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Abstract—Establishment of Indian summer monsoon (ISM)

rainfall passes through the different phases and is not uniformly

distributed over the Indian subcontinent. This enhancement and

reduction in daily rainfall anomaly over the Indian core monsoon

region during peak monsoon season (i.e., July and August) are

commonly termed as ‘active’ and ‘break’ phases of monsoon. The

purpose of this study is to analyze REGional Climate Model

(RegCM) results obtained using the most suitable convective

parameterization scheme (CPS) to determine active/break phases of

ISM. The model-simulated daily outgoing longwave radiation

(OLR), mean sea level pressure (MSLP), and the wind at 850 hPa

of spatial resolution of 0.5�9 0.5� are compared with NOAA,

NCEP, and EIN15 data, respectively over the South-Asia Co-Or-

dinated Regional Climate Downscaling EXperiment (CORDEX)

region. 25 years (1986–2010) composites of OLR, MSLP, and the

wind at 850 hPa are considered from start to the dates of active/

break phase and up to the end dates of active/break spell of mon-

soon. A negative/positive anomaly of OLR with active/break phase

is found in simulations with CPSs Emanuel and Mix99 (Grell over

land; Emanuel over ocean) over the core monsoon region as well as

over Monsoon Convergence Zone (MCZ) of India. The appearance

of monsoon trough during active phase over the core monsoon zone

and its shifting towards the Himalayan foothills during break phase

are also depicted well. Because of multi-cloud function over

oceanic region and single cloud function over the land mass, the

Mix99 CPSs perform well in simulating the synoptic features

during the phases of monsoon.

Key words: Active/break phase, Indian summer monsoon

(ISM), REGional Climate Model (RegCM), CORDEX, convective

parameterization scheme (CPS).

Abbreviations

ISM Indian summer monsoon

RegCM REGional Climate Model by ICTP

CPS Convective parameterization scheme

OLR Outgoing longwave radiation

MSLP Mean sea level pressure

NOAA National Oceanic and Atmospheric

Administration

NCEP National Center for Environmental

Prediction

EIN15 Era-Interim

MCZ Monsoon Convergence Zone

CORDEX Co-Ordinated Regional Climate

Downscaling EXperiment

IMD India Meteorological Department

IPCC Intergovernmental panel on climate

change

ICTP International Center for Theoretical

Physics

MM5 Mesoscale model version 5

BATS Biosphere-atmosphere transfer scheme

PBL Planetary boundary layer

ICBC Initial conditions and boundary

conditions

OISST Optimum interpolation sea surface

temperature

OI_WK OISST in weekly pattern

NCC National Climate Centre

Q–Q Quantile–Quantile

SD Standard deviation

RMSE Root mean square error

CC Correlation-coefficient

ECMWF European Centre for Medium-Range

Weather Forecasts

JJAS June–July–August–September
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1. Introduction

Southwest summer monsoon has an important

role over Indian subcontinent which contributes about

80% of annual rainfall during June–September

(JJAS). On the intra-seasonal time scale, the rainfall

variability (enhancement and reduction) over the core

monsoon region of India is demonstrated by ‘‘active’’

and ‘‘break’’ phases of monsoon. A small fluctuation

in this intra-seasonal variability leads to the large-

scale flood and drought over the Indian region. On the

other hand, Indian total agriculture production highly

depends on the seasonal rainfall and about 70% of

working household strictly depends on agriculture

activity as profession for livelihood (Krishna Kumar

et al. 2004). Therefore, any inconsistency in intra-

seasonal and intra-annual monsoon variability can

have a major impact on Indian food grain production

and India’s economy can be badly affected by this

variability (Gadgil et al. 1999; Krishna Kumar et al.

2004).

On Intra-seasonal time scale, the rainfall vari-

ability (enhancement and reduction) over the core

monsoon zone of India is demonstrated by ‘‘active’’

and ‘‘break’’ phases of monsoon (Bhatla et al. 2004).

In large-scale environment, these two regimes (active

and break) are significantly different from the

enhancement and depression of rainfall which

depends on the northward propagation of convection

from the central equatorial Indian Ocean to the Indian

land region (Sikka and Gadgil 1980) and accompa-

nied by eastward propagation of intra-seasonal events

over the equatorial Indian Ocean (Lau and Chan

1986; Wang and Rui 1990; Lawrence and Webster

2002). Annamalai et al. (1999) have noted a north-

ward propagation of convection zone which can often

be associated with the start of active phases of rainfall

(Krishnan et al. 2000; Lawrence and Webster 2002;

Annamalai and Slingo 2001; Annamalai and Sperber

2005). A weak westward movement of convection

toward the Indian continent has also been noted by

Krishnamurti and Ardanuy (1980), Wang and Rui

(1990), Annamalai and Slingo (2001). An opposite

phenomenon in the active to break phase is consistent

with the movement of monsoon trough which exists

over India during the monsoon season (Ramamurthy

1969). He identified the minimum time span of the

regular break period and very long break epochs that

lasted for 17–20 days and occurs frequently during

the peak monsoon months of July and August. Sev-

eral studies based on different criteria over regions at

differing spatial scales have been carried out to

identify the active and break phases of ISM (Rajee-

van et al. 2010; Krishnan et al. 2000; Annamalai and

Slingo 2001). A comprehensive analysis using daily

rainfall departures, wind anomalies and satellite-

derived OLR which are associated with the com-

mencement of the break monsoon condition has been

studied by De and Mukhopadhyay (2002). The

interrupted/continued rainfall distribution during ISM

over the core monsoon zone is recognized as the most

important feature of break/active (Gadgil 2003) and

this particular climatic feature depends on various

parameters. Therefore, various criteria have been

adopted by IMD for defining the break condition over

India (Rao 1976; Gadgil and Joseph 2003; Rama-

murthy 1969; De et al. 1998). Rajeevan et al. (2010)

have identified the break spells on the basis of grid-

ded rainfall dataset depending on rainfall parameter

only. The criteria of Krishnan et al. (2000) for iden-

tifying break condition completely depend on OLR

composite analyses. They had conducted the spatial

and temporal evaluations of convective anomalies

associated with monsoon breaks with that of OLR-

based diagnostic analyses. 17 years (1979–1995) of

satellite-derived OLR and 850 hPa wind data from

NCEP reanalysis were considered for their study.

Their study demonstrated that the low latitude Rossby

wave dynamics in the presence of a monsoon basic

flow (which was driven by steady north–south dif-

ferential heating) is the primary physical mechanism

controlling monsoon active/breaks.

Several studies have been carried out to under-

stand the intra-seasonal monsoon variability using

climate modeling and simulation (Lal et al. 2000;

Ajayamohan and Goswami 2007; Achuthavarier and

Krishnamurthy 2009; Taraphdar et al. 2010; Gos-

wami et al. 2012; Dash et al. 2014; Bhatla and Ghosh

2015). Many attempts have been made to evaluate the

model with different CPSs to simulate ISM (Raju

et al. 2015). The skill-based Regional Climate Model

(RegCM) study has also been cried out by many

scientists to simulate the intra-seasonal variability of

monsoon (Bhate et al. 2012). Although, Kang and
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Hong (2008) have specified that no specific scheme is

entirely better than the others and in the modeling

framework their performance varies with regions,

simulated period, and interaction with other physical

processes (IPCC 2007). Therefore, in recent decade,

Giorgi et al. (2012) have introduced the updated

version of RegCM-4 with the ability to run using

different combinations of CPSs over land and ocean

in mixed scheme mode. A limited efforts have been

made to simulate ISM using RegCM over South-Asia

CORDEX domain (Bhatla et al. 2016; Bhatla and

Ghosh 2015; Raju et al. 2015; Maharana and Dimri

2015; Dash et al. 2014; Sinha et al. 2013). Moreover,

simulation of monsoon using RegCM was found very

sensitive with different cumulus parameterization

schemes (Bhatla et al. 2016), particularly over the

core monsoon region where convection plays a major

role in monsoon dynamics (Dash et al. 2006; Sinha

et al. 2013; Ghosh et al. 2018). It is also noticed that

the performance of model always changes with the

improved physics in the model (Umakanth et al.

2015).

Various studies have been carried out with the

intra-seasonal variability of ISM using RegCM, but

there are only few that cover the study of phases of

ISM with the combination of CPSs over the specified

region. In large-scale environment, the active and

break regimes significantly influence the flood and

the drought conditions over India. Therefore, this

study is considered to analyze the active/break phases

of ISM using RegCM-4.3 using combination of

mixed scheme for simulation over core monsoon

region and have tried to find out the best-suited CPSs

of RegCM-4.3 in simulating active/break phases of

monsoon. This work is in continuation of Bhatla et al.

(2016), which focused on the onset phase simulation

with the CPSs of RegCM-4.3. Their study has shown

the performance of different CPSs over Indian land-

sea continental margin during onset phase. Therefore,

the primary objective of this study is to improve the

current understanding of the intra-seasonal monsoon

mechanism using different CPSs of RegCM-4.3 that

controls the evaluation of active/breaks phases of

monsoon. However, the model physics responsible

for the intra-seasonal variability of ISM is not con-

sidered in this study.

2. Model Description, Data and Experimental

Design

2.1. Model Description

The conceptual innovation of the RegCM-4.3

with the core of MM5 by ICTP was originally

developed in late 1980s (Giorgi and Bates 1989;

Dickinson et al. 1989). After a couple of major

upgradation, Giorgi et al. (2012) have introduced 4.3

version of RegCM. In this version, two types of land-

use have been added to BATS for the representation

of urban and suburban environments. For urban

development, surface albedo has been modified and

surface energy balance is modified for altering the

surface conditions. The physical processes of Holt-

slag et al. (1990) for the Planetary Boundary Layer

(PBL) have been used for this study. RegCM-4.3 has

four core CPSs; namely: Kuo, Tiedtke, Emanuel

(Emanuel 1991; Emanuel and Živković-Rothman

1999) and Grell (Grell 1993). Besides, this version

of RegCM-4.3 has the ability to run the combinations

of different CPSs (Emanuel and Grell) separately

over land and ocean in mixed convection schemes

mode. The RegCM-4.3 configuration is placed in

Table 1.

Table 1

Model configuration of RegCM-4.3

Dynamics Hydrostatics

Model domain South Asia CORDEX domain (15�S–

45�N; 10�E–130�E)

Resolution 50 km horizontal

Vertical level 18 sigma vertical levels

Initial and boundary

conditions

ERA15

SST OI WK—OISST weekly optimal

interpolation dataset

Land surface

parameterization

Radiation

Modified CCM3

Parameterization PBL Modified holtslag

Convective

parameterization

1. Mix98 (Emanuel over land and

Grell over ocean)

2. Mix99 (Emanuel over ocean and

Grell over land)

3. Emanuel

4. Grell
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2.2. Data and Experimental Design

The South Asia domain was organized for the

regional study under WCRP CORDEX experiment

(Giorgi et al. 2008). For ISM study, the South-Asia

CORDEX domain (22�S–50�N and 10�E–130�E) has

been chosen for RegCM-4.3 simulation. To better

represent the responses of climate dynamics associ-

ated with the atmospheric convection and

topographical complexity, it has been tried to conduct

the RegCM-4.3 simulations at 0.5� 9 0.5� resolution.

The model-simulated daily OLR, MSLP, and the

wind at 850 hPa are used to simulate the synoptic

pattern associated with active/break phases of ISM.

The initial conditions and boundary conditions

(ICBC) with lateral boundary forcing are derived in

6 hourly fields from EIN15 reanalysis. These bound-

ary conditions are available at 1.5� horizontal

resolution and 37 vertical levels. The model-simu-

lated daily data have been initialized from the 1st of

May and integrated up to the 1st October for each of

25 years (1986–2010) time duration. In the present

study, four individual CPSs such as Grell, Emanuel,

Mix98 (Grell over the ocean, Emanuel over land) and

Mix99 (Grell over land, Emanuel over the ocean) are

considered. These CPSs are forced with the OISST in

weekly pattern (OI_WK) with 1� 9 1� resolution

(Reynolds et al. 2002), obtained from NOAA. The

detailed description of different CPSs in terms of the

trigger conditions and closure assumptions is pro-

vided in Table 2.

To carry out the experiment, the active/break

spells are considered from National Climate Centre

(NCC) Research Report (2013) by IMD and treated

as observational facts. The total numbers of active

and break spells during the study period are 49 and 39

which are made up of 203 active days and 225 break

days, respectively. OLR data of NOAA, MSLP of

NCEP, and the wind at 850 hPa of EIN15 reanalysis

over the considered domain are used for comparison

with simulated pattern. The model-simulated results

are extensively analyzed to find out the predictive

skill in simulating the active/break phases of ISM

over 71�E–83�E and 21�N–28�N which closely lies

on the core monsoon zone of Rajeevan et al. (2010).

For sensitivity analysis and verification, model-sim-

ulated parameters in the course of the active/break

spells are compared with observed/reanalysis data-

sets. The data distributions are verified by the two

tailed Q–Q plot (Wilk and Gnanadesikan 1968) in

which the first quantile stands for observe/reanalyze

data distribution and the CPS data distribution is

placed in second quantile. For the good agreement in

model validation, Taylor Diagram (Taylor 2001) is

considered which represents the area averaged (over

core monsoon region) temporal CC, SD and RMSE in

one visual framework for 25 years period. For the

sake of hand on circulation process during active/

break phase, the anomaly of active/break phase from

the seasonal mean and the anomaly between active

and break phase are also displayed. For spatial

distribution pattern validation, the spatial pattern

CC (time independent) of MSLP climatology during

active/break phase has also been considered.

3. Results and Discussion

Analysis of the synoptic phenomena using dif-

ferent CPSs of RegCM-4.3 is considered using wind

(850 hPa), OLR and MSLP parameters and has been

presented in Figs. 1, 2, 3, 4, 5, 6, 7, 8 and 9, in which

Table 2

Features of CPSs in RegCM-4.3

Emanuel Grell

Trigger condition Level of buoyancy is higher than the

cloud base level

Lifted parcel attains moist convection

Assumption Quasi-equilibrium of updraft Fritsch–Chappell (FC) closure: available buoyant energy is

released within a timescale typically on the order of 30 min

Precipitation scheme One updraft ? one downdraft One updraft ? one downdraft

References Emanuel (1991) Grell (1993)
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monsoon circulation in regular pattern along with the

anomaly distribution has been considered. The model

verification and validation have been statistically

supported at the end of this section.

3.1. Monsoon Circulation During Active/Break

Phase

Monsoon circulation during active/break spells is

studied by considering the composite of OLR, MSLP,

and the wind fields at 850 hPa. Model-simulated

RegCM output with four different CPSs (Grell,

Emanuel, Mix98 and Mix99) is compared with

reanalysis datasets for 25 years climatology period.

For the study of different phases of monsoon, the core

monsoon zone considered between 71�E–83�E and

21�N–28�N which nearly lies on the monsoon region

of Rajeevan et al. (2010). The spatial distribution of

composite OLR, MSLP, and wind distribution

(850 hPa) during active (Fig. 1a–c) and break

(Fig. 1d–f) phases has been obtained from EIN15,

NOAA and NCEP, respectively. It is observed that a

very strong zonal wind is passing through the core

monsoon zone of India during the active phase

(Fig. 1a). The distributions of OLR shrinking during

active phase are presented in NOAA-OLR (Fig. 1b).

At the same time, a pressure belt of average of

995–1005 hPa is noticed over the Monsoon Conver-

gence Zone (MCZ) (Fig. 1c). A low pressure system

of less than 995 hPa is noted during the active period

of monsoon over the core monsoon zone. The

monsoon trough of MSLP (value 995–1005) is very

Figure 1
Circulation pattern of EIN15-wind (850 hPa), NOAA-OLR and NCEP-MSLP during (a–c) active and (d–f) break phases of ISM. The spatial

pattern is based on the composite during the phases for 25-year time duration (1986–2010)
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prominent near the foot of Himalaya during these

days. The region of low MSLP covers a very large

area over western India, Pakistan, Afghanistan and

middle-east Asia during the active phase. The reverse

is observed in wind, OLR and MSLP during the break

phases of monsoon. The low level jet shows a slight

southward deflection in wind direction over the core

monsoon region during break phase (Fig. 1d). The

rising in the OLR distribution over the core monsoon

region is showing very high (Fig. 1e) and the

monsoon trough has been shifted from the central

India to the Himalayan foot hills (Fig. 1f). A small

region of low MSLP prevails over Northwest India,

Pakistan and Saudi Arabia during this phase. For the

sake of hand about the phase dynamics during active

and break, the anomaly from seasonal mean JJAS has

been considered for the respective parameters in

Fig. 2a–f. A clear and opposite progression is

observed in the anomalies during active and break

phases. A strong wind circulation blows over the core

monsoon region during active phase than seasonal

mean wind circulation during monsoon (Fig. 2a)

Figure 2
Spatial anomaly pattern of EIN15-wind (850 hPa), NOAA-OLR and NCEP-MSLP during the active and break phases of monsoon during

1986–2010. The anomalies during (a–c) active and (d–f) break phases have been considered by subtracting the climatology seasonal mean

from the respective phases of ISM

cFigure 3
OLR circulation pattern and the anomaly of different CPSs of

RegCM during (a–h) active and (i–p) break phases of ISM during

1986–2010. The anomalies during active and break phases have

been considered by subtracting the climatology seasonal mean

from the respective phase and CPS

3702 R. Bhatla et al. Pure Appl. Geophys.
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which becomes weaker during the break phases and

speed of wind over the core monsoon region is half of

the active phase (Fig. 2d) (Varikoden 2006). Fig. 2b,

d represents the OLR anomaly from the seasonal

JJAS OLR mean during the active and break phases.

A vice versa OLR distribution is represented from the

anomaly plot. Region over core monsoon zone

represents low (high) OLR during active (break)

phase and, therefore, a sharp negative (positive)

anomaly is observed in OLR anomaly distribution

(Fig. 2b/d). The most prominent feature during active

and break phases is the shifts of monsoon trough over

core monsoon zone to Himalayan foot hills which are

clearly represented in Fig. 2c, f. During active phase,

the mean trough position shifts towards the core

monsoon region (Fig. 2c) and during break it has

been shifted towards the foot hill Himalaya (Fig. 2f).

Convection has an important role in the formation

of cloud and the total cloud amount is inversely

related to OLR which is the cause of excess or deficit

of rainfall (Raju et al. 2009). Figure 3 represents the

OLR distribution during active/break phases and its

anomaly from the seasonal mean (JJAS) for all the

considered CPSs. The CPS-simulated RegCM per-

formance during active/break phases over Indian core

monsoon zone for the OLR (Fig. 3a–p) is compared

with reanalyzed datasets (Figs. 1 and 2). The spatial

OLR distribution and its anomaly from the seasonal

mean simply represent the proxy of rainfall over the

region. In other words, positive/negative anomalies of

OLR are the cause of negative/positive anomaly of

rainfall. Thus, OLR is a good proxy for inferring the

rainfall activity associated with the tropical convec-

tion, i.e., and that is why the identification of different

phases of monsoon using OLR is greatly facilitated to

capture conspicuous nature of phase’s anomaly

Figure 4
Temporal series of composite OLR of NOAA and model-simulated CPSs during active and break phases during 1986–2010

cFigure 5
Circulation pattern MSLP and the anomaly of different CPSs of

RegCM during (a–h) active and (i–p) break phases of ISM during

1986–2010. The anomalies during active and break phases have

been considered by subtracting the climatology seasonal mean

from the respective phase and CPS
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(Krishnan et al. 2000). It is observed that the spatial

distributions of all CPSs (Fig. 3a–p) have been more

or less following the pattern of reanalysis OLR.

During active (break) phase, the formations of OLR

over the core monsoon region are represented well in

Mix98 CPS but the anomaly shows a positive

(negative) OLR for the phases. OLR distribution

and the anomaly in the CPS Mix99 are following the

pattern of NOAA (Fig. 2). It is also observed that the

Mix99 CPS very closely follows the NOAA-OLR

over the surrounding area of western and north-

western part of India. The positive/negative anomaly

over the regions is very prominent in relative to the

NOAA during active/break phases. The Grell CPS is

weak in OLR distribution simulation during active/

break phases as the anomaly from the seasonal mean

shows less which represents non-variation of OLR

during the phases. Emanuel CPS is failed to capture

the spatial distribution over the Western and North-

Western part of India during the phases. Previous

study by Raju et al. (2009) has found the same

mechanism during active/break of monsoon. The

temporal composite OLR distributions during active/

break phases over the core monsoon region are

considered in Fig. 4a, b where Fig. 4a stands for the

distribution during active phases and Fig. 4b repre-

sents the break phases for reanalyzed and model-

simulated output. The temporal distribution repre-

sents a very high overestimation in OLR for all the

CPSs with respect to reanalysis during active phase

(Fig. 4a). During break phases, the data distribution

follows the NOAA-OLR for the 25 years period

(Fig. 4b). The above analysis may conclude in

support of the Mix99 CPS by following the spatial

pattern of NOAA with the overestimation in OLR

over the region. The overestimation in model CPSs’

OLR is due to the lack of wind circulation speed in

model simulation which was carried forwarded from

Figure 6
Temporal series of composite MSLP of NCEP and model-simulated CPSs during active and break phases during 1986–2010

Figure 7
Spatial pattern correlation-coefficient (CC) of CPS’s and NCEP

MSLP climatology pattern for active and break phases

c
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the EIN15 data over the core monsoon region during

active phase. This is the cause behind not propagat-

ing of OLR from the central India and model

simulated OLR distribution are showing high value

over the region during the phase (Ghosh et al. 2018).

An inverse correlation between precipitation and

MSLP is observed by Li et al. (2005), Allan and

Haylock (1993) illustrated that the low (high) zone of

MSLP is in relation to high (low) rainfall over a

specific area in a certain condition. In Fig. 5a–p, the

low pressure area covers the MCZ in the CPSs

simulation during active phase and during break

phase; the development of low pressure observed

more prominently over the MCZ has been depicted in

the spatial distribution. The spatial distributions of

model simulation have been compared with the

reanalyzed MSLP during active and break phases

(Fig. 1). Trough of MSLP over the MCZ shows the

value of 995–1000 hPa during active phase and

1000–1005 hPa during break of ISM has also been

observed in the CPSs. The distribution is more

observable in anomaly distribution in Fig. 5. The

appearance of monsoon trough during active phase

and shifting toward the Himalayan foothills during

break phase with the disappearances from core

monsoon zone (Taraphdar et al. 2010; Ramamurthy

1969; Rao 1976) are well depicted in the Mix99 and

Grell CPSs during the respective phases. This disap-

pearance of monsoon trough is also evident in the

anomaly pattern during active/break phases of mon-

soon. Mix98 and Emanuel are simulating less in

comparison to the other schemes. The time series

analysis for MSLP is also considered over the

specified region in which distribution matches with

bFigure 8

Wind circulation at 850 hPa and the anomaly of different CPSs of

RegCM at the same height during (a–h) active and (i–p) break

phases of ISM during 1986–2010. The anomalies during active and

break phases have been considered by subtracting the climatology

seasonal mean from the respective phase and CPS

Figure 9
Temporal series of composite zonal wind of EIN15 and model-simulated CPSs at 850 hPa during active and break phases during 1986–2010

Vol. 175, (2018) Regional Climate Model Performance in Simulating 3709



the spatial pattern itself and with the pattern of NCEP

reanalysis (Fig. 6). In this temporal distribution, the

Emanuel and Mix99 are closely resemblance with the

reanalyzed datasets and Grell scheme shows a slight

overestimation during active and break phases of

monsoon. Further, it has been tried to obtain the

correlation-coefficient (CC) of spatial pattern of

MSLP climatology distribution for the CPSs with

respect to NCEP reanalysis during active and break

phase (Fig. 7). It is observed that the MSLP distri-

butions of all CPSs are well correlated during active

phases and break. Spatial distribution of CC in active

phases goes up to 0.7 over some parts of the core

monsoon zone (rectangle box) and for break phases it

is up to 0.6. Detailed analyses of statistical scores

have been considered in further discussion.

The distribution of wind at 850 hPa using

RegCM-4.3 is shown in Fig. 8a–p and compared

with the EIN15 reanalysis data (Figs. 1 and 2). This

distribution shows that a strong low level westerly

comes across the Somalia and blows through the

central India during the active phase of monsoon. The

wind circulation at 850 hPa is stronger with respect to

the seasonal circulation which is observed from the

anomaly distribution from seasonal mean during the

active phase. During break phase, a weak westerly

wind is prevailing over the north of the Indian region

and shifts towards the south. The deviation of wind

direction from the core monsoon zone to the south-

east India is presented well in CPSs Mix99 and

Emanuel during break phases which can be observed

from the break phase anomaly. From the figures, it

can be described that during break phase the wind

circulates with the half speed of active phase wind

circulation (Varikoden 2006) and, therefore, wind

circulation anomaly during break phase represents

outwards with respect to seasonal wind circulation

speed. This wind circulation during the break phase is

well observed by Mix98, Mix99 and Emanuel CPSs.

The Grell scheme seemed to be successful over the

plain areas (Sardar et al. 2012); therefore, due to the

topographical complexity over Indian land region,

Grell CPS is not able to capture wind circulation

mechanism during active/break phases. The better

performance of Emanuel CPS may be due to the

triggering factor in the CPS due to the uplift of a

parcel (Elguindi et al. 2011) over a region of complex

topography. From the active to break phase of

monsoon, a substantial decrease of wind speed is

also observed in the anomaly pattern. A strong wind

speed in the reanalysis data (earlier discussion) as

well as in different CPSs is observed during the

active phase and the opposite formulation is noticed

during break. For the sake of hands, the temporal

distribution of zonal wind speed during the phases

with different CPSs with respect to reanalysis is

considered in Fig. 9a, b. In this figure, the zonal wind

speed of four CPSs follows the pattern of EIN15

reanalysis during active (Fig. 9a) as well as during

the break phases (Fig. 9b) of monsoon. The CPSs

distribution completely follows the EIN15 wind

distribution and an average difference in zonal wind

speed of 3 ms-1 is noticed between active to break

phase zonal wind circulation. It is also observed that

the EIN15 and model-simulated zonal wind speed

over the core region show very less difference

between active and break phase in contrast to the

study of Varikoden (2006). Ghosh et al. (2018) have

illustrated that the RegCM-simulated output is forced

to simulate underestimation in zonal wind circulation

speed due to lack of wind speed in EIN15 datasets

over some specified region which was carried

forward during model simulation. The convection is

significantly enhanced/reduced with the strong/weak

zonal wind flow over the Indian region during active/

break phases of ISM (Annamalai and Slingo 2001).

Therefore, in CPSs, the weak zonal wind circulation

is failed to lift the OLR parcel from the core monsoon

region and is the cause behind the overestimation in

OLR simulation over the region (Ghosh et al. 2018).

3.2. Spatial Distribution of Active/Break Phase

Anomalies

Earlier section has briefly discussed the large-

scale intra-seasonal variation and the simulation over

core monsoon region. This section has been elabo-

rated the anomaly distribution of active and break

phases of monsoon. Figures 10a, b and 1a–h repre-

sent the spatial anomaly distribution of reanalysis and

CPSs, respectively. The anomaly has been processed

by deducting the active phase from break phase. A

deep clarification in the circulation process of OLR

and MSLP in synaptic scale has been tried by
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superimposing the wind circulation at 850 hPa over

the considered parameters. A large negative anomaly

in OLR distribution (\- 30 Wm-2) over the MCR

and the core monsoon zone is noticed (Fig. 10a)

which represents the high OLR value over the region

during break phase than active days. At the same

time, a negative pressure belt is raised over the region

of negative OLR anomaly (Fig. 10b). The positive

anomaly over the Himalayan region is also noticed

during the period. A cyclonic wind circulation is

covering the respective zone. In other words, the low

OLR and low MSLP along with high speed jet at

850 hPa are the result of active rainfall and reverse

for break phase. These are the prominent dynamics

for active and break phases of monsoon. Figure 11a–

h represents the anomaly of active/break phase with

four CPSs. The negative distribution of OLR and

MSLP anomaly pattern along with the cyclonic wind

circulation over MCR and the core monsoon zone of

India is well simulated by CPS Mix98 and Mix99

(Fig. 11a–d). Although, a mild anomaly value is

observed over the respective north-west and west part

of India in comparison to Fig. 10a, b. In this respect,

it is also observed that the Mix98 scheme (Fig. 11a,

b) simulates the features over the core monsoon

region which is slightly displaced from the reana-

lyzed negative anomaly region (Fig. 10a, b). This

regional feature is well simulated with the Mix99

CPS (Fig. 11c, d). The closer assumption of Grell and

Emanuel CPSs regarding the simulation of the

features is very faint. From the analysis, it is also

observed that the deep negative MSLP anomaly is

being simulated slight far from the actual region in

respect to reanalyse. To find out the uncertainty

behavior of different CPSs, the sensitivity analyses

are considered for statistical score.

3.3. Verification and Validation

For verification and validation, probability distri-

bution (Q–Q plot) and Taylor Diagram are considered

which assessed the relative performance of model

with respect to baseline (reanalysis/observation

dataset) (ParthSarthi et al. 2015, 2016).

Q–Q plot is the probability plot to compare the

shape of distribution between two data series with a

graphical method by plotting their quantiles against

each other (Wilk and Gnanadesikan 1968). Q–Q plots

can also be used to compare a collection of data or

theoretical distributions (Singh et al. 2014). In this

Figure 10
Anomaly (active–break phase) of reanalyzed OLR, MSLP and wind (850 hPa) propagation during 1986–2010
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study, Q–Q plots are used to compare the CPS’s

performance as a nonparametric approach and their

underlying distributions are distributed with respect

to reanalyze datasets (Fig. 12a–l). These distributions

provide an assessment of goodness of fit with the

graphical representation between model and baseline

data distribution. In the figures, red scatters indicate

the distribution for active spells and blue scatters

indicate the distribution for break spells. The points

in x and y axes in Fig. 12a–l correspond to one of the

quantiles of the second distribution (y coordinate) and

plotted against the same quantiles of the first

distribution (x coordinate). If CPS and reanalysis

data distributions behave in similar manner, then the

points are laid approximately on the line with 45�
angle and if the distributions are linearly related, then

the scatters are laid approximately on a line, but it is

not necessarily to be laid on the line y = x. Here, the

first quantile represents the distribution for observe/

reanalyze data and the second quantile stands for the

model-simulated output. In the figure, the model-

simulated OLR distribution during active and break

phases is overestimated with respect to the second

quantile (Fig. 12a–d). It is also observed that the

OLR distribution in Mixed CPSs and Grell CPS is

performing well where the Emanuel CPS shows more

deviation than others. Figure 12e–h represents the

MSLP distribution between model and observed

quantile which indicate good performance in Mixed

and Emanuel CPSs. Although, Emanuel CPS shows a

little bit closer in MSLP distribution with the second

quantile than other CPSs, still the progression of

MSLP from core monsoon region to Himalaya

foothill (briefly discussed in Sects. 3.1 and 3.2) is

well observed in Mix99 CPS. In this figure, MSLP

distribution in Mix99 clearly shows the opposite

progress during active and break days. The zonal

wind distribution of EIN15 and model-simulated

quantiles is displayed in Fig. 12i–l. The visual

framework of Q–Q distribution represents the good-

ness of fit of model-simulated zonal wind distribution

160 180 200 220 240 260 280
220

240

260

280

300

(a
-d

)
O

LR
 (W

/m
2)

Y
 Q

ua
nt

ile

Mix98

160 180 200 220 240 260 280
220

240

260

280

300
Mix99

160 180 200 220 240 260 280
220

240

260

280

300
Grell

160 180 200 220 240 260 280
220

240

260

280

300
Emanuel

995 1000 1005 1010
995

1000

1005

1010

(e
-h

)
M

S
LP

 (h
P

a)
Y

 Q
ua

nt
ile

995 1000 1005 1010
995

1000

1005

1010

995 1000 1005 1010
995

1000

1005

1010

995 1000 1005 1010
995

1000

1005

1010

0 5 10 15
0

5

10

15

X Quantiles

(i-
l)

U
-W

in
d 

85
0h

P
a

Y
 Q

ua
nt

ile

0 5 10 15
0

5

10

15

X Quantiles
0 5 10 15

0

5

10

15

X Quantiles
0 5 10 15

0

5

10

15

X Quantiles

Figure 12
Quantile–Quantile (Q–Q) plots for active and break phases of ISM over the core monsoon zone of India during 1986–2010. The red scatters

represent the active spells and the blue represents break spells of monsoon

Figure 11
Anomaly (active–break phase) of different CPS’s OLR, MSLP and

wind (850 hPa) propagation during 1986–2010

b
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with the EIN15 distribution in Mix99 CPS, as the

scatters lie with the abline with about 45� angle.

Mix99 and other CPSs also represent about the equal

speed in zonal wind speed over core monsoon region

between active/break phases of monsoon. The justi-

fication behind the speed in zonal wind uncertainty

during active and break phases is explicitly elabo-

rated in Sect. 3.1. The Q–Q distribution shows clean

and opposite phenomena in all the parameters by

Mix99 CPS during model-simulated active and break

days of monsoon which show relatively the actual

progression in RegCM-simulated different parame-

ters during the phases. Another interesting finding is

that the model-simulated break phase distribution (for

parameters OLR, MSLP and zonal wind) always

shows better simulation than active phase simulation.

Taylor diagram shows the degree of likeness

between observed and model-simulated active/break

phases for 25 years time duration over the core

monsoon region. The degree of likeness is deter-

mined by computing Pearson CC between CPSs and

reanalysis data, RMSE of CPSs with respect to

reanalysis data and SD of reanalysis as well as CPSs.

When the CPSs have relatively high CC, low RMSE

and least distribution of SD, the CPSs performance is

close to reanalysis. Figure 13a–f represents the

Taylor Diagram of different CPSs for active and

break phases of ISM. The empty circle on positive

x-axis represents the baseline of the reanalysis data

and the bullets with different colors in the field area

represent different CPSs which have been considered

for this study. Figure 13a–c represents the model data

validation during active phase for the parameters

OLR, MSLP and zonal wind. The diagram shows a

weak RegCM performance in OLR distribution

(Fig. 13a) and a healthy relationship in MSLP

(Fig. 13b) and zonal wind distribution (Fig. 13c)

with respect to reanalyze the data. It is also observed

that the Grell scheme represents weak performance

with reanalyzed datasets in OLR and wind distribu-

tion. Although, CPS Emanuel is performing well in

comparison to other CPSs for OLR and wind

distribution but the overall performance of Mixed

CPSs is very surprising by simulating the active

phase very well. The performances of the considered

parameters during break phases have been displayed

in Fig. 13d–f. It seems that the Emanuel is

performing well for all parameters. The mixed

schemes are also showing their goodness of fit for

the parameters during the break phase. For overall

performance of RegCM-4.3 simulation during active/

break phase, the CPS Mix99 and Emanuel perform

well with relatively high CC, low RMSE with respect

to reanalysis dataset and least SD. As all the CPSs

show low statistical score for OLR simulation during

active phase, simulation bias might be the possible

cause for this irregular behavior. Previous study has

shown better performance of Grell CPS over Indian

land region (Mamgain et al. 2013) and Emanuel over

the ocean (Bhatla and Ghosh 2015). The uncertainty

behavior in model-derived OLR is due to the lack of

zonal wind speed over the core monsoon region

during the rainy phase which is not able to lift the

OLR parcel from the central India and model shows

large bias over the region (Ghosh et al. 2018).

Another possible cause behind this behavior is the

downdraft mass fluxes towards the state of quasi-

equilibrium with the large-scale forcing. For Emanuel

CPS, the updraft mass fluxes are represented as a

vertical velocity which is determined by the amount

of convective available potential energy and helps in

turn to determine in such way to drive the mass fluxes

towards the state of quasi-equilibrium with large-

scale forcing. The downdraft mass fluxes are unique

functions of the mass fluxes which are responsible for

closeness with the system (Emanuel 1991).

4. Conclusions

This study demonstrates the current understanding

of Mix99 CPS performance as a best-suited CPS

among RegCM-4.3 for simulation the intra-seasonal

and interannual monsoon over core monsoon region.

As a mass flux CPS scheme, Grell is generally

cFigure 13
a–c Taylor Diagram of RegCM-simulated OLR, MSLP and zonal

wind (850 hPa) performance with respect to observe/reanalyze

during active phases of monsoon. The statistical distribution shows

the performance of different CPSs over core monsoon zone for

25 years duration. d–f Taylor Diagram of RegCM-simulated OLR,

MSLP and zonal wind (850 hPa) performance with respect to

observe/reanalyze during break phases of monsoon. The statistical

distribution shows the performance of different CPSs over core

monsoon zone for 25 years duration
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performing well over the subcontinent (Mamgain

et al. 2013) and Emanuel performs better over ocean

(Bhatla and Ghosh 2015). The present study shows

the poor performance of Grell CPS over Indian

region. But in Mixed scheme mode (Mix99) when the

Grell CPS acts over land region and the Emanuel acts

over ocean, a satisfactory performance is obtained.

The monsoon circulation pattern and statistical scores

during the phases are more acceptable in the Mix99

rather than considering the Grell CPS over the whole

region. The synoptic features associated with ISM

circulation are simulated well for the active as well as

break phases with these CPSs. On the other hand,

when the Grell scheme acts over ocean region and the

Emanuel CPS is applied over the Indian subcontinent,

Mix98 could not be able to simulate the phases of

monsoon. The considered parameters for this study

are basically based on ocean and because of multi-

cloud uplift in the Mix99 CPS its convection simu-

lation process is high over the ocean. The updraft

mass fluxes of this CPS are represented as a vertical

velocity which determines the amount of convective

available through potential energy and helps in turn

to determine a way to drive the mass fluxes towards

the state of quasi-equilibrium for large-scale forcing

over the oceanic region. Over subcontinent region,

the mechanism is activated with the single cloud

uplift process which lifts the parcel by attaining the

moist convection over the land subcontinent and is

the possible cause behind the success of Mix99 in

simulating phases of monsoon. The downdraft mass

fluxes are the unique functions of the mass fluxes

which are responsible for closeness with the system.

Therefore, for the sensitivity study of intra-seasonal

monsoon variability using RegCM, use of Mixed

scheme (Mix99: Grell over Land and Emanuel over

ocean) is the better option for future study.
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