cloud condensate is presented (Fig. 10).
Vertical profile is not proper represented in BF schemes, and
it has huge overestimation (underestimation) over lower
(upper) level (Fig. 10). In this context, ZC-simulated
total cloud condensate profile is better at upper and
lower level (Fig. 10) as compared to BF. Upper level
cloud condensate may have effect on high cloud frac-
tions and tropospheric temperature. To investigate it fur-
ther, high cloud fraction is presented in Fig. 11 along
with corresponding satellite observation of CALIPSO.
Relatively more total cloud condensate at upper level
is reflected in more high cloud fraction in ZC as com-
pared to BF (see Fig. 11a–e). Although high cloud frac-
tion is underestimated over Indian region, it is relatively

close to observations in ZC as compared to BF
(Fig. 11a–e). In brief, ZC-simulated high cloud fraction
(Fig. 11a, c) is in relatively good agreement with obser-
vation (CALIPSO; Fig. 11e).

As discussed earlier, total cloud condensate will also
modulate tropospheric temperature (TT) and tropospher-
ic temperature gradient which play major role in mon-
soon circulation. ZC90 and ZC95 depict cold bias in TT
(Fig. 12a, c). It is in line with previous studies of Saha
et al. (2014b). BF90 has strong cold bias (Fig. 12b). In
contrast, BF95 has warm TT bias (Fig. 12d), which is
unrealistic. Overall, ZC90 has somewhat reduced cold
TT bias as compared to BF90, which could be benefi-
cial for the monsoon circulation.

Previous studies have demonstrated that OLR is a
reasonable indicator of the convective activity over the
tropical regions which are strongly influenced by cloud-
iness, and it varies directly with cloud top temperature
(Krishnamurti et al. 1989). The region of low OLR
indicates the region of intense convection which is as-
sociated with monsoon (e.g., Kripalani et al. 1991;
Chaudhari et al. 2010). Observation depicts dominance
of low OLR (represented in blue color) in monsoon
zone (Fig. 13e). In case of BF, OLR values are

Fig. 6 Model precipitable water bias (i.e., difference between JJAS
precipitable water climatology of CFSv2 and GPCP, unit: mm/day) for
a ZC90 (i.e., ZC90-GPCP), b BF90 (i.e., BF90-GPCP), c ZC95 (i.e.,

Z95-GPCP), d BF95 (i.e., BF95-GPCP). Difference between the
individual experiments is presented as e ZC90-BF90, f ZC95-BF95, g
BF95-BF90, and h ZC95-ZC90
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relatively high (Fig. 13b, d) indicating weaker and shal-
low convection. ZC-simulatedOLR is in good agreement with
observation as compared to BF (Fig. 13a–e). As a result, ZC-
simulated rainfall pattern will be better than that of BF.
Hazra et al. (2015a) have demonstrated that high-level
cloud fraction and convective activity in terms of OLR
is highly correlated. As we have seen that ZC has rel-
atively better high cloud fraction as compared to BF
(Fig. 11a–e), it is reflected well in OLR patterns of ZC
(Fig. 13). Possible reasons for the same are explored in the
following section.

3.5 Possible reasons and physical processes responsible
for exploring the link between clouds and ISMR

The interaction among thermodynamics, cloud microphysics,
and dynamics plays a vital role in the summer monsoon pre-
cipitating clouds (Hazra et al. 2013a, b; Kumar et al. 2014). In
case of BF, relatively high OLR (Fig. 13b, d) as compared to
observation is seen in monsoon zone which indicates weaker
convection having weaker updrafts. As a result, lesser
upper level cloud condensate (Fig. 10) is noted in BF.
We have seen that vertical profile of cloud (Fig. 10) is

Fig. 7 CFSv2-simulated climatological JJAS wind patterns at 850 hPa (unit: m/s) for a ZC90, b BF90, c ZC95, and d BF95. Corresponding NCEP-
based JJAS wind patterns at 850 hPa is also presented (e)

Table 3 JJAS Findlater jet core wind speed (averaged over 46° E–65° E, 5° N–15° N; unit: m/s; at 850 hPA) for ZC90, BF90, ZC95, BF95, and NCEP

ZC90 BF90 ZC95 BF95 NCEP

Findlater jet core wind speed (averaged 46° E–65° E, 5° N–15° N; unit: m/s) 12.5 12.2 12.6 12.5 12.4

TEJ (averaged 70° E–90° E, 10° N:15° N; unit: m/s) 15.4 18.3 15.0 16.8 19.2

Similarly, JJAS tropical eastery jet (TEJ, averaged over 70° E–90° E, 10° N:15° N; unit: m/s; at 200 hPA) is also presented for ZC90, BF90, ZC95, BF95,
and NCEP
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not properly represented in BF schemes, and it illus-
trates overestimation (underestimation) at lower (upper)
level. This less cloud condensate at upper level of BF
(due to less deposition and condensation processes) will
produce weaker latent heating, and more cloud conden-
sate at lower level will result in cooling through cloud
water evaporation (e.g., Kumar et al. 2014; Hazra et al.
2013a, b; Tao et al. 1990). This improper vertical struc-
ture of heating/cooling results in suppressed convection
during ISM (as revealed by relatively high OLR in BF;
Fig. 13b, d). Less cloud condensate at upper level will
lead to low high-level cloud fraction in BF schemes. It
will provide feedback to OLR making it relatively high.
These interactions/processes can be broadly summarized
by a feedback loop as shown by the schematic diagram
(Fig. 14b).

ZC simulations depict relatively better OLR (Fig. 13a, c) in
monsoon region (relatively closer to observation; Fig. 13e)
which indicates strong convection having strong updrafts.
Consequently, more upper level cloud condensate (Fig. 10)
is shown in ZC. Vertical profile of cloud condensate

(Fig. 10) is also relatively better in ZC schemes, and it is close
toMERRA as compared to BF. This more cloud condensate at
upper level of ZC (due to better portrayal of freezing, deposi-
tion, and condensation processes) will produce stronger latent
heating and will lead to relatively strong convection during
ISM as exhibited by relatively low OLR. More cloud conden-
sate at upper level may lead to more high-level cloud fraction
in ZC schemes. It may provide feedback to OLRmaking them
relatively low. It is also illustrated by a feedback loop as
shown by the schematic diagram (Fig. 14a).

4 Conclusions

Impact of microphysical schemes of CFsv2 on Indian summer
monsoon is investigated in the present study. Previous studies
(e.g., Sanderson et al. 2010) have highlighted the benefit of a
proper prescription of RHcrit for better portrayal of cloud
processes and consequently the betterment of ISM simulations
in coupled ocean atmosphere simulations. Thus, sensitivity
experiments with different RHcrit (90 and 95 %) are

Fig. 8 CFSv2-simulated climatological JJAS wind patterns at 200 hPa (unit: m/s) for a ZC90, b BF90, c ZC95, and d BF95. Corresponding NCEP-
based JJAS wind patterns at 200 hPa is also presented (e)
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performed along with different microphysical schemes (ZC
and BF). The salient features of the study are elaborated
pointwise:

1. Climatological mean features in terms of rainfall are better
represented by all the sensitivity experiments. ZC90 and
ZC95 exhibit better map-to-map correlation (i.e., 0.7) as
compared to BF schemes (which varies from 0.6–0.3).
Dry bias over Indian region is also reduced in case of
ZC90. BF95 depicts more rainfall over heavy rainfall re-
gions of Indian landmass and over oceanic regions.
Performance of ZC90 is relatively better in terms of rain-
fall. However, both microphysical schemes (i.e., ZC and
BF) reveal that both the schemes overestimate
(underestimate) the convective rain (large-scale rain).

2. Precipitable water (PW) simulations from ZC90, BF90,
and ZC95 mimic corresponding rainfall patterns.
However, BF95 shows overestimation of PWover north-
east Indian land mass region and over larger part of the
oceanic warm pool region. Therefore, BF95 shows excess
rainfall in Indian Ocean basin region, which seems to be
unrealistic.

3. Lower tropospheric circulation of model is well depicted
by all the experiments. Model is able to depict the

characteristic feature of Findlater jet. In ZC simulations,
northern jet is dominant. As a result, ZC-simulated
monsoon can be wetter, which may lead to better
JJAS mean (which is relatively close to observa-
tion). In case of BF simulations, southern jet is
dominant which may lead to relatively drier mon-
soon (e.g., Thompson et al. 2008). In the upper
troposphere (at 200 hPa), all CFSv2 experiments
are able to depict a conspicuous feature of circula-
tion system of Asian monsoon in terms of Tibetan
High. TEJ is also well replicated by all the experi-
ments; however, its strength is underestimated in all
the experiments. In nutshell, CFSv2 is able to depict
these features; however, simulated wind patterns are
underestimated in upper troposphere. This underesti-
mation could be linked with improper representation
of cloud condensate at upper level.

4. Spatial pattern of total cloud condensate is relatively bet-
ter recapitulated by ZC schemes as compared to BF
schemes. Vertical profile of total cloud condensate is not
proper ly s imulated in BF schemes, which is
overestimated (underestimated) at lower (upper) level.
ZC-simulated total cloud condensate profile is relatively
close to observation, and it is better at upper and lower

Fig. 9 CFSv2-simulated climatological JJAS total cloud condensate (mg/kg) for a ZC90, b BF90, c ZC95, and dBF95. CorrespondingMERRA-based
climatology of total cloud condensate is also presented (e)
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level. Relatively more total cloud condensate at upper
level has lead to relatively better high cloud fraction in
ZC simulation.

5. Physical processes which accentuate the linkage between
clouds and ISMR can be explained by a feedback repre-
sented by schematic diagram (Fig. 14a–b). Relatively

high OLR, which is an indicative of weaker convection
having weaker updrafts, is noted in BF simulation over
monsoon zone. Subsequently, less upper level cloud con-
densate is seen in BF. It can be due to improper represen-
tation vertical profile of cloud, which shows underestima-
tion (overestimation) of upper (lower) level cloud conden-
sate. This less cloud condensate at upper level of BF may
generate weaker latent heating, and more cloud conden-
sate at lower level may result in cooling through cloud
water evaporation. Thus, this improper vertical structure
of heating/cooling results in suppressed convection dur-
ing ISM season as exhibited by relatively high OLR in
BF. Less cloud condensate at upper level will lead to low
high-level cloud fraction in BF schemes which will pro-
vide feedback to OLR making them relatively high.

6. ZC simulations represent low OLR, which has great prox-
imity with observation. It implies strong convection hav-
ing stronger updrafts. Accordingly, more upper level
cloud condensate is exhibited in ZC. Vertical profile of
cloud is also relatively better represented by ZC schemes.
This more cloud condensate at upper level of ZC (which is
in agreement with observation) will produce stronger la-
tent heating and will lead to relatively strong convection
during ISM asmarked by relatively lowOLR.More cloud
condensate at upper level will correspond to more

Fig. 10 Vertical profile of JJAS total cloud condensate mixing ratio (mg/
kg) averaged over 70° E–90° E, 5° N–30° N for MERRA (black line),
ZC90 (red line), ZC95 (green line), BF90 (navy blue line), and BF95
(aqua line)

Fig. 11 CFSv2-simulated climatological JJAS high cloud fractions for a ZC90, b BF90, c ZC95, and d BF95. Corresponding CALIPSO-based JJAS
high cloud fractions are also presented (e)

Indian summer monsoon simulations with CFSv2: a microphysics pers 265



Fig. 12 Model-simulated tropospheric temperature (TT) bias (i.e.,
difference between JJAS TT of CFSv2 and NCEP, unit: °C) for a ZC90
(i.e., ZC90-GPCP), bBF90 (i.e., BF90-GPCP), cZC95 (i.e., Z95-GPCP),

and d BF95 (i.e., BF95-GPCP). Difference between the individual
experiments is presented as e ZC90-BF90, f ZC95-BF95, g BF95-BF90
and h ZC95-ZC90

Fig. 13 CFSv2-simulated JJAS OLR climatology (W/m2) for a ZC90, b BF90, c ZC95, and d BF95. Corresponding NOAA interpolated OLR is also
presented (e)
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high-level cloud fraction in ZC schemes, and it will
give feedback to OLR making them relatively low.
As a result, ZC-simulated ISM is in relatively better
agreement with observation. Result pinpoints that
ZC scheme may be useful for the operational fore-
cast of ISMR.

Further in-depth studies are required for the incorpora-
tion of realistic representation of cloud condensate for
tackling the challenging problem of ISM through micro-
physics aspect. We believe that these future improvements

in representation of cloud condensate will lead to better-
ment of cloud fractions and realistic representation of la-
tent heating/cooling, which, in turn, will give feedbacks to
dynamics through convection.
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Fig. 14 The interaction among
microphysics, thermodynamics,
and dynamics works in tandem
through a closed feedback loop
which is represented by schematic
diagram for a ZC and b BF
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