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Abstract
Indian summer monsoon, a part of the Asian summer monsoon is de�ned as the seasonal reversal of
atmospheric circulation, is manifested in the form of northward migration of Inter-Tropical Convergence
Zone (ITCZ) with respect to its normal position over the equator and resulting precipitation caused by the
cross-equatorial moisture-laden south-westerly winds over the Indian subcontinent. Indian summer
monsoon which is a complex geophysical phenomenon possesses a wide spectrum of variabilities such
as daily, intraseasonal, interannual, decadal, and so on. The interaction between multiple modes of
propagating intraseasonal oscillations of the Indian summer monsoon causes intermittent wet spells (i.e.
active spells with good rainfall) and dry spells (i.e. breaks with little rainfall) over core monsoon zone. It is
argued that a prolonged dry spells during July-August and an uneven temporal and spatial distribution of
rains (even in normal monsoon years) has potential to have an adverse effect on agriculture. Therefore,
understanding of the intraseasonal variation and the occurrence of the breaks, their intensity, and
duration is very important. Indian summer monsoon region is vulnerable to global warming which is
evident in the form of an increasing number of extremes and the increasing spatial variability of rainfall.
The main focus of the study is to understand the nature of the break and characteristics of the break over
all India monsoon regions and how active and break will vary with warming? This study investigates the
impacts of warming on the core monsoon zone and all India monsoon regions by using the output of the
‘Half a degree Additional warming Prognosis and Projected Impacts’ (HAPPI) experiment model. There
are �ve AGCM models are used in this study such as NorESM1-HAPPI, ECHAM6.3-LR, CanAM4, MIROC5,
and, CAM4-2degree. Both, inter-model and intra-model comparisons are performed based on indicators
such as the frequency and length of active and break spells for the historical period, plus15 period, and
plus20 period (future). Vertically Integrated Moisture Transport (VIMT) pertaining to active and break is
also analysed. An increase in moisture transport in the future active period under 1.5°C warming
condition (plus15 future) and under 2°C warming condition (plus20 future) is expected in NorESM1-
HAPPI model with intensi�cation of rainfall over the core monsoon zone. Similarly, there will be
intensi�cation of breaks, and the core monsoon zone will receive less atmospheric moisture in future
breaks under 1.5°C warming condition (plus15 future) and under 2°C warming condition (plus20 future).

Highlight
This study investigates the nature, characteristics and impacts of warming on the active and break spell
over Core Monsoon Zone and AIMR by using the output of (HAPPI) experiment models such as NorESM1-
HAPPI, ECHAM6.3-LR, CanAM4, MIROC5, and, CAM4-2degree. Both, inter-model and intra-model
comparisons are performed based on indicators such as the frequency and length of active and break
spells for the historical period, plus15 period, and plus20 period (future). Vertically Integrated Moisture
Transport (VIMT) pertaining to active and break is also analysed.

1.0 Introduction
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1.1 Background
Indian summer monsoon, a part of the Asian summer monsoon is de�ned as the seasonal reversal of
atmospheric circulation, is manifested in the form of northward migration of Inter-Tropical Convergence
Zone (ITCZ) with respect to its normal position over the equator and resulting precipitation caused by the
cross-equatorial moisture-laden south-westerly winds over the Indian subcontinent (Mohan et al., 2000).
The Indian subcontinent receives 85% of its annual rainfall during the summer monsoon season which is
crucial for ful�lling the demands of drinking water and agriculture. The importance of monsoon in the
agricultural sector can be comprehended by a fact that more than 56% of the total agricultural land in
India is rain-fed (Singh et al., 2014). Indian summer monsoon which is a complex geophysical
phenomenon possesses a wide spectrum of variabilities such as daily, intraseasonal, interannual,
decadal, and so on. The intrinsic spatial-temporal variabilities in the Indian monsoon system (also known
as natural variabilities) is associated with the anomalies in the large-scale climate variables (which is
mostly prominently) driven by the (temperature anomaly) (Bhatla and Ghosh, 2015). In particular, the
intraseasonal variability of the Indian summer monsoon has a crucial role in deciding the fate of kharif
crops in the Indian Subcontinent.

1.2 Intraseasonal variability of the Indian summer monsoon
The seasonal summer mean (June–September, JJAS) precipitation distribution over the Indian monsoon
region has a major zone of large precipitation along the monsoon trough called low-pressure area
extending from Northwest Rajasthan to the north Bay of Bengal (a core monsoon zone between 18-28° N
and 73-82° E) and a secondary zone of precipitation maximum south of the equator (between 0° and
10°S) over the warm waters of the Indian Ocean. Locations of the Tropical Convergence Zone (TCZ) is
represented by these two maxima during the summer monsoon season (Sikka and Gadgil 1980;
Gowswami 1994). The Intra-Seasonal Oscillations (ISOs) are �uctuations of the TCZ between these two
locations and repeated propagation from the southern to the northern position within the monsoon
season (Goswami and Ajaya Mohan, 2001). The interaction between multiple modes of propagating
intraseasonal oscillations of the Indian summer monsoon causes intermittent wet spells (i.e. active spells
with good rainfall) and dry spells (i.e. breaks with little rainfall) over core monsoon zone (Singh et al.,
2013).

1.2.1 De�nition of active and break spell1
‘Interval of droughts’ during which the large-scale rainfall over the monsoon zone is interrupted for several
days in the peak monsoon months of July and August have been called breaks in the monsoon season.
Active spells of the monsoon are the spells characterized by the ‘height of rains’ over the monsoon zone
(Blanford 1886).

During a typical active condition, the northern TCZ is stronger and the southern one is weaker, with
stronger cyclonic vorticity and enhanced convection over the northern location and stronger anticyclonic
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vorticity and decreased convection over the southern one. During a typical break condition, this situation
is reversed (Goswami and Ajaya Mohan, 2001).

Identifying for a break period, the criterion used by Indian meteorologists is the synoptic situation
associated with rainfall anomaly, rather than the rainfall distribution itself. India Meteorological
Department (IMD) generally de�nes breaks over the past several decades as the periods during which the
monsoon trough (low-pressure area) is located close to the foothills of the Himalayas, which leads to a
striking decrease of rainfall over most part of the country, but increase along the foothills of the
Himalayas, southern peninsula and northeast part of the India (Mukhopadhyay et al., 2002).

Active and break spells are de�ned on the basis of the daily rainfall over the monsoon trough zone (low-
pressure area) (Krishnan et al., 2000). A break spell is de�ned as the day on which the rainfall is below
the speci�ed thresholds and active spell, as the day on which the rainfall is above the speci�c threshold
(Gadgil and Joseph, 2003).

A criteria suggested for identi�cation of active and break events by using the high resolution daily gridded
rainfall dataset over core monsoon zone (18-28° N and 73-82° E). If a period during which standardized
rainfall anomaly is more than +1.0 consecutively for three or more days, it identi�ed as an active period.
Similarly, if a period during which the standardized rainfall anomaly is less than -1.0 consecutively for
three or more days, it identi�ed as a break period. It was observed that as compare to the active spells,
breaks spells have longer life periods (Rajeevan et al., 2010).

It is argued that a prolonged dry spells during July-August substantially reduces crop yields. Furthermore,
even in normal monsoon years an uneven temporal and spatial distribution of rains has an adverse effect
on agriculture. Therefore, understanding of the intraseasonal variation and the occurrence of the breaks,
their intensity, and duration is very important.

1.3 HAPPI experiment
The nations participated in Paris Agreement under the ‘United Nations Framework Convention on Climate
Change’ (UNFCCC) set one goal for the protection of the climate under the long-term temperature change
and the goal is to keep the global warming below 2°C and pursuing efforts to limit it below 1.5°C after the
pre-industrial period, accepting that this would signi�cantly reduce the impacts of climate change and
risks under the warming scenario (Mitchell et al., 2017). It has been argued that low emission scenario
such as ‘Coupled Model Intercomparison Project phase �ve’ (CMIP5) may not be best suited for achieving
the goal of the Paris Agreement and also in scenario-based approach there was some uncertainty
because of this limitation they designed one experiment which is called ‘Half a degree Additional
warming, Prognosis and Projected Impacts’ (HAPPI) experiment. HAPPI experiment is a framework
consisting of different models, which provides climatic datasets such as precipitation, wind speed,
temperature, speci�c humidity and so on and describes how climate and extreme weather may different
in present climate condition as compared to the 1.5°C and 2°C (future period) warming condition after the
pre-industrial period (Mitchell et al., 2017).
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1.4 Motivation
The Indian Summer Monsoon Rainfall (ISMR) possesses a large amount of variability in terms of its
spatial distribution and seasonal strength especially since post-industrialization period after the 1950s
(Roxy 2018). Asian summer monsoon region is most vulnerable to global warming due to frequent
occurrence of events such as heavy precipitation, heat waves, and drought (Lee et al., 2018).

Recently, it has been observed that the global mean sea-surface temperature is increasing and it due to
rapid warming of the western tropical Indian Ocean (Roxy et al., 2014), (Roxy 2018). Furthermore, the
western Indian Ocean went through a great extent of warming of 1.28°C in summer SSTs as compare to
the Indian Ocean which experienced an increase of 0.78°C during 1901-2012 (Roxy 2018). Western Indian
Ocean which is generally cool in nature as compared to the tropical warm Ocean alters the zonal SST
gradients and has the ability to change the circulation characteristics and rainfall of the Asian monsoon
(Roxy 2018). The propagation and initiation of the Monsoon Intraseasonal Oscillation (MISO) are mainly
governed by the ocean-atmospheric coupling of the Sea-Surface Temperature (SST), winds, convection
and warming in the India ocean has an effect on its characteristics (Roxy 2018). The recent studies
shows that as compared to the 1978-1988, northward-propagation characteristics of the MISO has
changed during 2001-2011 due to the rapid increase in the SST temperature (Roxy 2018). Convection
over the equatorial Indian Ocean is increased by the warming of the equatorial region which reduces the
northward propagation of the MISO (Roxy 2018).

It is argued that, with respect to the pre-industrial period, an increase in 1.5°C global mean temperatures is
projected to results in a 20% increase in daily rainfall, and under 2°C global mean temperature may
results in a 25% increase in rainfall (Ali and Mishra, 2018).

At present, there is no study that focuses the impact of 1.5°C and 2°C warming on active and break spells
in India, therefore, this study investigates the impacts of warming on the core monsoon zone and all India
monsoon regions by using the output of the HAPPI experiment model. The purpose of this study is to
provide detailed information of the future changes in active and break spells. The main focus of the
study is to understand the nature of the break and characteristics of the break over all India monsoon
regions under different target temperatures such as 1.5°C and 2°C and how active and break will vary
with the warming?

1.5 Objectives
Keeping the above point in view, the present study has been planned with the following speci�c objectives
for the study region. Based on the background and research gaps we have formulated the following sets
of objectives.

1. To analyse the historical intraseasonal variability in HAPPI experiments.

2. To project active and break periods associated with rainfall variability for the future period.
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3. To analyse the impact of warming on moisture transport.

2.0 Study Area And Data Availability
This section deals with the description of the study area Indian monsoon region with special emphasis
on the core monsoon zone.

2.1 Study Area and Data
The extent of the present study mainly limited to the Indian Monsoon region and regions within its extent
(i.e. Core monsoon zone (18-28° N and 73-82° E)). Rajeevan et al., (2010) identi�ed that approximately
85% of the rainfall that occurs during the monsoon season over the core monsoon zone and the rainfall
over core monsoon zone is considered as a representative of Indian monsoon signal, therefore we
analyse the spatially averaged rainfall over the core monsoon zone.

In addition to that Pathak et al., (2014) and Pathak et al., (2017) found that the land-atmosphere
interaction plays an important role in the precipitation process over this region. In addition to that, the
land-surface feedback from this region not only fed the same region but also signi�cantly contribute to
the anomalous rainfall over the central part of India and north-east India. Therefore, in the present study,
we analyse the role of large-scale warming on the intraseasonal variability over this region and over the
core monsoon zone. Fig. 1 shows the geographic location of the core monsoon zone (represented with
pink colour).

2.2. Data used

2.2.1 HAPPI datasets
National Energy Research Scienti�c Computing Center (NERSC) provides the output of the HAPPI
experiment. We use �ve AGCMs models simulated datasets that participated in the HAPPI project (Table
1). These �ve AGCMs models have different physics and resolution therefore, we interpolated them to a
common grid (1°×1°) resolution. Here, every member of �ve AGCM models provides 10-year simulated
datasets for three periods.

i .Historical period (2006–2015) for the current decade

ii. Plus-15 (2106-2115) 1.5°C warming condition, for the future period
iii. Plus-20 (2106-2115) 2.0°C warming condition, for the future period
The key climate variables, such as precipitation (P), zonal wind (u wind), meridional wind (v wind),
speci�c humidity (q) and surface pressure (ps) are used at a common resolution of (1°×1°) within the
extent of latitude (-40°S to 54°N) and longitude (0°E to 360°W). A detailed information about the variable
name, its dimension, pressure levels, and dimensions of the data is provided below.

a. Precipitation (P )(mm/day) 3D
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b. Speci�c Humidity (q)(kg/kg)(Pressure level 850,500,250 hPa) 4D
c. Wind speed (ua & va)(m/sec)(Pressure level 850,500,250,100 hPa) 4D
d. Surface pressure (ps)(Pa) 3D

Table 1
List of �ve AGCM used in this study.

Model name Original horizontal resolution

(longitude×lattitude)

(km×km)

No. of ensemble

members

CanAM4 128 × 64 100

CAM4-2degree 144 × 96 500

ECHAM6.3-LR 192 × 96 100

MIROC5 256 × 128 100

NorESM1-HAPPI 288 × 192 125

2.2.2 Observed datasets
Daily gridded (0.25°×0.25°) precipitation datasets from IMD (Rajeevan et al., 2010) are used in this study
for the historical period (2006-2015) over all India monsoon region with latitude (8.25°N to 37.25°S) &
longitude (68°E to 97.25°W).

3.0 Materials And Methods
This chapter deals with the presentation of detailed theory and procedures. The organization of the
section is as follows: Section 3.1 describe the �owchart of the work�ow; Section 3.2 describes the multi
criteria based selection; Section 3.3 describes the intraseasonal variability; Section 3.4 discusses
vertically integrated moisture transport.

Figure 2 shows the �owchart of the methodology followed in this study. The tasks in the �owchart are
divided into two parts intra-model comparison and intermodal comparison. In the present study as we are
using �ve AGCM, not all AGCM have all the variables (except the precipitation) available at a common
time resolution. Furthermore, it is observed that among, all the AGCM, the NorESM1-HAPPI model has
almost all the required variables at the �ner spatial and temporal scale. Thus a detailed intra-model
comparison of intraseasonal precipitation variability is presented using the best runs of NorESM1-HAPPI
model precipitation. Similarly, the inter-model comparison is also performed using the precipitation
outputs from �ve different AGCM.

3.1 Intra-model comparison
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The �ve AGCMs used in this study such as (i) NorESM1-HAPPI (ii) ECHAM6.3-LR (iii) CanAM4 (iv)
MIROC5 and (v) CAM4-2degree. These �ve AGCM models are part of the HAPPI experiment which
provides climatic data such as precipitation for the historical period, plus15 period, and plus20 period.
Since, only NorESM1-HAPPI model has precipitation, speci�c humidity, wind vector, and air temperature
data for the historical period, plus15 period and plus20 period as compared to the other four models used
in this study, we select only NorESM1-HAPPI model for intra-model comparison (i.e. to identify the best
run).

Figure 3 shows the deviation of long term All India Monsoon Rainfall (AIMR) climatology of ensembles
(runs of the NorESM1-HAPPI Model) from the observed data (IMD). In Fig. 3, y-axis represents number of
days (from 1 to 365) and x-axis represents ensembles runs (from 1 to 120). These ensemble runs are the
simulated output of the NorESM1-HAPPI Model. Red colour represents higher deviation of the climatology
from the observed data (IMD data) and blue colour represents lower deviation of the climatology from the
observed data. It is clear from the Figure 3 that, there is lesser deviation is observed between pre-
monsoon season and monsoon season. So we can select only those ensemble runs which have good
performance during monsoon season. It is not clear from the Figure 3 that, which run we have to take, for
furthermore analysis it is required to take best runs out of 120 runs.

Figure 4 shows the comparison between All India Monsoon Rainfall (AIMR) climatology of ensembles
(runs of the NorESM1-HAPPI model), and observed precipitation (IMD data). The blue band represents
observed range (obs. mean + 0.5S.D, obs. mean - 0.5S.D.) and the solid blue line represents observed
mean climatology. Similarly, the orange band represents ensemble range (max of all runs, min of all runs)
and the orange line represents mean of all runs. It is evident from Figure 4 that, all values of the ensemble
values are slightly overestimated than that of observed climatology, however, they have a similar pattern
of climatology. It is important to note that the ensemble mean has a lesser deviation than that of
observed mean during the monsoon period, hence, we can pick some best runs out of entire ensembles.
Thus, we have to select only those runs which are having better performance during the summer
monsoon season (JJAS). Furthermore, in order to select the best runs from Fig. 4, further analysis is
required to choose the best runs.

We use gridded observed precipitation data (from IMD Rajeevan et al., 2010), to identify the best runs
within the NorESM1-HAPPI datasets. The best runs were identi�ed based on multi-criteria such as
RCAnMax, RCMSE, RCRMS, RCCMZCorr, RCRXAday, RCR95P, and RCRX5day. It is important to note that,
these criteria are based on different statistics and each of these criteria provides one best run. Seven out
of 120 runs were identi�ed as the best runs within the NorESM1-HAPPI datasets and thus used for
analysing intraseasonal variability such as active and break period.

3.1.1 Selection Criteria
RCAnMax (Ability of model to simulate long term annual maximum): This criterion is used to capture
interannual variability of rainfall over the all India monsoon region. First, the maximum of each year is
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calculated which is called annual maximum after that, average of the maximum value is calculated then
we compared with the observed value, whichever run value was near to the observed value, a highest rank
was assigned to that run.

RCMSE (Mean square error of daily precipitation): This criterion is used to capture the daily variability of
all India monsoon rainfall. First, mean square error of both observed data and model data are calculated
then deviation from the observed data is calculated, whichever run value was near to the observed value,
a highest rank was given to that run. Mean square error is calculated by the following formula (1).

MSE =
1
n

n

∑
i=1

(Yoi − Ymi)2(1)

where, Yoi = observed rainfall data

Ymi = model rainfall data

n = total no. of data

RCRMS (Root mean square of daily precipitation):- This criterion is used to capture the daily variability of
all India monsoon rainfall. First, the root means square of both observed data and model data are
calculated then deviation from the observed data is calculated, whichever run value was near to the
observed value, a highest rank was given to that run. Root mean square is calculated by the following
formula (2).

RMS =
∑n

i=1(Yoi − Ymi)2

n (2)

where, Yoi = observed rainfall data

Ymi = model rainfall data

n = total no. of data

RCCMZCorr (Correlation of JJAS daily precipitation of core monsoon zone): This criterion is used to
capture grid wise seasonal variability of core monsoon zone rainfall. First, the correlation coe�cient of
both the observed data and model data is calculated then deviation from the observed data is calculated,
whichever run value was near to the observed value, a highest rank was assigned to that run. Correlation
coe�cient is calculated by the following formula (3). (Rajeevan et al., 2010)

√



Page 10/53

r =
∑n

i=1(Xi −
−
X)(Y i −

−
Y)

∑n
i=1(Xi −

−
X)

2
∑n

i=1(Y i −
−
Y)

2

3
where, Xi = observed rainfall dataset

−
X  = mean of observed rainfall

Xi = observed rainfall dataset

Yi = Model rainfall dataset

−
Y  = mean of model rainfall

r =  Correlation coe�cient

Figure 5 shows the correlation between the core monsoon zone and rainfall over all India nodes in IMD
and run060. Pink color shows the minimum value of the correlation coe�cient and dark purple color
shows the maximum value of the correlation coe�cient. Maximum correlation coe�cient is observed
over the core monsoon zone. Therefore, we can con�rm that there is a good correlation between observed
data and run060. So we are selecting run number 060 because it shows a good correlation with observed
data.

RCRXAday (Skill score of JJAS daily precipitation): This criterion is used to capture the daily variability of
all India monsoon rainfall. First, the probability distribution of both the observed and model data is
calculated for a given bin then the cumulative minimum value of the observed and model data is
calculated which is called skill score value (Change and Frontiers, 2007). Whichever runs skill score value
is observed maximum that run is given the highest rank. If a model simulates observed condition
perfectly it will have a skill score is equal to one, it means that there is a perfect overlap between the
observed data and model data. If a model simulates observed condition poorly it will have zero skill score
with negligible overlap between the observed data and model data. S score is calculated by the following
equation (4). (Perkins et al., 2007)

Sscore =
n

∑
1

min(Zm, Zo)(4)

Where, n = no. of bins used to calculate Probability Density Function (PDF)

Zm  = Probability of model data in a given bin

√ √
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Zo  = Probability of observed data in a given bin

Figure 6 shows the comparison of skill score between observed data and run078. In this �gure, the y-axis
represents the probability, and the x-axis represents precipitation in mm/day. Blue colour histogram
represents observed value and orange colour histogram represents run078 value. Maroon colour
histogram represents overlapping between observed data and run078. The graph shows that there is a
74% overlap between observed data and run078. So we are selecting run 078 because it shows the good
overlap with the observed data.

RCR95P (Annual JJAS daily precipitation > 95th percentile of JJAS wet days): This criterion is used to
capture spatial and extreme variability of all India monsoon rainfall. Wet days are de�ned as the annual
count of JJAS days when daily precipitation is ≥ 1mm/day. Ninety-�ve percentile of JJAS wet days is
calculated and we are taken only that value of annual JJAS daily precipitation whose value is greater
than 95 percentile of wet days, similarly for the observed datasets. After that, we calculated the skill score
for both the observed data and model data. Whichever runs skill score value is maximum that run is given
the highest rank. (Diaconescu et al., 2017)

RCRX5Day (Annual JJAS maximum of 5-day accumulated precipitation): This criterion is used to capture
the spatial variability of all India monsoon rainfall. Five-day accumulated precipitation is calculated by
the moving average method. From the �ve-day accumulated precipitation, we are taken the annual
maximum of each JJAS, similarly for the observed datasets. After that, we calculated the skill score for
both the observed data and model data. Whoever skill score value was maximum that value is given the
highest rank. (Diaconescu et al., 2017)  
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Table 2
Criteria-wise best runs.

Sr.

No.

Criteria

Code

Description Formula Run
No.

1 RCAnMax Long term annual maximum   052

2 RCRX5Day JJAS max of 5-day
accumulated precipitation Sscore = ∑n

1min(Zm, Zo) 056

3 RCCMZCorr Correlation of JJAS daily
precipitation of CMZ r =

∑n
i=1 ( Xi−

−
X ) ( Yi−

−
Y )

∑n
i=1 ( Xi−

−
X )

2
∑n

i=1 ( Yi−
−
Y )

2

060

4 RCR95P Annual JJAS precipitation >
95th percentile Sscore = ∑n

1min(Zm, Zo) 070

5 RCRMS Root mean square of daily
precipitation RMS =

∑n
i=1 ( Yoi−Ymi ) 2

n

073

6 RCMSE Mean square error of daily
precipitation MSE =

1
n ∑n

i=1(Yoi − Ymi)
2 074

7 RCRXADay S score of JJAS daily
precipitation Sscore = ∑n

1min(Zm, Zo) 078

Figure 7 shows the selection of the best runs based on different criteria. In this �gure, the rows represents
seven criteria and the column represents runs. The value represented with red colour shows the highest
rank (minimum value) and shades of grey colour shows the rank for each of these criteria. It is clearly
visible from the graph that for RCAnMax, RCRX5Day, RCCMZCorr, RCR95P, RCRMS, RCMSE, and
RCRXADay criteria, run052, run056, run060, run070, run073, run074, and run078 is the best run. This is
also summarized in Table 2.

3.2 Inter-Model comparison of the intraseasonal variability:
For further investigation of the intraseasonal variability, we consider all �ve AGCM model. Five AGCM
(NorESM1-HAPPI, ECHAM6.3-LR, CanAM4, MIROC5, and CAM4-2degree) models that are the part of the
HAPPI experiment which provides precipitation data for the historical period, plus15 period and plus20
period area selected. The performance of each of these AGCMs in terms of historical climatology is
tested with respect to the observed data (IMD). All �ve AGCM models interpolated at a common grid
(1°×1°) resolution in order to compare their performance. Intraseasonal variability such as active and
break spells of all the �ve AGCM models are calculated for the historical period, plus15 period, and
plus20 period.

Figure 8 shows the comparison between Core Monsoon Zone (CMZ) rainfall climatology of ensembles
(runs of �ve AGCM models) and observed rainfall (IMD data) during historical period. The blue band

√ √

√
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represents observed range (obs. mean + 0.5S.D, obs. mean - 0.5S.D.) and the solid blue line represents
observed mean climatology. Similarly, the black band represents ensemble range (values of all runs) of
NorESM1-HAPPI Model and the black line represents mean of all runs of NorESM1-HAPPI Model. The red
band represents ensemble range (values of all runs) of MIROC5 Model and the red line represents mean
of all runs of MIROC5 Model. In a similar way, the pink band represents ensemble range (values of all
runs) of CanAM4 Model and the pink line represents mean of all runs of CanAM4 Model. Likewise, the
green band represents ensemble range (values of all runs) of CAM4-2degree Model and the green line
represents mean of all runs of CAM4-2degree Model. In a similar manner the orange band represents
ensemble range (values of all runs) of ECHAM6-3LR Model and the orange line represents mean of all
runs of ECHAM6-3LR Model. It is clear from Figure 8 that, all values of the ensembles values of MIROC5
Model are slightly overestimated than that of the observed climatology. Ensembles of the NorESM1-
HAPPI Model, CanAM4 Model, CAM4-2degree Model and ECHAM6-3LR Model shows a similar pattern of
climatology than that of the observed data. It is clear from the Figure 8 that MIROC5 Model is not good
whereas NorESM1-HAPPI Model, CanAM4 Model, CAM4-2degree Model and ECHAM6-3LR Model are
good. So for further analysis we can choose only these Models such as NorESM1-HAPPI, CanAM4, CAM4-
2degree and ECHAM6-3LR.

3.3 Characteristics of active and break spells
Intraseasonal variability of ISMR in terms of active and break spells is studied for the historical period,
plus15 period, and plus20 period. Key characteristics of Active and Break spells are given below.

3.3.1 Active spells:
Good rainfall over the Core monsoon region

Rainfall 1 to 4 times of the normal rainfall

Enhanced rainfall activity over central India

Wind speed 23 to 32 knots over the sea

Increased low-level cyclonic vorticity over northern tropical convergence zone and reduced low-level
cyclonic vorticity over southern tropical convergence zone

Increased convection over northern tropical convergence zone and reduced convection over southern
tropical convergence zone

Negative outgoing longwave radiation anomaly

3.3.2 Break Spells:
Little or no rainfall over the Core monsoon zone

Rainfall is less than half of the normal rainfall

Rainfall activity mainly concentrated near foothills of Himalayan, North-east parts of India and
southern peninsula

Wind speed 12 knots over the sea
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Decreased low level cyclonic over northern tropical convergence zone and enhanced low-level
cyclonic vorticity over southern tropical convergence zone

Decreased convection over northern tropical convergence zone and enhanced convection over
southern tropical convergence zone

Positive outgoing longwave radiation anomaly

3.3.3 Length of active and break spells:
Length of the active and break spells are calculated by the daily gridded rainfall dataset over the core
monsoon zone (18-28° N and 73-82° E) (M. Rajeevan et al., 2010). It is calculated by taking the average of
daily rainfall and standardizing the daily rainfall time series by subtracting from its long term normal
mean and by dividing with its daily standard deviation over the core monsoon zone. If the periods during
which standardized rainfall anomaly is more than +1.0 consecutively for three or more days identi�ed as
an active period. Similarly, if the periods during which the standardized rainfall anomaly is less than -1.0
consecutively for three or more days identi�ed as a break period.

3.3.4 Frequency of active and break spells:
Frequency of active and break spells is calculated by the number of times active and break events
occurring in each year.

3.4 Vertically Integrated Moisture Transport (VIMT)
Moisture transport is an essential process of the earth’s hydrological cycle (Sinha et al., 2019). Vertically
integrated moisture transport is directly associated with the monsoon rainfalls. For ISMR at a global
scale, different moisture source regions are identi�ed by Pathak et al., (2016) and Stohl and James,
(2004, 2005). Pathak et al., (2016) identi�ed key moisture source regions such as the western Indian
Ocean, the central Indian Ocean, the upper Indian Ocean (that includes Bay of Bengal) and the Ganga
Basin (recycling). For monsoon rainfall over western and southern India, four major source regions are
identi�ed by the Ordóñez et al., (2012) such as Arabian Sea, the Indian Ocean (through the Somali low-
level jet), the north-western part of the Indian subcontinent, western and southern India (through
evapotranspiration) and the Bay of Bengal during the winter season. During the summer monsoon
season, moisture is transported from the Arabian Sea and Bay of Bengal over the Indian region and
subcontinent (Pathak et al., 2017),(Ullah and Gao, 2012). The Bay of Bengal possesses some special
characteristics such as it has relatively high sea surface temperature, as compared to the other Indian
Ocean during the monsoon season (Sinha et al., 2019). Northern Bay of Bengal represents the genesis of
the low-pressure systems (LPS) and moves towards the western part of the India and creates heavy
rainfall over the central and northern India (Goswami 1994). Contribution of moisture transport from the
Arabian Sea and Bay of Bengal to the Indian monsoon rainfall is to be highly modulated at intraseasonal
time scales (Pathak et al., 2017). Thus, sources of moisture transport from the local oceanic sources, over
the core monsoon zone on intraseasonal time scales is very important to understating the intraseasonal
variability of the monsoon as well as seasonal mean monsoon (Sinha et al., 2019). Vertically integrated
moisture transport is calculated by the equation 5 (Ullah and Gao, 2012).
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VIMT =
1
g∫ps

0 (qU)dp

5
where,

VIMT = vertically integrated moisture transport in (kg m/sec)

ps = pressure at different pressure levels (250, 500, 750 hPa)

U = resultant of zonal (u wind) and meridional (v wind) wind vector at different pressure levels (250, 500,
750 hPa) in m/sec

q = speci�c humidity at different pressure levels (250, 500, 750 hPa) in kg/kg

g = gravitational acceleration in (9.81 m/sec2)

Changes in the precipitation is calculated by the equation 6

δ( ∙ ) = ( ∙ )Plus − ( ∙ )HIST

6
where,

δ( ∙ ) = Difference between future period and historical period

( ∙ )Plus = datasets for plus15 and plus20 periods

( ∙ )HIST = datasets for the historical period.

4.0 Results And Discussion
This section discusses the �ndings in two parts. First one is the results of criteria based selection of the
NorESN1-HAPPI model for intra-model comparison and second one is the inter-model comparison of the
intraseasonal variability in �ve AGCM models.

4.1 Intra-model comparison for the historical period

4.1.1 Length of active and break period
Figure 9 shows the length of the active and break period of the selected best runs. The length of the
active period (in red colour boxplot) and break period (in blue colour boxplot) shown for different criteria.
The outliers present in the datasets are indicated by a plus (+) symbol. It is observed that the minimum
length of active and break period is three days and the maximum length of active days is 10 days and the
maximum length of break days is 11 days during the historical period. Break periods have a higher length
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than the active periods. Long intense breaks are often associated with poor monsoon rainfall over the
core monsoon zone and central India and have a large impact on rainfed agriculture.

4.1.2 Frequency of active and break period
Frequency of active and break spells is calculated by the number of times active and break events occur
in each year. Generally, a higher number of the frequency of active days means a more intense rainfall
and more frequent moisture over the core monsoon zone and central India.

Figure 10 shows the comparison between the frequency of the active period for the selected runs of
NorESM1-HAPPI and the observed IMD data. Minimum frequency of the active period is zero days and
the maximum frequency of the active period is ten days. It is evident from Figure 10 that the frequency of
RCRXADay is close to the observed data (IMD rainfall).

Figure 12 shows the comparison between the frequency of the break period for selected runs of
NorESM1-HAPPI and the observed IMD data. It is observed that the minimum frequency of the break
period is zero days and the maximum frequency of the break period is �ve days. It is evident from Figure
12 that the frequency of RCRX5Day and RCMSE is close to the observed data (IMD rainfall). Thus, the
RCRX5Day and RCMSE are able to re�ect the observed variations in the break period during the historical
period.

4.1.3 Distribution of the active and break duration and
associated probability
Figure 13 shows the distribution of the active period duration and the associated probability. Among all
active events, periods with duration equals to 3-4 days and 4-5 days have a high probability than that of
the >7 days duration active periods. There is a high probability for events with duration equals 3-4 days,
in case of RCRXADay run has a maximum probability of 3-4 days, 4-5 days in case of RCCMZCorr.
Among all the runs the highest probability of 5-6 days, 6-7 days, 7-8 days, 8-9 days, and 9-10 days is
observed in the case of the RCAnMax, RCR95, RCMSE, RCRX5Day, and RCRX5Day runs respectively.

Figure 14 shows the distribution of the break duration and associated probability. Among all the break
events, periods with duration equals to 3-4 days and 4-5 days have a high probability than that of the >7
days duration break periods. There is a high probability for events with duration equals 3-4 days in case
of RCRXADay run and 4-5 days in case of RCAnMax criteria run. Among all the runs the highest
probability of 5-6 days, 6-7 days, 7-8 days, 8-9 days, 9-10 days, and 10-11 days is observed in the case of
the RCRX5Day, RCR95, RCRXADay, RCRMS, RCRMS, and RCRMS runs respectively

4.2 Inter-model comparison of the intraseasonal variability

4.2.1 Length of the active period during historical, plus15
and plus20 period
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A two-sample t-test is performed to test the signi�cance of the observed change in length of the active
period between the historical and future periods (plus15 and plus20). We take the null hypothesis that the
two data samples come from independent random samples from normal distributions with equal means
and equal but unknown variances.

Where, p-value = probability of the distribution.

h = 1, this indicates the rejection of the null hypothesis at 5% signi�cance level.

h = 0, this indicates a failure to reject the null hypothesis at 5% signi�cance level.

Table 3 shows the results of a two-sample t-test for the historical period and plus15 period. In this table,
the value of h = 1, represents a rejection of the null- hypothesis, and signi�cance for that model and the
value of h = 0, indicates a failure to the reject null-hypothesis and non-signi�cance for that model. The
models ECHAM6.3-LR, MIROC5, and NorESM1-HAPPI show a signi�cant change in length of the active
period, and for the rest of the models change is not signi�cant. For further analysis of the length of the
active period, we are considering only these models ECHAM6.3-LR, MIROC5, and NorESM1-HAPPI.

Table 3
t-test of the length of the active period between historical and plus15 period.
Model name h value (hist. and plus15) p-value (hist. and plus15)

CanAM4 0 0.6413

ECHAM6.3-LR 1 0.0181

CAM4-2degree 0 0.2887

MIROC5 1 0.0122

NorESM1-HAPPI 1 1.28e-08

Table 4 shows the results of a two-sample t-test for the length of the active period between the historical
period and plus20 period for �ve AGCM models. The models ECHAM6.3-LR, CAM4-2degree, MIROC5, and
NorESM1-HAPPI show a signi�cant change in length of the active period, and for the rest of the models
change is not signi�cant. For further analysis of the length of the active period, we are considering only
these models ECHAM6.3-LR, CAM4-2degree, MIROC5, and NorESM1-HAPPI.
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Table 4
t-test of the length of the active period between historical and plus20 period.
Model name h value (hist. and plus20) p-value (hist. and plus20)

CanAM4 0 0.1027

ECHAM6.3-LR 1 0.0305

CAM4-2degree 1 0.0427

MIROC5 1 0.0020

NorESM1-HAPPI 1 1.57e-129

Figure 15 shows the length of the active period between historical, plus15 (future), and plus20 (future).
Black solid line represents mean, red solid line represents median, and blue solid line represents the 95th
percentile of the data. ECHAM6.3-LR model shows the mean active length of the active period is four
days with no changes between historical, plus15, and plus20 period. In ECHAM6.3-LR and MIROC5
models, although there is no change in mean active length, the probability density of active period
duration is slightly changed with a few long duration active periods in the future period. Similarly, in case
of a CAM4-2degree model, mean active length is unchanged, however, the range of durations is slightly
reduced for the future period. NorESM1-HAPPI model, shows slightly increased in mean length of active
period for plus20 future period, and also there is a slightly elongated probability density of active period
durations for the future period. An increase in the length of the active period will results into more
moisture during the plus20 future period than that of the historical period over the India and subcontinent
region. There will be more rainfall over India and subcontinent region in future under 2°C warming
condition.

4.2.2 Length of break period between historical plus15 and
plus20 period
Table 5 shows the results of a two-sample t-test between the length of the break period for the historical
period and plus15 period for �ve AGCM models. The models CanAM4, CAM4-2degree, and NorESM1-
HAPPI show a signi�cant change in length of break period, and for the rest of the models change is not
signi�cant. For further analysis of the length of the break period, we are considering only these models
CanAM4, CAM4-2degree, and NorESM1-HAPPI.
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Table 5
t-test of the length of break period between historical and plus15 period.

Model name h value (hist. and plus15) p-value (hist. and plus15)

CanAM4 1 6.71e-11

ECHAM6.3-LR 0 0.7575

CAM4-2degree 1 2.93e-05

MIROC5 0 0.2279

NorESM1-HAPPI 1 1.06e-06

Table 6 lists the results of a two-sample t-test between the length of the break period for the historical
period and the plus20 period for �ve AGCM models. The models CanAM4, CAM4-2degree, and NorESM1-
HAPPI show a signi�cant change in length of break period, and for the rest of the models, change is not
signi�cant. For further analysis of the length of the break period, we are considering only these models
CanAM4, CAM4-2degree, and NorESM1-HAPPI.

Table 6
t-test of the length of break period between historical and plus20 period.

Model name h value (hist. and plus20) p-value (hist. and plus20)

CanAM4 1 2.72e-11

ECHAM6.3-LR 0 0.4920

CAM4-2degree 1 3.54e-06

MIROC5 0 0.8312

NorESM1-HAPPI 1 1.50e-13

Figure 16 shows the length of the break period between historical, plus15 (future), and plus20 (future).
Black solid line represents mean, red solid line represents the median, and the blue solid line represents
the 95th percentile of the data. All the model shows the minimum length of the break period is three days.
CanAM4 model shows the mean length of break period is six days for historical and eight days for plus15
and plus20 period, as compared to the historical period there is slightly increased in length of break
period in the future period. CAM4-2degree model shows, there is no change in the mean length of the
break period for the future but the probability density is slightly changed with few long-duration break
periods in the future than the historical period. NorESM1-HAPPI model shows, there is slightly increased
in mean length of break period for plus20 future period and there is no change in mean length of break
period for plus15 future than the historical period and also there are few additional long-duration break
periods expected in the future period. An increase in the length of the break period in the future will reduce
moisture than that of the historical period over the India and subcontinent region in the future. There will
be relatively less rainfall over India and subcontinent region in the future. So we can store a de�nite
amount of water from the active period which will be used during the break period. Therefore, we will



Page 20/53

have to plan our irrigation system and agricultural activity accordingly towards a sustainable future
period.

4.2.3 Frequency of active period between historical plus15
and plus20 period
Table 7 shows the results of a two-sample t-test between the frequency of the active period for the
historical period and the plus15 period for �ve AGCM models. All �ve models are signi�cant. For further
analysis of the frequency of the active period, we are considering all the �ve models.

Table 7
t-test of the frequency of the active period between historical and plus15

period.
Model name h value (hist. and plus15) p-value (hist. and plus15)

CanAM4 1 2.78e-14

ECHAM6.3-LR 1 1.21e-07

CAM4-2degree 1 1.00e-07

MIROC5 1 1.83e-31

NorESM1-HAPPI 1 1.10e-07

Table 8 shows the results of a two-sample t-test between the frequency of the active period for the
historical period and the plus20 period for �ve AGCM models. The models CanAM4, ECHAM6.3-LR,
CAM4-2degree, and NorESM1-HAPPI show a signi�cant change in length of the active period, and for the
rest of the models change is not signi�cant. For further analysis of the length of the active period, we are
considering only these models CanAM4, ECHAM6.3-LR, CAM4-2degree, and NorESM1-HAPPI.

Table 8
t-test of the frequency of the active period between historical and plus20

period.
Model name h value (hist. and plus20) p-value (hist. and plus20)

CanAM4 1 1.10e-20

ECHAM6.3-LR 1 5.20e-12

CAM4-2degree 1 3.37e-09

MIROC5 0 0.4770

NorESM1-HAPPI 1 1.03e-209

Figure 17 shows the frequency of active period between historical, plus15 (future), and plus20 (future).
CanAM4 and MIROC5 model show a slight increase in the mean frequency of active period (by 1 event) in
plus15 and plus20 period. CAM4-2degree and ECHAM6.3-LR model shows a slight increase in the mean
frequency of active period (by 1 event) for the plus20 period, however, it is slightly increased in the case
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of CAM4-2degree model for plus15 future period. Furthermore, the NorESM1-HAPPI model shows the
mean frequency of the active period is three events for historical and �ve events for plus15 and plus20
period. An increase in the average number of active days and intensity is observed towards the future
period which indicates the possibility of more frequent wet days in the future. It will bring more frequent
moisture in future periods than that of the historical period and there will be more intense rainfall in the
future period over the core monsoon zone and central India.

4.2.4 Frequency of break period between historical plus15
and plus20 period
Table 9 shows the results of a two-sample t-test between the frequency of the break period for the
historical period and plus15 period for �ve AGCM models. All �ve models are signi�cant. For further
analysis of the frequency of the active period, we are considering all the �ve models.

Table 9
t-test of the frequency of the break period between historical and plus15

period.
Model name h value (hist. and plus15) p-value (hist. and plus15)

CanAM4 1 7.83e-05

ECHAM6.3-LR 1 0.0002472

CAM4-2degree 1 1.099e-19

MIROC5 1 0.00114847

NorESM1-HAPPI 1 1.465e-26

Table 10 shows the results of a two-sample t-test between the frequency of the break period for the
historical period and the plus20 period for �ve AGCM models. The models CanAM4, ECHAM6.3-LR,
CAM4-2degree, and NorESM1-HAPPI show signi�cant in the frequency of active period, and the rest of the
models are not signi�cant. For further analysis of the frequency of the active period, we are considering
only these models CanAM4, ECHAM6.3-LR, CAM4-2degree, and NorESM1-HAPPI.

Table 10
t-test of the frequency of the break period between historical and plus20 period.

Model name h value (hist. and
plus20)

p-value (hist. and plus20)

CanAM4 1 3.5265e-05

ECHAM6.3-LR 1 0.0257710

CAM4-2degree 1 3.2995e-23

MIROC5 0 0.8515636

NorESM1-HAPPI 1 8.6954e-15
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Figure 18 shows the frequency of the break period between historical, plus15 (future), and plus20
(future). CanAM4 model shows a slightly increased (by 1 event) the mean frequency of break period in
plus15 and plus20 period, whereas the ECHAM6.3-LR model the mean frequency is increased by three
events for plus15 period and two events for plus20 period. The mean frequency of the active period is
slightly increased in the plus15 period (by 1 event), and plus20 period (by 2 events) in case of the CAM4-
2degree model. MIROC5 model also shows a slight increase in mean frequency of break period (by 1
event) for plus15 period than during the historical period. NorESM1-HAPPI model shows the mean
frequency of break period is two events for historical, three events for plus15 and two events for plus20
period, hence as compared to the historical period there is slightly increased in frequency of break period
in the future period. An increase in the average number of break days and intensity is observed towards
the future period. It may be reduce moisture transport from the local oceanic sources towards the future
period. There will be relatively less rainfall over India and subcontinent region in the future due to the
enhancement of breaks. It will create drought-like situations and adversely affect the agriculture sector of
the country for which proper irrigation plans and policies may be planned towards the future.

4.3 Active and break period of the CanAM4 model under
1.5°C and 2°C warming condition

4.3.1 Active and break period of the CanAM4 model for
historical and plus15 period
Figure 19 shows the rainfall during the active and break period of the CanAM4 model for historical and
plus15 period. Active period has increased amount of rainfall over the core monsoon zone and decreased
amount of rainfall over the North-east part of the India, in plus15 future period as compared to the
historical period. During plus15 (future) breaks, there is an increased amount of rainfall over the North-
east part of the India and less rainfall over the core monsoon zone. We may expect an intensi�cation of
the break period in the plus15 future period.

4.3.2 Active and break period of the CanAM4 model for
historical and plus20 period
Figure 20 shows the rainfall during the active and break period of the CanAM4 model for historical and
plus20 period. Active periods have increased amount of rainfall over the core monsoon zone and
decreased amount of rainfall over the North-east part of the India, in plus20 future period as compared to
the historical period. During plus20 (future) breaks, there is an increased amount of rainfall over the
North-east part of the India and less rainfall over the core monsoon zone. Here, also we may expect an
intensi�cation of the break period in the plus20 (future) period.

4.4 Active and break period of the ECHAM6-3LR model
under 1.5°C and 2°C warming condition
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4.4.1 Active and break period of the ECHAM6-3LR model
for historical and plus15 period
Figure 21 shows the rainfall during the active and break period of the ECHAM6-3LR model for historical
and plus15 period. It is important to note that there is no rainfall data/missing values over the ocean,
hence the values do not re�ect the actual change. Active period has slightly increased amount of rainfall
over the core monsoon zone and central India and decreased amount of rainfall over the North-east part
of the India and southern peninsula, in plus15 (future) period as compared to the historical period. During
plus15 (future) breaks, there is a slightly increased amount of rainfall over the North-east part of the India
and southern peninsula and less rainfall over the core monsoon zone. Here, as well, we may expect an
intensi�cation of the break period in plus15 future period.

4.4.2 Active and break period of the ECHAM6-3LR model
for historical and plus20 period
Figure 22 shows the rainfall during the active and break period of the ECHAM6-3LR model for the
historical and plus20 period and also shows that there is no rainfall data for the ECHAM6-3LR model over
the ocean. Active period has slightly increased amount of rainfall over the core monsoon zone and
decreased amount of rainfall over the North-east part of the India, in plus20 future period as compared to
the historical period. During plus20 (future) breaks, there is an increased amount of rainfall over the
southern peninsula and less rainfall over the core monsoon zone. We may expect an intensi�cation of the
break period in the plus20 future period.

4.5 Active and break period of the CAM4-2degree model
under 1.5°C and 2°C warming condition

4.5.1 Active and break period of the CAM4-2degree model
for historical and plus15 period
Figure 23 shows the rainfall during the active and break period of the CAM4-2degree model for historical
and plus15 period. We may expect a signi�cant change in core monsoon zone rainfall during the active
period, however slightly increased in rainfall near the southern part of the India is expected as per the
results from the CAM4-2degree model. During plus15 (future) breaks, there is an increased amount of
rainfall over the North-east part of the India and less rainfall over the core monsoon zone, and hence, we
may expect an intensi�cation of the break period in plus15 future period.

4.5.2 Active and break period of the CAM4-2degree model
for historical and plus20 period
Figu. 24 shows the rainfall during the active and break period of the CAM4-2degree model for the
historical and plus20 period. A slight increase in rainfall is expected over the core monsoon zone and
central India in plus20 active period. During plus20 (future) breaks, there is an increased amount of
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rainfall over the North-east part of the India and near the foothills of the Himalayan region and almost no
change in rainfall over the core monsoon zone. The equatorial convergence zone which normally receives
more rainfall during the break, may receive less rainfall in plus20 future.

4.6 Active and break period of the MIROC5 model under
1.5°C and 2°C warming condition

4.6.1 Active and break period of the MIROC5 model for
historical and plus15 period
Figure 25 shows the rainfall during the active and break period of the MIROC5 model for historical and
plus15 period. The core monsoon zone will receive a surplus rainfall and a decreased amount of rainfall
near the eastern part of the India is expected during the plus15 period. We may expect an intensi�cation
of the break period in the plus15 future period.

4.6.2 Active and break period of the MIROC5 model for
historical and plus20 period
Figure 26 shows the rainfall during the active and break period of the MIROC5 model for the historical
and plus20 period. Active period has slightly increased amount of rainfall over the core monsoon zone
and decreased amount of rainfall over the eastern part of the India, in plus20 future period as compared
to the historical period. During plus20 (future) breaks, there is an increased amount of rainfall near the
foothills of the Himalayan region and less rainfall over the core monsoon zone.

4.7 Active and break period of the NorESM1 model under
1.5°C and 2°C warming condition

4.7.1 Active and break period of the NorESM1 model for
historical and plus15 period
Figure 27 shows the rainfall during the active and break period of the NorESM1 model for historical and
plus15 period. A slightly increased amount of rainfall over the core monsoon zone, and near the eastern
part of the India is expected during plus15 active. During plus15 (future) breaks, there is an increased
amount of rainfall near the foothills of the Himalayan region, southern peninsula, and eastern part of the
India and less rainfall over the core monsoon zone.

4.7.2 Active and break period of the NorESM1 model for
historical and plus20 period
Figure 28 shows the rainfall during the active and break period of the NorESM1 model for historical and
plus20 period. An increased amount of rainfall over the core monsoon zone is observed during the plus20
active period. During plus20 (future) breaks, there is an increased amount of rainfall near the foothills of



Page 25/53

the Himalayan region, southern peninsula, and eastern part of the India and less rainfall over the core
monsoon zone. It is important to note that although the rainfall during the breaks period will increase in
northeast India, the rainfall over the core monsoon zone shows almost no sign of change as compared to
the historical period

4.8 Active and break period of the ensemble mean of all
model under 1.5°C and 2°C warming condition

4.8.1 Ensemble mean of all model for historical and plus15
period
Figure 29 shows the rainfall during the active and break period of ensemble mean of all models for
historical and plus15 period. We have seen earlier with the individual model that in plus15 future period,
there is slightly increased amount of rainfall over the core monsoon zone, ensemble mean of all model
also shows similar kind of results i.e. intensi�cation of the active period and increased amount of rainfall
over the core monsoon zone and decreased amount of rainfall over the North-east part of the India.
During plus15 (future) breaks, there is an increased amount of rainfall near the foothills of the Himalayan
region, North-east part of the India, and less rainfall over the core monsoon zone. We may expect an
intensi�cation of the break period in plus15 future period. This condition certainly is not suitable for
agricultural activities over the core monsoon zone and we may also expect increased agricultural drought
during the future (plus15) period, which may adversely affect the agriculture sector of the country for
which proper irrigation plans and policies may be planned towards the future.

4.8.2 Ensemble mean of all model for historical and plus20
period
Figure 30 shows the rainfall during the active and break period of ensemble mean of all models for
historical and plus20 period. We have seen earlier with the individual model that in plus20 future period,
there is a slightly increased amount of rainfall over the core monsoon zone, ensemble mean of all model
also shows similar kind of results i.e. intensi�cation of the active period and increased amount of rainfall
over the core monsoon zone and decreased amount of rainfall over the North-east part of the India.
During plus20 (future) breaks, there is an increased amount of rainfall over the North-east part of the
India and less rainfall over the core monsoon zone. We may expect an intensi�cation of the break period
in plus20 future period. This condition is again not suitable for agricultural activities over the core
monsoon zone and we may also expect increased agricultural drought during the future (plus20) period,
which may adversely affect the agriculture sector of the country for which proper irrigation plans and
policies may be planned towards the future.

4.9 VIMT (Vertically Integrated Moisture Transport) in the
NorESM1 model under 1.5°C and 2°C warming condition
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4.9.1 Historical and plus15 period
Figure 31 shows the vertically integrated moisture transport in the NorESM1 model for active and break
period of historical and plus15 period. The active period during plus15 period shows an increase in
moisture transport over the Arabian Sea and Bay of Bengal than during the historical period. There will be
an intensi�cation of the active period in plus15 future period and more rainfall over the core monsoon
zone. During plus15 (future) breaks, there is an increased amount of moisture transport over the North-
east part of the India, southern peninsula, near the foothills of the Himalayan region and less
atmospheric moisture is being transported over the core monsoon zone.

4.9.2 Historical and plus20 period:
Figure 32 shows the vertically integrated moisture transport in the NorESM1 model during active and
break period of historical and plus20 period. The active period during plus20 period shows an increase in
moisture transport over the Arabian Sea and Bay of Bengal than during the historical period. There will be
an intensi�cation of the active period in plus20 future period and more rainfall over the core monsoon
zone. The break period during plus20 future period, shows a decrease in moisture transport over the
Arabian Sea, as compared to the historical period. So there will be less rainfall over the core monsoon
zone and more rainfall near the foothills of the Himalayan region and southern peninsula.

5.0 Summary And Conclusions
This section provides a summary of the research work and speci�c conclusions obtained from the results
of the study. This also includes important �ndings and highlight a need for revisiting our water policy
making for better water resources management.

5.1 Summary
Indian summer monsoon region is vulnerable to global warming which is evident in the form of an
increasing number of extremes and the increasing spatial variability of rainfall. The main focus of the
study is to understand the nature of the break and characteristics of the break over all India monsoon
regions and how active and break will vary with warming? This study investigates the impacts of
warming on the core monsoon zone and all India monsoon regions by using the output of the HAPPI
experiment model. There are �ve AGCM models are used in this study such as NorESM1-HAPPI,
ECHAM6.3-LR, CanAM4, MIROC5, and CAM4-2degree. These �ve AGCM models are part of the HAPPI
experiment which provides climatic data such as precipitation for the historical period, plus15 period, and
plus20 period. Since, only NorESM1-HAPPI model has precipitation, speci�c humidity, wind vector, and
surface pressure data for the historical period, plus15 period and plus20 period as compared to the other
four models used in this study, we selected NorESM1-HAPPI model for intra-model comparison (i.e. to
identify the best run).
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For further investigation of the intraseasonal variability, we considered all �ve AGCM models (i.e. inter-
model comparison). The performance of each of these AGCMs in terms of historical climatology is tested
with respect to the observed data (IMD) at a common grid (1°×1°) resolution. The active period and break
period were identi�ed using core monsoon zone rainfall for the historical and future period. Both inter-
model and intra-model comparisons were performed based on indicators such as the frequency and
length of active and break spells are for the historical period, plus15 period, and plus20 period (future).

The characteristics of active and break periods were compared in terms of frequency, magnitude, and
spatial variability for the historical and future periods. Vertically integrated moisture transport is directly
associated with the monsoon rainfall, therefore, VIMT pertaining to active and break were also analysed.

5.2 Conclusions
The key �ndings from the study are summarized as follows:

Models such as ECHAM6.3-LR, CAM4-2degree, MIROC5, and NorESM1-HAPPI show signi�cant
change in the length of active period for historical, plus15, and plus20 period. We conclude that there
is no signi�cant increasing or decreasing trend in the length of active period for most of the models
in the future except for the NorESM1-HAPPI model shows the signi�cant increase in the length of
active period for plus20 future. An increase in the length of the active period will results into more
moisture during the plus20 future period than that of the historical period over the India and
subcontinent region. There will be more rainfall over India and subcontinent region in future under
2°C warming condition.

Models such as CanAM4, CAM4-2degree, and NorESM1-HAPPI show signi�cantly change in the
length of break period for historical, plus15, and plus20 period. We conclude that there is a
signi�cant increase in the length of the break period for all models in the future as compared to the
historical period. An increase in the length of the break period in future will reduce moisture than that
of the historical period over the India and subcontinent region in future. There will be relatively less
rainfall over India and subcontinent region in future. So we can store a de�nite amount of water from
the active period which will be used during the break period. Therefore, we will have to plan our
irrigation system and agricultural activity accordingly towards a sustainable future period.

Models such as CanAM4, ECHAM6.3-LR, CAM4-2degree, MIROC5, and NorESM1-HAPPI are
signi�cant for the frequency of active period for historical, plus15 and plus20 period. We conclude
that there is a signi�cant increase in the frequency of active period for most of the models in future
except for the ECHAM6.3-LR model shows the signi�cant decrease in the frequency of active period
for plus15 future. An increase in the average number of active events and intensity is expected in the
future active period. It will bring more frequent moisture in future periods than that of the historical
period and there will be more intense rainfall in the future period.

Models such as CanAM4, ECHAM6.3-LR, CAM4-2degree, MIROC5, and NorESM1-HAPPI show a
signi�cant change in frequency of break period for historical, plus15, and plus20 period. We
conclude that there is a signi�cant increase in the frequency of the break period for all models in
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future as compared to the historical period. An increase in the average number of break events and
intensity is observed towards the future period. It may be reduce moisture transport from the local
oceanic sources during the future break period. There will be relatively less rainfall over India and
subcontinent region in future due to the enhancement of breaks. It will create drought-like situations
and adversely affect the agriculture sector of the country for which proper irrigation plans and
policies may be planned towards the future.

Results from different models such as CanAM4, ECHAM6.3-LR, CAM4-2degree, MIROC5 and
NorESM1-HAPPI shows that intensi�cation of the active period in future under 1.5°C warming
condition (plus15 future) and under 2°C warming condition (plus20 future) and there will be more
rainfall over the core monsoon zone in the future period. Break period also shows an intensi�cation
of the break period in future under 1.5°C warming condition (plus15 future) and under 2°C warming
condition (plus20 future) and there will be more rainfall near the foothills of the Himalayan region
and southern peninsula.

The vertically integrated moisture transport in NorESM1 model, shows an increase in moisture
transport in the future active period under 1.5°C warming condition (plus15 future) and under 2°C
warming condition (plus20 future) and there will be more rainfall over the core monsoon zone and
intensi�cation of the active period. VIMT during break period shows a decrease in moisture transport
and intensi�cation of the break period in future under 1.5°C warming condition (plus15 future) and
under 2°C warming condition (plus20 future) and there will be less rainfall over the core monsoon
zone and more rainfall near the foothills of the Himalayan region and southern peninsula.

5.3 Way forward and scope of future research
The further scope of research is summarized below:

For future assessment, it will be interesting to take seven best runs out of 120 runs of the NorESM1
model for further investigation.

Climatology of MIROC5 Model is not good whereas climatology of NorESM1-HAPPI Model, CanAM4
Model, CAM4-2degree Model and ECHAM6-3LR Model are good. So for further analysis we can
choose only these Models such as NorESM1-HAPPI, CanAM4, CAM4-2degree and ECHAM6-3LR.

Investigation of the event to event rainfall variability for future period (2106-2115) under 1.5°C
warming condition (plus15 future) and under 2°C warming condition (plus20 future). To capture the
interconnectivity of adjacent wet and dry spells and the intensi�cation of their phase shifts, event-to-
event hydrological intensi�cation index (E2E) combines normalized aggregated precipitation
intensity (API) and dry spell length (DSL). Furthermore, it will be interesting to analyse these results in
terms of the impact on other hydrological variables.
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The high resolution HAPPI gridded (1°×1°) simulated datasets for period (2006-2015) current decade,
Plus-15 (2106-2115) 1.5°C warming condition (future data) and Plus-20 (2106-2115) 2.0°C warming
condition (future data) over entire India is freely available at
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https://portal.nersc.gov/cascade/data/downloader.php?get_dirs=
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The Indian Summer Monsoon Rainfall (ISMR) possesses a large amount of variability in terms of its
spatial distribution and seasonal strength especially since post-industrialization period after the 1950s
(Roxy 2018). Asian summer monsoon region is most vulnerable to global warming due to frequent
occurrence of events such as heavy precipitation, heat waves, and drought (Lee et al., 2018).

Recently, it has been observed that the global mean sea-surface temperature is increasing and it due to
rapid warming of the western tropical Indian Ocean (Roxy et al., 2014), (Roxy 2018). Furthermore, the
western Indian Ocean went through a great extent of warming of 1.28°C in summer SSTs as compare to
the Indian Ocean which experienced an increase of 0.78°C during 1901-2012 (Roxy 2018). Western Indian
Ocean which is generally cool in nature as compared to the tropical warm Ocean alters the zonal SST
gradients and has the ability to change the circulation characteristics and rainfall of the Asian monsoon
(Roxy 2018). The propagation and initiation of the Monsoon Intraseasonal Oscillation (MISO) are mainly
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governed by the ocean-atmospheric coupling of the Sea-Surface Temperature (SST), winds, convection
and warming in the India ocean has an effect on its characteristics (Roxy 2018). The recent studies
shows that as compared to the 1978-1988, northward-propagation characteristics of the MISO has
changed during 2001-2011 due to the rapid increase in the SST temperature (Roxy 2018). Convection
over the equatorial Indian Ocean is increased by the warming of the equatorial region which reduces the
northward propagation of the MISO (Roxy 2018).

It is argued that, with respect to the pre-industrial period, an increase in 1.5°C global mean temperatures is
projected to results in a 20% increase in daily rainfall, and under 2°C global mean temperature may
results in a 25% increase in rainfall (Ali and Mishra, 2018).

At present, there is no study that focuses the impact of 1.5°C and 2°C warming on active and break spells
in India, therefore, this study investigates the impacts of warming on the core monsoon zone and all India
monsoon regions by using the output of the HAPPI experiment model. The purpose of this study is to
provide detailed information of the future changes in active and break spells. The main focus of the
study is to understand the nature of the break and characteristics of the break over all India monsoon
regions under different target temperatures such as 1.5°C and 2°C and how active and break will vary
with the warming?
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Figure 1

Map of the study area
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Figure 2

Flowchart summarizing of the work�ow.
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Figure 3

Deviation of long term AIMR climatology from the observed data (IMD).

Figure 4

Comparison between different ensembles run with respect to IMD in terms of long term daily climatology.
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Figure 5

Correlation between CMZ and rainfall over all India nodes (a) IMD, and (b) run060.

Figure 6

Comparison of skill score between observed data and run078.
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Figure 7

Selection of best runs based on different criteria.

Figure 8

Comparison of climatology of �ve AGCM models w.r.t. IMD during historical period.



Page 40/53

Figure 9

Length of active and break period of selected runs for the NorESM1-HAPPI model.

Figure 10

This image is not available with this version.
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Figure 11

Frequency of active period for selected runs of the NorESM1-HAPPI model.

Figure 12

Frequency of break period of selected runs for the NorESM1-HAPPI model.
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Figure 13

Distribution of the active duration and associated probability during the historical period for the
NorESM1-HAPPI model. [Note: Here, colour represents the number of days]

Figure 14

Distribution of the break duration and associated probability during the historical period for the NorESM1-
HAPPI model. [Note: Here, colour represents the number of days]
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Figure 15

Length of the active period between historical, plus15 (future), and plus20 (future).

Figure 16

Length of break period between historical, plus15 (future), and plus20 (future).



Page 44/53

Figure 17

Frequency of active period between historical, plus15 (future), and plus20 (future).

Figure 18

Frequency of break period between historical, plus15 (future), and plus20 (future).
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Figure 19

Active and break period rainfall in the CanAM4 model for historical and plus15 future period (1.5°C
warming condition).

Figure 20
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Active and break period rainfall in the CanAM4 model for historical and plus20 future period (2°C
warming condition).

Figure 21

Active and break period rainfall in the ECHAM6-3LR model for historical and plus15 future period (1.5°C
warming condition).
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Figure 22

Active and break period rainfall in the ECHAM6-3LR model for historical and plus20 future period (2°C
warming condition).

Figure 23
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Active and break period rainfall in the CAM4-2degree model for historical and plus15 future period (1.5°C
warming condition).

Figure 24

Active and break period rainfall in the CAM4-2degree model for historical and plus20 future period (2°C
warming condition). 
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Figure 25

Active and break period rainfall in the MIROC5 model for historical and plus15 future period (1.5°C
warming condition).

Figure 26

Active and break period rainfall in the MIROC5 model for historical and plus20 future period (2°C warming
condition).
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Figure 27

Active and break period rainfall in the NorESM1 model for historical and plus15 future period (1.5°C
warming condition).
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Figure 28

Active and break period rainfall in the NorESM1 model for historical and plus20 future period (2°C
warming condition).

Figure 29

Ensemble mean of active and break period rainfall for historical and plus15 future period (1.5°C warming
condition).
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Figure 30

Ensemble mean of active and break period rainfall for historical and plus20 future period (2°C warming
condition).

Figure 31
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Active and break period VIMT (Vertically integrated moisture transport) of the NorESM1 model for
historical and plus15 period.

Figure 32

Active and break period VIMT (Vertically integrated moisture transport) of the NorESM1 model for
historical and plus20 period.


