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Abstract
This study uses the 30 General Circulation Models (GCMs) from the Coupled Model Intercomparison Project 
phase-6 (CMIP6) to examine the simulations of the surplus/deficit Indian summer monsoon rainfall (ISMR) and its associ-
ated air-sea interactions on intraseasonal to interannual timescales. The majority of the CMIP6 models simulate the seasonal 
mean state of ISMR over the Indian mainland with systematic biases. Best performing models (BPM; AWI-ESM-1-1-LR, 
BCC-CSM2-MR, BCC-ESM1, CNRM-CM6-1, CNRM-ESM2-1, GFDL-CM4, INM-CM5-0, MIROC-ES2L, MIROC6, 
TaiESM1) well simulated the seasonal mean precipitation with Taylor skill score > 0.75 and normalized root mean square 
error (NRMSE) is < 0.7. However, the models are failed to simulate precipitation over the orographic regions (Western Ghats). 
Improving the simulations of low-level winds and sea surface temperature (SST) with high spatial resolutions would provide 
better precipitation simulations. B-MME (multimodel ensemble mean of BPM) can capture the negative IOD-like (Indian 
Ocean Dipole) pattern during deficit monsoon years and fail to capture the positive IOD-like pattern during surplus monsoon 
years. Models overestimate the moisture transport from the West Indian Ocean to the sub-continent of India during deficit 
monsoons, which plays a crucial role in modulating the precipitation and its associated intraseasonal variability. The present 
analysis identified that during deficit monsoon years, the faster moving 20–100 days oscillations are evident; however, these 
oscillations are sluggish during surplus monsoon years, which affects the duration of convection activity and causes dry 
conditions over the regions. During surplus monsoon years, the Bay of Bengal (Arabian Sea) responds strongly (slowly) to 
the atmosphere than the deficit monsoon years. However, models are fail to represent the ocean’s response to the atmosphere 
over the Bay of Bengal. The freshwater forcing improvement in the models simulates the ocean to atmosphere response over 
the Indian region. The present study further suggests that the improved simulation of the Indian summer monsoon (ISM) 
variability by the GCMs is possible by improving the ocean and atmosphere feedback mechanisms, sensitivities of the 
models among internal variables, and orographic features necessary for the accurate simulation of intraseasonal variability.

Keywords  Indian summer monsoon · Flood (surplus)/drought (deficit) · CMIP6 models · Intraseasonal oscillations · Air-
sea interactions

1  Introduction

The Asian monsoon system (AMS) is a largescale phe-
nomenon resulting in the strong coupling of the ocean and 
atmosphere, and is highly associated with remote forcings. 
The present study focuses on the Indian summer monsoon 
(ISM) system. ISM covers a large area and persists from 

June to September (JJAS), and about 80% of the annual 
rainfall occurs over the Indian mainland during this season 
(Gadgil 2003). The ISM rainfall (ISMR) is highly variable 
from intraseasonal through interannual to decadal timescales 
(Goswami et al. 1999; Gadgil and Gadgil 2006; Turner and 
Annamalai 2012; Goswami et al. 2015; Preethi et al. 2017a, 
b; Srivastava et al. 2017). Many studies have analysed the 
impact of El Niño Southern Oscillation (ENSO; Rasmus-
sona and Wallace 1983) on ISMR (Kriplani and Kulkarni 
1997; Goswami 1998; Wang and Li 2004; Wang 2006; 
Mishra et al. 2012; Shin et al. 2019; Ashok et al. 2019; See-
tha et al. 2020). ENSO is the dominant mode of interan-
nual variability of the tropical Pacific Ocean that affects the 
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ISMR (Kripalani and Kulkarni 1997; Kumar et al. 1999; 
Krishnamurthy and Goswami 2000 Ashok et  al. 2001; 
Annamalai et al. 2007; Bracco et al. 2007; Kucharski and 
Abid 2017; Yun and Timmermann 2018; Pandey et al. 2020; 
Hrudya et al. 2021; Yang and Huang 2021). In addition, 
Indian Ocean Dipole (IOD; Saji et al. 1999; Ashok et al. 
2004) is another dominant phenomenon that occurs in the 
tropical Indian Ocean and significantly affects the ISMR 
(Ashok et al. 2001; Krishnan et al. 2011; Chowdary et al. 
2016; Srivastava et al. 2019). Krishnaswamy et al. (2015) 
suggested that ENSO and IOD are the significant drivers of 
the ISMR. Many studies reported the combined and indi-
vidual influence of ENSO and IOD on ISMR (Ashok et al. 
2004; Sikka and Ratna 2011; Krishnaswamy et al. 2015; 
Hrudya et al. 2020). Ashok et al. (2007) identified the El 
Niño Modoki, a coupled ocean–atmosphere phenomenon 
that occurs over the tropical central Pacific. Typical El Niño 
Modoki and La Niña Modoki affect the ISMR (Dandi et al. 
2020) by inducing changes in the western Pacific low-level 
circulation. Recent studies identified the strong relationship 
between ISMR and equatorial Indian Ocean Oscillations 
(EQUINOO) (Gadgil et al. 2004; Surendran et al. 2015). In 
addition, the Atlantic Niño (Yadav et al. 2018a, b), western 
North Pacific circulation variations (Chowdary et al. 2019), 
tropical Indian Ocean basin-wide warming (Chowdary et al. 
2015; Chakravorty et al. 2016) also play an important role 
in modulating the monsoon interannual and decadal vari-
ability (Yadav 2017). This interannual phenomenon directly/
indirectly affects the ISMR and causes surplus and deficit 
monsoon rainfall over the regions of India (Wang 2006).

The seasonal prediction of ISMR highly depends on the 
interannual variability (Pillai and Chowdary 2016), although 
the interannual variability of ISMR is highly modulated by 
the intraseasonal oscillations (ISO) (Krishnamurthy and 
Shukla 2007; Krishnamurthy and Sharma 2017). ISM’s 
active and break spells are manifestations of ISO (Goswami 
2005, Goswami et al. 2006; Rajeevan et al. 2006; 2010; 
Suhas et al. 2013) of the northward shift intertropical conver-
gence zone (ITCZ; Sikka 1980). Krishnan et al. (2006) sug-
gested that the intraseasonal evolution of the ocean-monsoon 
coupled system plays a vital role in unlocking the dynam-
ics of monsoon droughts. Many recent studies identified 
the important role of ISO during the excess monsoon years 
(Kumar et al. 2010; Preethi et al. 2017a, b; Shrivastava and 
Kar 2017). The convection anomalies develop in the equato-
rial Indian Ocean and propagate northward on 20–100 days, 
known as boreal summer ISO (BSISO) (Kikuchi et al. 2012), 
and are closely associated with the active and break spells of 
the ISMR (Lawrence and Webster 2002). BSISO can support 
intense monsoonal precipitation (Webster et al. 1998; Mao 
and Chan 2005), monsoon depressions (Krishnamurthy and 
Ajayamohan 2010; Karmakar et al. 2021), and the mani-
festation of extreme events (Li et al. 2016; Hsu et al. 2017; 

Sun et al. 2018). However, northward moving convection 
shows a considerable disparity in the periodicity within the 
same season (Lawrence and Webster 2001, 2002), and cer-
tain summers exhibit prominent northward propagation of 
convection, whereas, in other summers, the northward prop-
agations are irregular (Singh and Kripalani 1985). Several 
studies suggest that ISO act as the source for the interannual 
variability of the monsoon, further supporting the ISM's 
strength (Goswami and Mohan 2001; Suhas et al. 2011). 
Kulkarni et al. (2009) studied the intraseasonal variability 
during excess/deficit monsoon years. They identified that the 
faster moving high frequency (10–20 days) oscillations dur-
ing excess monsoons are stronger than the slow-moving low 
frequency (30–60 days) oscillations. Madden—Julian Oscil-
lations (MJO; Madden and Julian 1971, 1972) is another 
mode of intraseasonal variability in the tropics and is promi-
nent in the equatorial region during boreal winter (Dec to 
Feb). MJO is characterized by largescale convection anoma-
lies developing over the west equatorial Indian Ocean and 
propagating eastward on a timescale of 30–50 days (Joseph 
et al. 2010). MJO is relatively weaker and has a complex 
structure in the boreal summer (Kikuchi et al. 2012; Lee 
et al. 2013), can influence the climate and weather systems 
in the tropics, and extend to extratropics (Li and Lu 2020). 
Saith and Slingo (2006) suggested that westerly wind burst 
in the western Pacific is associated with the MJO, leads to 
the extension of warm sea surface temperature (SST) anoma-
lies to the east, initiating the El Niño, creating a long break 
over the Indian region and a monsoon drought. Joseph et al. 
(2009) identified that the propensity of eastward propagat-
ing MJO during boreal summer is largely responsible for 
the monsoon droughts. Anandh and Vissa (2020) suggested 
that eastward propagating MJO over the Indian Ocean can 
modulate the rainfall over the Indian mainland, and the MJO 
influences more than 50% of weather phenomena on differ-
ent timescales (Roxy et al. 2019).

Recent studies used the coupled General Circulation Mod-
els (GCMs) to forecast the ISMR (Kulkarni et al. 2012; Saha 
et al. 2019). National Centers for Environmental Prediction 
(NCEP) Coupled Forecast System version-2 (CFSv2; Saha 
et al. 2014) is used to examine the forecast of ISMR its asso-
ciated teleconnections (Shukla 2014; Shukla and Huang 2016; 
Shin et al. 2019; Shukla and Shin 2020). Recently, Dutta et al. 
(2020) used the CFSv2 model to examine the active-break 
spells of the ISMR; they suggested that the ice-phase micro-
physics parameterization scheme well captures the active-
break spells than the ice-free parameterization scheme. The 
accurate representation of the exchange of air-sea fluxes at the 
air-sea interface is necessary to predict the monsoonal precipi-
tation by the coupled models (Fu et al. 2002; Wang 2005; Rat-
nam et al. 2009; Konda and Vissa 2021). GCMs, which several 
modeling groups develop across the world under the CMIP 
phase-6 (CMIP6), were extensively used to study the impacts 
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of climate changes across the globe during different epochs 
(Eyring et al. 2016). Almazroui et al. (2020, 2021) analyzed 
the CMIP6 future projections, they identified that the increase 
of annual mean precipitation in the future scenario over South 
Asia during the twenty-first century and the rate of change in 
the projected annual mean precipitation varies considerably 
between the South Asian countries (Dai et al. 2022). Recent 
studies suggest that CMIP6 models simulate the ISMR better 
than the CMIP5 models (Xin et al. 2020; Gusain et al. 2020; 
Rajendran et al. 2021). Compared to the CMIP5 models, the 
new release of CMIP6 models shows a significant increase of 
skill in representing the MJO propagation (Ahn et al. 2020). 
Rajendran et al. (2021) analysed the multimodel ensemble 
mean (MME) of CMIP6 and AMIP6 models in simulating 
the interannual variability and its teleconnections with rainfall 
variability over the equatorial Pacific and Indian Oceans. They 
found that CMIP6 models show the best skill in simulating the 
monsoon rainfall over India compared to the AMIP6 models. 
The CMIP6 provided an opportunity to examine models’ abil-
ity to simulate the characteristic features of ISO and analyse 
the air-sea interactions on intraseasonal timescales. Recently, 
Jain et al. (2021) identified the shifting of Somali Jet (Jet) over 
India during flood and drought years. In the flood years, the 
Jet is stronger over the northern Arabian Sea (AS) and weaker 
over the southern Bay of Bengal (BoB), favouring additional 
moisture transport and convergence over the Indian mainland, 
whereas reverse phenomena occur during drought years.

Examining the mean state of the climate systems, modu-
lation of rainfall over the sub-continent of India (SCI), and 
associated intraseasonal variability, represented by the new 
generation of CMIP6 models during surplus and deficit mon-
soon years has not attracted much attention. The present study 
intends to analyse the representation of surplus and deficit con-
ditions in the new generations CMIP6 and their associated 
systematic biases in the mean state of ISMR, the role of ISO 
during surplus/deficit monsoon years, and its associated air-sea 
interactions. The present study helps to understand the rendi-
tion of air-sea interactions on intraseasonal timescales during 
the surplus/deficit monsoon years in the CMIP6 models. Sec-
tion 2 describes the data and methodology, in Sect. 3, perfor-
mance of the CMIP6 models in simulating the ISM, mean 
states of surplus/deficit conditions, and air-sea interactions for 
surplus and deficit monsoon years on intraseasonal timescales 
are presented. Section 4 describes the summary and conclu-
sions of the present study.

2 � Data and methodology

2.1 � Data

The present study employs the historical runs of GCMs 
from the CMIP6 (Eyring et al. 2016). The names of the 

GCMs, modeling centers, resolutions, and ensemble 
members used in the present study are given in Table 1. 
These GCMs were selected based on the availability of 
climate variables, which are necessary to assess the ISM 
variations. Daily precipitation, winds, specific humidity, 
SST, energy, and radiative fluxes produced by CMIP6 
models were used for the analysis period (1980–2014; 
https://​esgf-​node.​llnl.​gov/​search/​cmip6/). The histori-
cal runs of CMIP6 models are forced with the natural 
and anthropogenic forcings with minimal of trace gases 
(Eyring et al. 2016). To validate the model’s outputs, 
Tropical Rainfall Measuring Mission (TRMM) 3B42 ver-
sion-7 rainfall data for the period 1998 to 2014 (Huffman 
et al. 2007; https://​disc.​gsfc.​nasa.​gov/​datas​ets/​TRMM_​
3B42_​Daily_7/) and daily rainfall from the Indian Mete-
orological Department (IMD) is used available at a spatial 
resolution of 0.25° × 0.25° from the period 1901 to 2014 
(Pai et al. 2014a, b; https://​imdpu​ne.​gov.​in/​Clim_​Pred_​
LRF_​New/​Grided_​Data_​Downl​oad.​html). Daily rain-
fall estimates from ∼ 6950 rain gauge stations across the 
country with varying observations periods were regrid-
ded to fixed spatial grids after applying standard quality 
checks by Pai et al. (2014a, b). The large-scale climato-
logical features of rainfall over India derived from this 
dataset were consistent with those derived from IMD’s 
previous rainfall data sets at 0.5° × 0.5° and 1° × 1° reso-
lutions (Rajeevan et al. 2008). The daily vertical fields 
of specific humidity, zonal and meridional winds are 
obtained from ERA-interim reanalysis (Dee et al. 2011; 
https://​apps.​ecmwf.​int/​datas​ets/​data/​inter​im-​full-​daily/). 
Daily latent heat flux (LHF) obtained from the Modern 
Era Retrospective-Analysis for Research and Analysis 
(MERRA) reanalysis (Rienecker et al. 2011; https://​disc.​
gsfc.​nasa.​gov/​datas​ets/​M2T1N​XFLX_5.​12.4/​summa​ry). 
The 3 days running means of TMI SST (Huffman et al. 
2010) is used. All data sets are obtained from 1980 to 
2014 except TRMM products (1998–2014).

2.2 � Methodology

To evaluate the model’s performance in representing the 
ISMR (rainfall over land is considered), Taylor’s (2001) 
skill score for the models is evaluated by the Eq. (1):

The maximum possible correlation (here it is taken as 
1), �f  is the normalized standard deviations, and R is the 
pattern correlation between observational and CMIP6 
models. High and low-performing models are identified 

(1)SS =
4(1 + R)

(

1 + R0

)

(�
f
+ 1∕�f )

2

https://esgf-node.llnl.gov/search/cmip6/
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7/
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7/
https://imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html
https://imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html
https://apps.ecmwf.int/datasets/data/interim-full-daily/
https://disc.gsfc.nasa.gov/datasets/M2T1NXFLX_5.12.4/summary
https://disc.gsfc.nasa.gov/datasets/M2T1NXFLX_5.12.4/summary
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based on the skill score to evaluate the ISM system’s sur-
plus and deficit monsoon conditions.

The inter-model spread of climatological precipitation, 
across BPM CMIP6 models at each grid point is analysed 
by the formula [Eq. 2; (Huang et al. 2020)]

Table 1   Details of the 30 GCMs form CMIP6 group used in the present study

Source ID Modeling Group and Country Nominal resolu-
tion (lon × lat)
Vertical levels

Ensemble member

ACCESS-CM2 Commonwealth Scientific and Industrial Research
Organization and Bureau of Meteorology (Australia)

92° × 144°, L85 r2i1p1f1

AWI-ESM-1–1-LR Alfred Wegener Institute Climate Model (Germany) 192° × 96°, L47 r1i1p1f1
BCC-CSM2-MR Beijing Climate Center, China Meteorological

Administration (China)
320° × 160°, L46 r1i1p1f1

BCC-ESM1 Beijing Climate Center, China Meteorological
Administration (China)

128° × 64°, L26 r1i1p1f1

CanESM5 Canadian Centre for Climate Modelling and Analysis
(Canada)

128° × 64°, L49 r1i1p1f1

CESM2 National Science Foundation, Department of Energy, National
Center for Atmospheric Research (Boulder)

288° × 192°, L32 r1i1p1f1

CESM2-FV2 National Science Foundation, Department of Energy, National
Center for Atmospheric Research (Boulder)

144° × 96°, L32 r1i1p1f1

CESM2-WACCM National Science Foundation, Department of Energy, National
Center for Atmospheric Research (Boulder)

288° × 192°, L70 r1i1p1f1

CESM2-WACCM-FV2 National Science Foundation, Department of Energy, National
Center for Atmospheric Research (Boulder)

144° × 96°, L70 r1i1p1f1

CNRM-CM6-1 Centre Européen de Recherche et de Formation
Avancée en Calcul Scientifique (France)

128° × 256°, L91 r2i1p1f2

CNRM-ESM2-1 Centre Européen de Recherche et de Formation
Avancée en Calcul Scientifique (France)

128° × 256°, L91 r1i1p1f2

EC-Earth3 European EC-Earth consortium with SMHI as coordinating partner 512° × 256°, L91 r1i1p1f1
FGOALS-f3-L LASG, Institute of Atmospheric Physics, Chinese

Academy of Sciences and Center for Earth System
Science, Tsinghua University (China)

360° × 180°, L32 r1i1p1f1

FGOALS-g3 LASG, Institute of Atmospheric Physics, Chinese
Academy of Sciences and Center for Earth System
Science, Tsinghua University (China)

180° × 80°, L26 r1i1p1f1

GFDL-CM4 Geophysical Fluid Dynamics Laboratory, USA 360° × 180°, L33 r1i1p1f1
HadGEM3-GC31-LL Met Office Hadley Centre 192° × 144°, L85 r1i1p1f3
HadGEM3-GC31-MM Met Office Hadley Centre 432° × 324°, L85 r1i1p1f3
INM-CM4-8 Institute for Numerical Mathematics, Russian Academy of Science /Russia 180° × 120°, L21 r1i1p1f1
INM-CM5-0 Institute for Numerical Mathematics, Russian Academy of Science /Russia 180° × 120°, L73 r1i1p1f1
IPSL-CM6A-LR L’Institut Pierre-Simon Laplace (France) 144° × 143°, L79 r1i1p1f1
KACE-1-0-G National Institute of Meteorological Sciences; Korea Meteorological 

Administration (Korea)
192° × 144°, L85 r1i1p1f1

MIROC-ES2L National Institute for Environmental Studies,
The University of Tokyo (Japan)

128° × 64°, L40 r1i1p1f2

MIROC6 National Institute for Environmental Studies,
The University of Tokyo (Japan)

256° × 128°, L81 r1i1p1f1

MPI-ESM-1-2-HAM Max Planck Institute for Meteorology (Germany) 192° × 96°, L47 r1i1p1f1
MPI-ESM-1-2-HR Max Planck Institute for Meteorology (Germany) 384° × 192°, L95 r1i1p1f1
MRI-ESM2-0 Meteorological Research Institute (Japan) 320° × 160°, L80 r1i1p1f1
NorESM2-LM Norwegian Climate Centre (Norway) 144° × 96°, L32 r1i1p1f1
NorESM2-MM Norwegian Climate Centre (Norway) 288° × 192°, L32 r1i1p1f1
TaiESM1 Research Center for Environmental Changes (AS-RCEC) (Taiwan) 288° × 192°, L30 r1i1p1f1
UKESM1-0-LL Jointly developed by UK Met Office & UK universities, UK 192° × 144°, L85 r1i1p1f2
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where �p is spread of the models, N is the number of models, 
here it is 10. PBPM,i and PB−MME represent the precipitation 
of the ith BPM and the multi-model ensemble mean of BPM, 
respectively.

The surplus (flood)/deficit (drought) monsoon years are 
identified by averaging the rainfall (anomalies) during the 
summer monsoon season over the SCI, values are normal-
ized by their own standard deviation, also known as stand-
ardized precipitation index (SPI; Goswami 2005; Krishnan 
et al. 2009; Saha et al. 2010). The surplus (deficit) mon-
soon years are identified with the normalized seasonal mean 
rainfall anomaly above (below) + 0.75 (− 0.75). However, 
the percent of normal precipitation (PNP) index is the most 
common indices used to identify the surplus/deficit years 
of the monsoon (Mishra and Singh 2010; Pai et al. 2011, 
2017). A PNP criterion was also analysed in the present 
study to identify the surplus and deficit monsoon years. PNP 
index is defined as the ratio of cumulative rainfall of the sea-
son to the long-term mean rainfall of the season multiplied 
by 100. The flood/drought years are considered as ± 10% 
departure of rainfall from the mean (Fig. 2). An analysis is 
carried over the four major rainfall regions of ISM such as 
BoB (85°E–95°E, 5°N–20°N), AS (63°E–73°E, 5°N–20°N), 
SCI (74°E–84°E, 5°N–35°N), North Indian Ocean (NIO; 
60°E—100°E, Equator—30oN), and eastern equatorial 
Indian Ocean (EEq IO; 75°E–100°E, 10°S–5°N) (Roxy et al. 
2013; Goswami et al. 2016; Konda and Vissa 2021). The 
daily anomalies are estimated from the daily climatological 
means (first three harmonics removed). A 20–100 day Lanc-
zos bandpass filter (Duchon 1979) is applied to the daily 
anomalies to acquire the intraseasonal variability. The pre-
sent analysis is carried out for the Indian summer monsoon 
season (June to September).

The following Eq.  (3) estimates vertically integrated 
moisture transport (VIMT):

where, g is the acceleration due to gravity, q is the specific 
humidity, and V is the horizontal velocity.

The phase speed of convection is estimated for each time-
latitude section over the entire region (63°E to 95°E) lon-
gitudes by averaging the regressed precipitation anomalies 
across the latitude bands from 5°S to 30°N with an interval 
of 5°. For each latitudinal band, the time when the maxima 
occurred is considered. The speed of the northward propaga-
tion of convection is evaluated by the linear least-square fit 
on the time in which a maximum occurs within each latitude 

(2)�p =

√

√

√

√
1

N

N
∑

i=1

(PBPM,i − PB−MME)
2

(3)VIMT =
1

g∫
Psurface

P500

qVdp

band. Similarly, the phase speed of eastward convection is 
estimated for the longitudinal bands of 45°E to 140°E with 
an interval of 5° (Karmakar and Misra 2019).

3 � Results

3.1 � Performance of the CMIP6 models 
in representing the ISM

The representation of all ISMR is analysed in the 30 GCMs 
from the CMIP6 group by using Taylor’s skill score (SS), 
normalized standard deviation (NSTD), and normalized 
root mean square error (NRMSE). The majority of the 
models capture the precipitation patterns over the SCI 
with systematic biases. Figure 1a shows the statistics for 
the ISMR of 30 CMIP6 models. Most of the models show 
the SS > 0.7 with NRMSE < 0.7, however, some models 
(ACCESS-CM2, CanESM5, FGOALS-g3, IPSL-CM6A-
LR, and MEI-ESM2-0) fail to simulate the seasonal mean 
precipitation over the mainland of India. The performance 
of the models in simulating the seasonal mean (area aver-
aged cumulative rainfall over India) rainfall is analysed in 
the historical simulations (1980–2014) of 30 GCMs from 
the CMIP6 group (Fig. 1b). In the observations (IMD, Pai 
et al. 2011), the cumulative mean rainfall is 852.6 mm, and 
the coefficient of variation (CV) is about 8.6% (Kripalani 
et al. 2007; Preethi et al. 2019; Rajendran et al. 2021). How-
ever, models show the uncertainties in simulating the sea-
sonal mean rainfall over India vary from 976.16 mm (INM-
CM4-8) to 399.89 mm (CanESM5), and CV varies from 
26.41% (CanEsm5) to 7.48% (MIROC-ES2L). The new 
generation of CMIP6 models shows a significant improve-
ment in representing the seasonal mean precipitation over 
India compared to the CMIP5 models (Preethi et al. 2019; 
Gusain et al. 2020; Rajendran et al. 2021). INM-CM5-0 
and TaiESM1 models shows the good agreement with the 
observations in representing the mean precipitation over the 
mainland of India. 43% of models reasonably well simulated 
the seasonal mean precipitation (above 650 mm) and CV 
(below 15%), and 20% of models show the mean precipita-
tion above 800 mm (Fig. 1b). The presence of uncertainties 
in the simulation of mean precipitation among the mod-
els impacts the monsoon’s intraseasonal and inter-annual 
variability. Best performing models (BPM) are identified in 
simulating the seasonal mean precipitation over the India, 
based on the statistics of SS (> 0.7), NRMSE (< 0.7), NSTD 
(close to 1), mean ISMR (> 650 mm), and CV (< 15%) (Kri-
palani et al. 2007; Preethi et al. 2019). Based on the above 
criteria, 10 (AWI-ESM-1-1-LR, BCC-CSM2-MR, BCC-
ESM1, CNRM-CM6-1, CNRM-ESM2-1, GFDL-CM4, 
INM-CM5-0, MIROC-ES2L, MIROC6, TaiESM1) models 
are considered as BPM (Fig. 1). Further, the MME of BPM 
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models (hereafter B-MME) is analysed in representing the 
ISMR. The mean ISMR simulated by the B-MME is about 
798.42 mm, and its associated CV is about 10.2%.

3.2 � Mean state and surplus/deficit monsoon years

The rendition of surplus and deficit conditions in the new 
generation of coupled GCMs is analysed. All India surplus 
and deficit monsoons are identified using the PNP and the 
SPI criteria’s in the observations and B-MME (Fig. 2). The 
seasonal mean precipitation shows the large variability 
over the Indian mainland (Fig. 2b). The large spread of the 
seasonal mean precipitation is associated with the strong 

underestimation of precipitation compared to the obser-
vations (Fig. 2a). The median values also show a strong 
interannual variability of the monsoonal precipitation over 
the Indian mainland. It is identified that the intermodel 
spread of climatological precipitation (Fig. 2c) tends to 
be larger over the regions with large rainfall amounts and 
mean biases, typically concentrated over the Western 
Ghats and east Indian region. Surplus/deficit monsoon 
years are considered for the composite analysis are given 
in Table 2. The seasonal mean rainfall shows a high rain-
fall over central and northeast India (Fig. 3a). B-MME 
is able to capture the similar rainfall pattern compared 
with the observations (SS is 0.76 and NRMSE is 0.45). 

Fig. 1   a Diagram metric for statistics (Taylor skill score, normalized 
standard deviation and root mean square error) for all India mean 
(JJAS; 1980–2014) precipitation, b cumulative mean precipitation 

(mm) and coefficient of variation (%) for the observations (IMD) and 
historical simulations of 30 CMIP6 models. Models satisfied the cri-
teria are indicated with *



1029Evaluation of CMIP6 models for simulations of surplus/deficit summer monsoon conditions over…

1 3

However, B-MME shows significant dry biases over the 
Western Ghats, northwest India, and the foothills of the 
Himalayan Mountains (Fig. 3g). B-MME overestimates 
the precipitation over the leeward side of the Western 

Ghats, which suggests that models are fail to represent 
the orographic precipitation. Models that overestimate 
the precipitation along the east coast of India could be 
associated with the local convective systems, suggesting 

Fig. 2   All India summer monsoon precipitation departure (%) from 
the long-term mean (1980–2014), using PNP criteria (positive depar-
ture in blue color bars and negative departure in red color bars). Solid 
thick line (green) represents the SPI criteria and dashed line repre-
sents the ± 0.75 SPI values. The intermodal spread of the best per-
forming models (BPM) models is shown by black points in each bar 

for the median values of ISMR index, the vertical lines in red color 
indicates one standard deviation centered around the point. a for IMD 
and b for B-MME. The inter-model spread of BPM CMIP6 models 
in simulating climatological mean precipitation (color filled) for the 
Indian monsoon season (c)

Table 2   Excess and deficit Indian summer monsoon years simulated by CMIP6 BPM models and B-MME

Models Excess monsoon years Deficit monsoon years

AWI-ESM-1-1-LR 1989, 1990, 1998, 2000, 2004, 2007, 2008, 2010 1982, 1996, 2001, 2003, 2009, 2012
BCC-CSM2-MR 1988,1989, 1990, 1997, 1998, 2008, 2009 1983, 1984, 1987, 1991, 1992, 1995, 1999, 2014
BCC-ESM1 1981, 1993, 1998, 2000, 2001, 2005, 2014 1984, 1985, 1989, 1990, 1991, 1997, 2003, 2004, 2007, 2010
CNRM-CM6-1 1989, 1990, 1991, 1992, 1998, 2002, 2004, 2010, 2012 1981, 1982, 1984, 1986, 1993, 1999, 2000, 2001
CNRM-ESM2-1 1983, 1989, 1991, 1994, 2002, 2011, 2012 1982, 1984, 1985, 1997, 1998, 2004, 2008, 2010
GFDL-CM4 1990, 1999, 2002, 2003, 2005, 2006, 2009 1980, 1986, 1988, 1991, 1992, 1994, 2000, 2007
INM-CM5-0 1984, 1985, 1989, 1993, 1998, 1999, 2004, 2009, 2010, 

2014
1981, 1982, 1983, 1988, 1990, 1991

MIROC-ES2L 1983, 1986, 1992,1997, 1998, 2002, 2005, 2006,2007,2012 1980, 1982, 1984, 1985, 1989, 1996, 2003, 2004, 2010, 2013, 
2014

MIROC6 1981, 1985, 1987, 1988, 1989, 2000, 2005, 2010, 2014 1982, 1983, 1984, 1993, 1999, 200, 2013
TaiESM1 1986, 1988, 1991, 1999, 2009, 2010, 2014 1983, 1987, 2004, 2007, 2008
B-MME 1989, 1990, 1998, 2002, 2005, 2009, 2012, 2014 1982, 1983, 1984, 1985, 1995, 1996, 2001, 2004
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that models simulate the strong convective systems along 
the east coast of India. The surplus/deficit monsoon com-
posite analysis revealed that B-MME is able to capture 
the precipitation patterns; however, significant biases are 
observed. B-MME replicates the biases pattern similar to 
the seasonal mean (Fig. 3h) with significant strong biases 
during surplus composite. During deficit monsoon com-
posite, B-MME overestimates the rainfall over the leeward 
side of the Western Ghats and the regions of central India 
(Fig. 3i). Precipitation activity over SCI is directly linked 
to the amount of moisture transport from the surround-
ing oceans (Swapna and Ramesh Kumar 2002; Levine and 

Turner 2012; Patil et al. 2019). The significant biases in 
precipitation are further analysed with the moisture trans-
port (Fig. 3).

The seasonal mean of moisture transport (Fig. 4) reveals 
that B-MME captures the mean features of moisture trans-
port from the West Indian Ocean (WIO) to the mainland of 
India. However, B-MME overestimates the moisture over 
south peninsular India, and underestimation is evident over 
central India and the equatorial Indian Ocean (Fig. 4g). Dur-
ing surplus monsoon years, strong moisture transport is evi-
dent from the AS to the mainland of India, compared to the 
deficit monsoon years. A large amount of moisture transport 

Fig. 3   a JJAS seasonal mean, b composite of surplus monsoon, c 
composite of deficit monsoon precipitation (mm day−1) for IMD, d–f 
is same as of a–c but for B-MME, g–i represents the biases (B-MME-

IMD) of seasonal mean, surplus, and deficit monsoon composites 
respectively. Areas of 95% significant level are masked with ‘.’
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and associated high wind speed contributes to the wide-
spread moisture transport during surplus monsoon years. 
These results are consistent with Patil et al. (2019). In the 
observations, the strong moisture transport (300 kg m−1 s−1 
contours) is extended up to the west Pacific (120°E); how-
ever, this transport is limited to the 110°E in the B-MME 
(Fig. 4d). The surplus monsoon composite of moisture trans-
port reveals that B-MME is able to capture the strong mois-
ture transport from WIO to the mainland of India; however, a 
large underestimation of moisture is observed in the regions 
of the west coast of the Indian Ocean, AS, and north BoB 
(Fig. 4h). During deficit monsoon composite, strong mois-
ture transport (500 kg m−1 s−1 contours) is seen from AS to 
BoB; however, B-MME overestimates the moisture transport 
(Fig. 4i). This strong moisture transport in the B-MME is 
responsible for the wet biases of precipitation during the 
deficit monsoon composite over southern India. Biases in 
precipitation simulated by the models have primarily been 

due to the simulation of SST, low-level winds, and the spa-
tial resolution of the models (Yang et al. 2019; Pathak et al. 
2019). Improving the simulations of low-level winds and 
SST would better agree on India’s surplus/deficit monsoon 
conditions.

The composite anomaly of precipitation for the surplus/
deficit monsoon years is shown in Fig. S1. B-MME can cap-
ture the wet and dry anomalies of precipitation over the parts 
of India compared to the observations; however, B-MME 
fails to represent the precipitation over the northeast regions 
of India. A composite of SST anomalies is shown in Fig. S2. 
During surplus monsoon, observations show the warming of 
SST in the western equatorial Indian Ocean and cooling in 
the central AS and southern Indian Ocean (Fig. S2a) repre-
sents the positive IOD-like pattern (Ashok et al. 2001; Cher-
chi and Navarra 2013). B-MME shows significant warming 
over large parts of the Indian Ocean as compared to obser-
vations. B-MME fails to capture the southern Indian Ocean 

Fig. 4   Same as of Fig. 3, but for moisture transport (shaded; kg m−1 s−1) and vectors (direction). Outer and inner contours (left and middle pan-
els) represent the 500 and 300 kg m−1 s−1 respectively. White contours in g–i represent the areas of 95% significance



1032	 G. Konda, N. K. Vissa 

1 3

cooling during surplus monsoon. During deficit monsoon 
years, observations show the negative IOD-like pattern, and 
B-MME can capture the cooling over the WIO and warming 
in the Sumatra region with weak anomalies. In consistent 
with the observations B-MME captures the La Niña condi-
tions during surplus monsoon years, however B-MME fail to 
capture the El Niño conditions over the eastern Pacific Ocean 
during deficit monsoon years. Composite anomalies of mois-
ture during surplus and deficit monsoons are shown in Fig. 
S3. During surplus monsoon, strong moisture transport is 
evident from AS to the mainland of India. The cyclonic 
circulation over central India draws the moisture from AS, 
leading to the active spells of monsoonal rainfall (Fig. S3a). 
B-MME shows the strong westerlies from the African coast 
and easterlies from the northwest Pacific Ocean converge 
over the mainland of India, forming the cyclonic circula-
tion over central India. However, the cyclonic circulation 
center is shifted northwestward compared to the observa-
tions. B-MME underestimates the southwesterly from WIO 
to the SCI (Fig. S3c). During deficit monsoon composite, in 
the observations, strong anticyclonic circulation is evident 
over central India, and cyclonic circulation is observed over 
AS. These anticyclonic and cyclonic circulations favor the 
monsoon’s break spells, leading to the deficit of monsoonal 

rainfall (Fig. S3b). B-MME fails to capture the circulation 
patterns as compared to the observations. The misrepre-
sentation of SST and moisture transport in the B-MME is 
responsible for the significant precipitation biases over the 
Indian mainland during surplus and deficit monsoon years 
(Fig. S1).

3.3 � Intraseasonal variations of air‑sea interactions 
during surplus and deficit monsoons

The ISMR exhibits strong intraseasonal variability (Anna-
malai and Slingo 2001; Waliser et al. 2003; Waliser 2006; 
Goswami et al. 2014; Zhou and Murtugudde 2014), and 
the precipitation anomalies associated with the 20–100 day 
(intraseasonal) propagate eastward and northward. It is 
essential to analyze the representation of intraseasonal 
variations of monsoonal precipitation during surplus/defi-
cit monsoon years in the observations and B-MME. Fig-
ure 5 represents the northward propagation of convection 
for the monsoon season, surplus, and deficit monsoon. To 
evaluate the northward propagation of convection, longitu-
dinally (63°N to 95°N) averaged 20–100 day bandpass fil-
tered precipitation anomalies are regressed against the area 
(12°N–22°N and 70°E-90°E) averaged filtered precipitation 

Fig. 5   Lag-latitude diagram of northward propagating convection for 
the monsoon season (a), surplus (b) and deficit (c) for observations 
(TRMM; mm day−1). d–f for the B-MME. Each diagram is obtained 
as lead-lag regression of longitudinally (63°E to 95°E) averaged intra-

seasonal precipitation anomalies regressed against its time series 
averaged over 70°E–90°E, 12°N–22°N. Blue values in each diagram 
represent the phase speed. Solid and dashed contours represent the 
95% significant values (0.05 significance level using t test)
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anomalies (Sabeerali et al. 2013; Konda and Vissa 2021). 
On intraseasonal timescales, convection originated in the 
equatorial Indian Ocean and propagates northward to the 
SCI with a phase speed of 1.2°lat/day (Fig. 5a) (Wang et al. 
2018; Karmakar and Mishra 2020). During surplus monsoon 
years, the convection anomalies propagate slowly (0.87 °lat/
day) when compared with the deficit monsoon years (1.34 
°lat/day) (Fig. 5b and c). However, the magnitude of con-
vection anomalies is strong in the surplus monsoon years. 
The sluggish propagation of convection anomalies leads to 
a longer duration of convective activity and causes heavy 
precipitation over the region. However, B-MME captured 
the northward propagation of convection anomalies with a 
phase speed 0.95 °lat/day (seasonal mean; Fig. 5d). Dur-
ing surplus (deficit) monsoon, B-MME shows the phase 
speed of 0.82 (1.09) °lat/day (Fig. 5e and f). B-MME can 
capture the phase speed differences between surplus and 
deficit monsoon years compared to the observations; how-
ever, B-MME underestimates the phase speed of convection 
anomalies. The eastward propagation of convection anoma-
lies is obtained by averaging the anomalies over the latitudes 
of 10°S–10°N, and these anomalies are regressed against 
the area (10°S–5°N and 75°E–100°E) averaged filtered pre-
cipitation anomalies (Ahn et al. 2020) (Fig. 6). The seasonal 

mean state shows the propagation of strong convection 
anomalies from the Indian Ocean to the west Pacific Ocean 
with a phase speed of 4.13 °lon/day (Fig. 6a) (Jiang et al. 
2004; Neena et al. 2017). During surplus (deficit) monsoon, 
weak (strong) anomalies are observed in the western Pacific 
Ocean. The phase speed analysis reveals that, during sur-
plus (deficit) monsoon years, precipitation shows the slug-
gish (quick) propagation to the western Pacific with a phase 
speed of 3.48 (4.18) °lon/day. The sluggish propagation of 
convection favors the long duration of convective activity 
and leads to more precipitation over the Indian longitudes. 
B-MME models are able to capture the features of eastward 
propagating convection activity during surplus and deficit 
monsoon years compared with the observations. However, 
models overestimate (underestimate) the phase speed of 
convection anomalies during surplus (deficit) monsoon. 
The phase speed of the convection is governed by the mois-
ture gradient (Sobel et al. 2001; Jiang et al. 2004). Stronger 
(weaker) north–south gradient of moisture strengthened 
(weakened) the phase speed of convection on intraseasonal 
timescales (Jiang et al. 2004; Yamaura and Kajikawa 2017) 
and the enhanced air-sea fluxes ahead of the convection 
center favoring fast movement of the convection (DeMott 
et al. 2016; Gao et al. 2019).

Fig. 6   Lag-longitude diagram of eastward propagating convection for 
the monsoon season (a), surplus (b) and deficit (c) for observations 
(TRMM; mm day−1). d–f for the B-MME. Each diagram is obtained 
as lead-lag regression of latitudinal (− 10°S to 10°N) averaged intra-

seasonal precipitation anomalies regressed against its time series 
averaged over 75°E–100°E, 15°S–5°N. Blue values in each diagram 
represent the phase speed. Solid and dashed contours represent the 
95% significant values (0.05 significance level using t-test)
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The phase relationship of air-sea fluxes on intraseasonal 
timescales in B-MME is evaluated during surplus/deficit 
monsoon years over the North Indian Ocean region with 
the observations. On intraseasonal timescales, underlying 
SST and the exchange of energy fluxes play a vital role in 
the propagation and maintenance of convection (Shinoda 
et al. 1998; Sengupta et al. 2001; Jinag et al. 2004; Roxy 
and Tanimoto 2007; DeMott et al. 2013; Roxy et al. 2013; 
Gao et al. 2019; Karmakar and Misra 2020; Konda and 
Vissa 2019, 2021). Singh and Dasgupta (2017) analysed 
the AS and BoB response to the rainfall over India on dif-
ferent intraseasonal timescales during strong/weak mon-
soon years. Ocean response to atmosphere and vice-versa 
are revealed using the lead-lag correlation (± 20 days) 
over the sub-regions (AS, BoB, SCI, NIO, and EEq IO) 
during the surplus and deficit monsoon years. Correlation 
values represent the strong/weak response, and lead/lag 
days represent the response time between them. On intra-
seasonal timescales, during monsoon season, SST leads 
precipitation by 5 and 12 days over AS and BoB (Roxy 
et al. 2013; Konda and Vissa 2021). The phase relation-
ship of SST and precipitation over AS, BoB, NIO, and EEq 
IO is shown in Fig. 7. Over AS, during surplus (deficit) 
monsoon years, SST leads precipitation by ~ 6 (~ 8) days. 
The strong response from the ocean to the atmosphere is 
observed during the deficit monsoon years, is associated 
with the less cloud coverage over the basin (Shinoda et al. 

1998; Roxy et al. 2013; Konda and Vissa 2019) and the 
weakening of southwesterly from the AS to the SCI dur-
ing deficit monsoon years supports the further warming of 
the basin (Hendon 2005; DeMott et al. 2015) leading to 
increase of SST. During surplus monsoon years, ocean to 
atmosphere response is weak is associated with the strong 
convection and monsoonal winds over the basin. However, 
the atmosphere-to-ocean response is quick (slow) during 
deficit (surplus) monsoon years. B-MME shows the slow 
response from the ocean to the atmosphere during surplus 
and deficit monsoons. CNRM-CM6-1 model fails (corre-
lations are insignificant; Fig. S4) to capture the response 
between ocean and atmosphere over all the regions. Over 
BoB, the response from the ocean to the atmosphere is 
weak and quick (correlation 0.45 at ~ 7 days) in the deficit 
monsoon years. However strong response (correlation is 
0.52 at ~ 12 days) is evident during surplus monsoon years. 
The strong response from ocean to atmosphere in the BoB 
during surplus monsoon years is associated with the influx 
of freshwater into the BoB (Thadathil et al. 2002; Shenoi 
et al. 2002; Mahadevan et al. 2016), causes the warming 
at the surface leads to a strong response to the atmos-
phere (Goswami et al. 2016). However, B-MME shows 
strong (weak) response in the surplus (deficit) monsoon 
years. Over NIO, B-MME shows the slow response com-
pared to the observations, and B-MME fails to capture the 
ocean and atmosphere response during deficit monsoon. 

Fig. 7   Intraseasonal Ocean and atmosphere response (lead-lag cross-
correlation) for surplus (solid) and deficit (dashed) monsoon years in 
the observations, B-MME of models. Lead-lag cross-correlation of 

SST and precipitation anomalies averaged over AS (a), BoB (b), NIO 
(c), and EEq IO (d). Correlation values are statistically significant 
(red lines; 0.05 significance level using t test)
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In the EEq IO, a significant response from the ocean to 
the atmosphere is observed during surplus monsoon years.

The phase response of SST and U850 is shown in Fig. 8. 
On intraseasonal timescales, easterlies lead warmer SST 
over AS, BoB, NIO, and EEq IO by ~ 6, ~ 3, ~ 7, and ~ 3 days, 
respectively. However, the CNRM group of models are fail 
to represent the phase response of SST and U850 over all the 
regions (Figure not shown). During deficit monsoon years, 
the response between easterlies to the SST is strong over AS, 
GFDL-CM4, and MIROC6 models are able to capture the 
phase response of U850 and SST; B-MME shows the insig-
nificant correlation of U850 and SST over the regions except 
for EEq IO. This could be associated with the underestima-
tion of low-level winds by the models. Over BoB, quick 
(~ 3 days) response of U850 to SST is evident compared 
to the AS, and models show the slow and weak response 
between them compared to the observations. Over the NIO, 
GFDL-CM4 and MIROC6 models can capture the in-phase 
relationship of U850 and SST. MIROC6 model well repre-
sented the in-phase relationship over all the regions. The 
response of U850 and precipitation is shown in Fig. 8. West-
erlies lead precipitation over AS and BoB by ~ 8 and ~ 5 days 
(Fig. 9a, b). However, models show the quick response 
between U850 and precipitation. In the observations, there 
is no significant differences between U850 and precipita-
tion response time and intensity during surplus and deficit 
monsoons over AS, BoB, and NIO. CNRM-ESM2-1 and 

MIROC-ES2L models are fail to represent the in-phase rela-
tionship of U850 and precipitation over all the regions. Over 
SCI, westerlies lead precipitation by ~ 6 (~ 10) days during 
deficit (surplus) monsoon years. B-MME fails to capture the 
in-phase relationship of U850 and precipitation over SCI.

It is essential to analyse the phase response between 
DSSR and SST (Fig. 10). DSSR leads warmer SST on intra-
seasonal timescales by ~ 7, ~ 5, and ~ 8 days over AS, BoB, 
and EEq IO, respectively. B-MME is able to capture the 
phase relationship of DSSR and SST over AS and NIO and 
fails to represent over BoB and EEq IO. Models (except 
CNRM-CM6-1 and INM-CM5-0) show the in-phase rela-
tionship of DSSR with the SST over the regions (Fig. S6). 
However, over BoB, during surplus monsoon years, the 
strong response from DSSR to the warmer SST is evident, 
influencing the precipitation response to the SST. Overall 
the regions (except EEq IO) models show a solid and quick 
response between DSSR and precipitation (Fig. S5). The 
response of latent heat flux to the precipitation is analysed 
(Fig not shown). Significant correlations are found over 
BoB. During the convection process, low-level specific 
humidity (SHUM) plays a vital role (Zheng and Huang 
2019). Understanding ISO dynamics is necessary to properly 
represent the phase relationship between low-level SHUM 
(vertically integrated from surface to 500 hPa) with pre-
cipitation. The phase association of SHUM-precipitations is 
analysed (Fig. S7). Overall the regions (except BoB) SHUM 

Fig. 8   Intraseasonal Ocean and atmosphere response (lead-lag cross-
correlation) for surplus (solid) and deficit (dashed) monsoon years in 
the observations, B-MME of models. Lead-lag cross-correlation of 

SST and U850 anomalies averaged over AS (a), BoB (b), NIO (c), 
and EEq IO (d). Correlation values are statistically significant (red 
lines; 0.05 significance level using t test)
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and precipitation show the in-phase association. Over BoB, 
SHUM leads precipitation by 2  days. CNRM-ESM2-1 
model fails to capture the response time between SHUM 
and precipitation compared to the observations. Over SCI, 
the strong (weak) response between SHUM and precipitation 
is evident during deficit (surplus) monsoon years.

4 � Summary and conclusions

This study aimed to evaluate the performance of CMIP6 
models in simulating the surplus/deficit seasonal monsoon 
rainfall and the association of air-sea interactions on intra-
seasonal timescales over the India and adjoining oceans. 
The majority of the CMIP6 models simulate the ISMR 
with good skill scores; however, systematic biases exist. 
The majority of the CMIP6 models are able to capture 
the cumulative mean rainfall over the mainland of India. 

The precipitation biases in the model simulations are 
primarily due to the simulation of SST, low-level winds, 
moisture transport from the WIO to the mainland, and the 
spatial resolution of the models. However, improving the 
simulations of low-level winds and SST with high spa-
tial resolutions would better agree on the historical and 
future projections. BPM models are identified to analyse 
the existence of biases in association with the surplus/
deficit monsoons. The B-MME outperforms the simulation 
of ISMR with weak biases. The overall enactment in simu-
lating the ISMR by B-MME is about 798.42 mm, and its 
associated CV is about 10.2%. The seasonal mean precipi-
tation analysis suggests that, B-MME failed in represent-
ing the orographic precipitation and overestimate the local 
convective activity over the east coast of India. Significant 
biases are evident in the moister transport from AS to SCI 
in the B-MME models leading to the biases in precipita-
tion. However, B-MME overestimates the moisture over 

Fig. 9   Intraseasonal response (lead-lag cross-correlation) for sur-
plus (solid) and deficit (dashed) monsoon years in the observations, 
B-MME models. Lead-lag cross-correlation of U850 and precipita-

tion anomalies averaged over AS (a), BoB (b), NIO (c), EEq IO (d), 
and SCI (e). Correlation values are statistically significant (red lines; 
0.05 significance level using t test)
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south peninsular India, and underestimation is evident over 
central India and the equatorial Indian Ocean.

ISMR exhibits strong intraseasonal and interannual varia-
bility (Goswami et al. 1999; Gadgil and Gadgil 2006; Turner 
and Annamalai, 2012) and is tied with the teleconnections 
like ENSO and IOD leading to surplus/deficit monsoonal 
rainfall over India (Ju and Slingo 1995). B-MME models 
show that wet biases of precipitation over south peninsular 
India are associated with the strong moisture transport from 
the WIO to the mainland of India. The composite of SST 
analysis further reveals that B-MME fails to capture the pos-
itive IOD-like patterns and overestimates the SST anomalies 
compared to the observations during the surplus monsoon 
years. The B-MME misrepresentation of SST and mois-
ture transport mainly signifies precipitation biases over the 
Indian mainland during surplus and deficit monsoons. On 
intraseasonal timescales, convection anomalies propagate 
northward and eastward. The northward propagating convec-
tion anomalies phase speed is about 1.2 °lat/day. However, 
sluggish (fast) propagation of convection is observed in the 
surplus (deficit) monsoon years. The sluggish propagation of 
convection anomalies leads to a longer duration of convec-
tion activity and causes heavy precipitation over the region. 
B-MME is able to capture the northward propagation of 
convection anomalies with a phase speed of 0.95 °lat/day 
(seasonal mean). The phase speed of eastward propagating 
convection anomalies reveals that, during surplus (deficit) 

monsoon years, convection shows the sluggish (quick) 
propagation to the western Pacific with a phase speed of 
3.48 (4.18) °lon/day. Compared to the observations, B-MME 
overestimates (underestimates) the phase speed of convec-
tion during surplus (deficit) monsoons.

Further, the simulation of air-sea interactions by the 
B-MME and individual models on intraseasonal time-
scales are analysed over AS, BoB, SCI, NIO, and EEq IO 
regions. The response from the ocean to the atmosphere is 
quick (slow) over AS (BoB) on intraseasonal timescales, 
even though basins are located on the same latitudes. How-
ever, models represent the slow response from the ocean 
to the atmosphere over AS. During surplus (deficit) mon-
soon years, the ocean response to the atmosphere is weak 
(strong) is associated with the stronger SST gradients and 
cloud cover over the regions. Over BoB, the response is 
strong during surplus monsoon years than the deficit mon-
soon years, is associated with the large influx of freshwa-
ter to the BoB in the surplus monsoon years, and leads to 
basin-wide warming. The underlying SST anomalies modu-
late the ocean’s response to the atmosphere during surplus/
deficit monsoon years, further influencing the phase speed 
of the precipitation anomalies. The models well simulated 
the ocean to atmosphere response but failed to represent the 
atmosphere to ocean response. B-MME fails to capture the 
in-phase relationship of U850 with SST and precipitation, 
leads to the significant underestimation/overestimation of 

Fig. 10   Intraseasonal response (lead-lag cross-correlation) for sur-
plus (solid) and deficit (dashed) monsoon years in the observations, 
B-MME models. Lead-lag cross-correlation of SST and DSSR 

anomalies averaged over AS (a), BoB (b), NIO (c), EEq IO (d). Cor-
relation values are statistically significant (red lines; 0.05 significance 
level using t test)
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low-level winds and SST. Models (except CNRM-ESM2-1) 
well simulated the in-phase relationship of low-level SHUM 
and precipitation. It is identified that the CMIP6 GCMs have 
differed in simulating the ISM’s prominent features because 
of the differences in their ability to represent air-sea inter-
actions over the Indian region accurately. To overcome the 
simulation of the ISM by the GCMs, the ocean to atmos-
phere feedback mechanisms, sensitivities of the models 
among internal variables need to be improved. In addition, 
cold SST biases in the B-MME models can suppress the 
precipitation. The better simulation of SST in the GCMs 
may lead to accurate precipitation simulation.
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