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Abstract 
 

Variations of energy fluxes with ENSO, IOD, and Intra-Seasonal Variability(ISV) of 

Indian Summer Monsoon Rainfall (ISMR) over the Indian monsoon region are 

examined using ECMWF Era Interim reanalysis over a period of 1979-2013. The 

composite anomalies of radiative fluxes, viz. shortwave and longwave, latent, and 

sensible heat as well as precipitation and winds are analyzed for the years associated 

with El Niño, La Niña, positive and negative IOD phases, active, and break phases of 

ISMRR with respect to the normal years.  

 

It is observed that, the lesser (more) precipitation over the region in the El 

Niño (La Niña) years is accompanied with enhanced (reduced) top of the atmosphere 

absorbed solar radiation and outgoing long wave radiation, as well as more (less) 

surface absorbed solar radiation, and surface sensible heat flux.  

 

During the positive IOD phase, enhanced convective activity and precipitation 

rainfall over the western Equatorial Indian Ocean, Arabian Sea, and west coast of 

India, with reduced rainfall over the eastern equatorial Indian ocean is accompanied 

with enhanced shortwave and long wave radiative fluxes over most parts of the Indian 

subcontinent. The conditions during the negative IOD phases are largely the opposite.  

 

Key Words:  ENSO, Indian Ocean Dipole, Energy budget, Indian summer monsoon 
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1. Introduction 
 

Indian summer monsoon (ISMR), a dominant feature in south Asia, significantly 

affects the world population and socioeconomic status, has shown a predominant 

inter-annual variability. The variability of ISMR and associated features are studied 

by several researchers using observations and model simulations. Several features 

such as the changes in the global circulation and sea surface temperature, movement 

of the Intra-Tropical Convergence Zone (ITCZ), direct and indirect effects of 

aerosols, global teleconnections, air-sea interactions, topography etc. plays an 

important role on ISMR rainfall variability (Gadgil et al. 2003; Lau and K.-M. Kim 

2006; Boos and Kuang 2010; Bollasina et al. 2011; Sanap & Pandithurai, 2015; 

Satyanand et al. 2017; Karri et al. 2018; Mishra et al. 2018). Further, the heat and 

moisture sources from the Arabian Sea, Bay of Bengal, and Indian Ocean are crucial 

for the ISMR rainfall variability (Mohanty et al. 2005; Bhatla et al. 2011). The phases 

of El Nino Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) events also 

plays dominant role on the strength and variability of the ISMR rainfall (Gadgil et al 

2003, 2004, Maity and Kumar, 2006; Xavier et al., 2007;  Krishna Kumar et al. 2006; 

Rajeevan & Pai, 2007; Kumar et al. 2007, Ramesh Kumar & Kamra, 2012; Roy and 

Collins, 2015; Azad and Raajevan ,2016; Upal et al. 2017; Sahany et al. 2018; 

Srivastava et al.2019).  

El Niño (La Niña) is generally associated with a weak (strong) monsoon over 

the south Asia region (Webster and Yang, 1992; Larkin and Harrison 2002). Warmer 

(colder) western (eastern) Pacific due to El Niño conditions are beneficial to ISMR 

due to the shift in convection from the west to eastern Pacific and the La Niña 

conditions involve the opposite features (Krishnamurti et al. 1989; Deser and Wallace 
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1990; Philander, 1990; Joseph et al. 1994; Harrison and Larkin 1996, 1998; Okumura 

and Deser et al. 2010).   

Further, the IOD events also influence the ISMR rainfall (Saji et al. Webster et 

al. 1999; Xiang et al. 2011). The positive IOD events in summer monsoon season 

bring more (less) rainfall over the Indian subcontinent (Indonesia and Australia) due 

to the warming (colder) of western (eastern) Indian Ocean (Xiang et al. 2011). 

Conversely, negative IOD with the warmer (colder) conditions over the tropical 

eastern (western) Indian Ocean obstructs the ISMR progression (Saji et al. 1999; 

Webster et al. 1999; Behera et al. 1999; Ashok et al. 2001).  

The variability of different radiative fluxes over Indian subcontinent during 

the ISMR season is important to understand (Mohanty and Mohan Kumar, 1990; 

Krishnamurthi et al., 1990; Mohanty et al., 2016 and many others). The rainfall 

variability over Indian subcontinent during monsoon season is highly dependent on 

the changes in outgoing long wave radiation (OLR), sea surface temperature 

(Krishnamurti et al., 1990). The relationship between the ISMR variability and the 

changes in heat budget over Indian Ocean studied by Mohanty et al. (1996). A band 

of low OLR over the southern India during the onset of monsoon reported by Sikka 

and Gadgil (1980). The latent heat release is the primary heat source to drive the 

ISMR circulation (Yanai et al. 1992; Li and Yanai, 1996). The low precipitation 

regions, such as the Arabian Peninsula and middle east countries, are associated with 

the regions of high OLR flux (Arkin et al.1989). 

Several studies estimated the heat sources and changes in the energy budget 

over the tropical oceans to assess the impact on climate change (Schaack and 

Johnson, 1994; Mohanty et al. 1994, Mohanty and Mohan Kumar, 1998; Shahi et al. 

2011; Boucharel et al. 2015; Goswamy et al. 2017). Several studies have also pointed 
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that the ENSO-induced circulation anomalies would change the radiative flux and 

turbulence over South Asia during the monsoon season (Lau and Nath 1996; Klein et 

al. 1999; Lau and Nath 2000; Shinoda et al. 2004, Mayer et al. 2013, 2014, 2016; 

Boucharel et al 2015). ENSO leads strong changes of the atmosphere-ocean energy 

budget more significantly in the tropical Pacific Ocean (Mayer et al. 2016). A 

movement of the heat across the Pacific and then to pole wards within the ocean is 

seen during the El Niño event indicate that the ENSO variability largely influenced by 

the sea surface temperature anomalies and heat flux changes in the tropical oceans 

(Shahi et al. 2011). However, it is unclear about the large‐scale and high 

spatiotemporal variability of energy fluxes over the tropical oceans. In this context, 

very few studies have focused on the ENSO and IOD induced radiative fluxes 

variations over the Indian subcontinent at a broader scale during the summer monsoon 

season. Therefore, there is a need of understanding the spatiotemporal variability of 

the energy fluxes and the implication towards climate change for the Indian 

subcontinent and their relationship with the ISMR variability.  In this study, we have 

tried to quantify the composites of surface fluxes anomalies based on ENSO and IOD 

events during the recent past years over the South Asian region by focusing the Indian 

region during southwest monsoon season.  

This paper examines the changes in the absorbed short wave radiation at the 

top of the atmosphere (TOA), OLR at TOA, surface absorbed short wave downward 

solar radiation, surface thermal radiation downwards, surface net thermal radiation 

flux, surface Latent Heat (LH) flux, surface Sensible Heat (SH) flux, and their 

relationship with the changes in ISM seasonal rainfall i.e. June through September 

(JJAS). Further, we explain the role of monsoon teleconnections on the energy budget 

over a period of 35 years (1979 to 2013). 
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The reminder of this paper is organized as follows. Section 2 provides the 

details of the data sets used in this study. The results are presented in Sections 3. The 

summary and conclusions are discussed in Section 4. 

 

 

2. Methodology 
 

The changes in heat budget components during the period 1979 to 2013 are being 

computed using Era-interim reanalysis data sets (Dee et al. 2011). We used different 

atmospheric variables such as LH, SH, surface net solar radiation flux, OLR at TOA, 

surface absorbed short wave downwards-solar radiation, surface thermal radiation 

downwards, surface net thermal radiation flux, TOA incident solar radiation and total 

precipitation. Based on the previous records (http:// www.bom.gov.au/ climate/ iod/), 

we have identified seven El Niño years (1982, 1987, 1991, 1997, 2002, 2006, 2009), 

six La Niña years (1988, 1999, 2000, 2007, 2010, 2011), six positive IOD years 

(1982, 1983, 1994, 1997, 2006, 2012), and six negative IOD years (1981, 1989, 1992, 

1996, 1998, 2010) during entire period of this study. Then we have computed the 

composite means of different atmospheric parameters and used for our analysis. 

Similarly, the composite means for all the atmospheric parameters are also computed 

for all active and break spells of ISMR which are identified in the previous studies by 

Rajeevan et al. (2010) and Pai et al. (2015). Based on their studies, the active and 

break spell events are calculated by averaging the daily rainfall amount during the 

peak monsoon months (June to September, JJAS) followed by standardizing the 

rainfall time series by subtracting from its normal rainfall amount and then by 

dividing with its daily standard deviation. If the standardized rainfall anomaly is less 

than -1.0 for three or more consecutive days, then it is considered as a break spell and 
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if the anomaly is greater than +1.0 then it is considered as an active spell. Composites 

of normal years are calculated by excluding the El Nino, La Nina years, and IOD 

phases (both positive and negative). Similarly, normal rainfall spells are calculated by 

excluding the days with active and break spells from the daily rainfall data of JJAS. 

The differences in each energy budget components are being assessed separately by 

performing composite analyses for the El Niño and La Niña events, positive and 

negative phases of IOD events, and the active and break phases of ISMR.  The time-

series of percentage changes of all India annual rainfall during the period 1979 to 

2013 and the years associated with El Niño, La Niña, positive and negative IOD are 

presented in Figure 1. Further, we have applied two tailed t-test for all our analyses 

with significance level 95% 

 

3. Results  
 

The changes in energy flux components are examined for the years associated with El 

ENSO (Niño, La Niña), IOD events (positive and negative) and for the active and 

break phases of ISMR. The variations in fluxes and changes in precipitation with 

respect to normal years are presented and discussed.  

 

3.1. Absorbed short wave radiation at the TOA 
 

 

The distribution of absorbed shortwave solar radiation flux at TOA for normal years 

and changes in flux during ENSO, IOD, active and break spells of ISMR, and the 

normal years are shown in Figure 2. During normal years, the flux values show ∼ 300 

W m
−2

 over the Indian region. The highest (lowest) values observed over western 

parts of Arabian Sea, parts of Western India including the Rajasthan, Gujarat, Punjab 

and Haryana (northeastern parts of India, Western Ghats, Foothills of Himalaya, parts 
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of Kerala, and Jammu and Kashmir). During El Niño years, the net incoming solar 

radiation flux is increased up to 6 to 10 W m
−2

 over the Indian region, Arabian Sea 

and Bay of Bengal. The maximum increase is seen over the eastern equatorial Indian 

Ocean region near the Indonesia coast. Whereas, the La Niña years show opposite 

conditions as compared to the El Niño years, with a reduced net incoming solar 

radiation flux over the eastern equatorial Indian Ocean. The anomalous increase in 

shortwave solar radiation over the northern parts of India is highly significant during  

El Niño years where as the reduced  shortwave solar radiation over few of the  Indian 

region during La Niña years is not significant over most of the Indian region except 

over Southern India (in particular over Tamil Nadu) and west coast of India.  

The incoming radiation flux during positive IOD show an increase over the 

eastern equatorial Indian Ocean, southwest Bay of Bengal, northeastern and 

Peninsular India, and a decrease over western India and north Arabian Sea. Whereas, 

the amount of incoming radiation flux is decreased over Arabian Sea, Bay of Bengal 

and eastern equatorial Indian Ocean during negative IOD. The radiation flux is 

significantly increasing over central India negative phases of IOD. Further, during 

active (break) phase of ISMR, the net radiation is decreased (increased) over India, 

northern parts of both Arabian Sea, and Bay of Bengal. The decrease(increase) in 

incoming radiation flux over Indian region show significant during the active (break) 

phase of ISMR. 

 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



3.2. Changes in OLR at TOA 
 

 

The spatial distribution of OLR (W m
−2

) at TOA during the normal years, El Niño and 

La Niña years, positive and negative IOD years, active and break spells of ISMR 

presented in Figure 3. Results indicate the OLR flux during normal years is between 

∼ 220-280 W m
−2

 over the Indian region, with the maximum over the Western India, 

and minimum over Bay of Bengal indicating the prevalence of deep convective 

clouds. The highest OLR seen over the desert areas of Rajasthan, where the 

atmosphere is relatively dry and cloud free. During El Niño years, there is a 

significant increase of OLR flux seen over the north western, western and southern 

parts of India along with its adjoining oceanic regions. The maximum increase (12 to 

14 W m
−2

) is seen over the eastern equatorial Indian Ocean near the Sumatra and 

Indonesia coast, whereas the patterns are reversed during La Niña years over India 

and its adjoining regions. The increase in OLR flux still persists during La Niña years 

over eastern parts of Indian Ocean and southern Bay of Bengal with a lesser 

magnitude compared to the El Niño years. 

During positive IOD years, there is an increase in OLR flux over most parts of 

the Indian region except western India and parts of Bay of Bengal. The maximum 

increase of OLR flux seen over the eastern Indian Ocean in positive IOD years and is 

decreased during the negative IOD years. Again, unlike short wave radiation flux, the 

OLR flux is showing an increase over central India during both the positive and 

negative IOD phases but this increase in OLR flux over few parts of Indian region in 

both the phases is not statistically significant.  
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Further, during active phases of ISMR, the pattern of OLR flux show 

maximum decrease over west coast of India, Bay of Bengal, and Arabian Sea. The 

decrease in OLR flux over Indian region is statistically significant at 95% confidence 

level. The OLR flux is increased over the west coast of India (along Arabian Sea) and 

decreased over the South East Indian Ocean during the break phases of ISMR. The 

areas with negative (positive) OLR anomalies are associated with above (below) 

normal convection processes. Specifically, there is an eastward spread of positive 

OLR flux anomalies showing suppressed convective activity over Arabian Sea and 

western parts of India during the break spells of ISMR.  

 

3.3. Surface absorbed short wave downwards-solar radiation 

 

The distribution of the average of incoming shortwave radiation flux at surface during 

normal years, ENSO events, IOD events and active & break phases of ISMR years are 

shown in Figure 4. The Indian region absorbs about 140 to 200 W m
−2 

solar radiation 

fluxes during normal years. During El Niño years, the Indian region, eastern Arabian 

Sea, and western Bay of Bengal absorbs more solar energy of about 4 to 14 W m
−2 

than the normal years, whereas these areas receive less incoming solar energy during 

La Niña years.  

The positive IOD years shows an increase in solar radiation flux over the 

southern peninsular India, and a decrease over the western parts of India. The 

negative IOD years shows a decrease of about 6 to 18 W m
−2 

over Arabian Sea, and 

Bay of Bengal is due to relatively less solar radiation absorption. During active 

(break) phase of ISMR, Indian region absorbs significantly less (more) amount of 

shortwave radiation flux. 
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3.4. Surface thermal radiation downwards 
 

 

The distribution of the back radiation from the atmosphere absorbed by the surface 

during the normal years, El Niño and La Niña phases, IOD phases, active and break 

phases of ISMR are shown in Figure 5. During normal years, it is found that back 

radiation is less over Himalayan region and Tibetan Plateau and more over Indian 

land region, Bay of Bengal and Arabian Sea. The fluxes are decreased (increased) 

during El Niño (La Niña) years over few places  of the Indian land region but the 

decreases are not significant. 

 Both the IOD phases show an increase of the fluxes over western, peninsular 

and parts of central India. One common feature noticed during El Niño and positive 

IOD years is the surface thermal downward radiation increased over western Indian 

Ocean and decreased over the eastern Indian Ocean near the Sumatra and Indonesian 

coast. In general, it can be noticed that ENSO phases are not strongly associated with 

the  surface thermal downward radiation over the Indian region but the active phases 

of ISMR are associated with the increase in back radiation, with the maxima over the 

northern parts of India. In contrast, break phases of ISMR are associated with the 

decrease in back radiation over the same region with the minima over the northern 

parts of India. 

 

3.5. Surface net thermal radiation flux 

 

Net downward radiation at the surface (i.e., the balance between net solar incoming 

and outgoing long-wave radiation at the surface) is the difference between incoming 

shortwave radiation flux and OLR flux. Figure 6 depicts the net downward radiation 
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surface flux distribution during the normal years and ENSO, IOD, active and break 

phases. It is observed that there is a surplus of incoming shortwave radiation flux (30 

to 80 W m
−2

) over OLR flux in Indian subcontinent during normal years. And also, 

we have found a significant gradient between the Bay of Bengal to the Indian 

landmass, with the maximum surplus of net heat flux of about 80 to 100 W m
−2

 over 

the western India which includes Rajasthan and Gujarat states.  

 During El Niño years, the net heat flux is increasing over India of about 2 to 7 

W m
−2

, mainly over western India, northern India and Himalayan region and the 

increase in the net heat flux shows statistically significant at 95% confidence level 

over these regions. There is a decrease in net heat flux is found over Indian region and 

Arabian sea during La Niña years. However, the increase in net heat flux over Bay of 

Bengal during La Niña years still persists but with a reduce magnitude when 

compared to the El Niño years.  

The net radiation flux is increased over the eastern Indian Ocean, north and 

northeastern parts of India and south peninsular India during positive IOD years, and 

is decreased over Arabian sea, Bay of Bengal and the western Indian region. The 

change in fluxes show decrease over the Arabian Sea, eastern parts of Indian Ocean 

and peninsular India during negative phase of IOD. However, the net heat flux is 

increasing over central India in both the IOD phases. And also, a reduction in the net 

thermal radiation flux over Indian subcontinent is seen during the active phases of 

ISMR. Specifically, the net flux is decreasing over most of the Indian region, except 

over the state of Tamil Nadu. The net flux is increasing all over the Indian region 

except the northeastern India and foothills of Himalaya during break phases of ISMR. 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

3.6.  Changes in surface LH flux 
 

 

The spatial distribution of surface latent heat flux associated with the normal, El Niño 

& La Niña events, positive & negative phases of IOD, and active & break spells of 

ISMR years are presented in Figure 7. It is observed that the surface latent heat fluxes 

are high over the Ocean than the land region during normal years with the values 

ranges between 60 to 120 W m
−2

 over the Indian region. In general, during the El 

Niño and La Niña years, the LH fluxes anomaly shows positive anomaly over parts of 

the Indian region, Arabian Sea, Bay of Bengal, and equatorial Indian Ocean with 

respect to the normal years. The maximum increase is found in the eastern Indian 

Ocean during El Niño years, western Indian Ocean and North Bay of Bengal during 

La Niña years with respect to the normal years which indicates that the water 

evaporation and condensation process strengthen over these regions. It may be noted 

that the increase in LH fluxes during La Niña years are observed more over the Indian 

landmass compared to the El Niño years. Specifically, there is a significant (at 95% 

confidence level) decrease in LH fluxes is seen over Rajasthan and parts of North 

Indian region during the El Niño years and a significant (at 95% confidence level) 

decrease in LH flux is seen over the Southern parts of Indian region during the La 

Niña years.   

 

It is observed that during positive IOD years, water evaporation process 

decreased over equatorial Indian Ocean, northern parts of Arabian Sea, Bay of Bengal 

and most of the Indian region. Maximum decrease seen over Tamil Nadu region 

during negative IOD years indicating a decrease in evaporation over these regions. 
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During active ISMR spells, the LH flux has increased over the Bay of Bengal, 

Arabian Sea, north and western parts of India of about 14 to 22 W m
−2

. Moreover, the 

changes in evaporation is more over the Bay of Bengal compared to the Arabian Sea. 

These patterns are reversed in the case of break ISMR spells, which show a decrease 

of LH fluxes over the Bay of Bengal and Arabian Sea, and an increase over most parts 

of Indian land region, particularly over the central India. Over northeast India, parts of 

southern India and western India, the decrease in LH fluxes still persists compared to 

the active phases. Overall, an increase of LH fluxes over the oceanic region and the 

Indian region during the El Niño and La Niña years and the active phase of ISMR and 

decrease over ocean during positive IOD phase and the break phases of ISMR. 

 

3.7. Changes in surface sensible heat flux (SH) 
 

 

Figure 8 depicts the spatial distribution of SH at surface for the normal, El Niño and 

La Niña, positive and negative IOD, and active and break spells ISMR years. The SH 

(from the land surface to the atmosphere) in normal years show high (60 to 80W m
−2

) 

over the western India and southern peninsular India, and low (10 to 30W m
−2

) over 

monsoon core region (central India, north East India, Western Ghats). There is an 

increase of SH during El Niño years and decrease of SH during La Niña years over 

most of the Indian landmass. We also found an increase of SH from the Ocean to 

atmosphere in most of the regions of Arabian Sea and Bay of Bengal in both El Niño 

and La Niña years.  

The positive IOD years show an increased SH over the southern, eastern and 

northeastern parts of India and a decreased SH over the western parts of India and 

Bay of Bengal. The maximum changes in SH found over Tamil Nadu. During 

negative IOD years, the maximum increase in SH found over central India covering 
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the states Odisha, Madhya Pradesh, Chhattisgarh, Jharkhand and Bihar. Both the IOD 

phases show an increased SH over central India, and decreased SH over western parts 

of India and southern India.  

 Further, in active spells of ISMR, a significant (at 95% confidence level) 

decrease in SH is seen over most of the Indian region, except over the Tamil Nadu 

region and during break spells, there is an increase of SH over some parts of Indian 

region is seen but the increase is not significant. The maximum increase in SH of 

about 18 to 22 W m
−2  

 is seen over western India covering the Rajasthan and parts of 

Gujarat. 

 

3.8. Changes in low level wind circulation 

The changes in the low level circulation at 850hPa are examined during the 

ENSO years as well as for the active and break phases of ISMR with respect to the 

normal years. The changes in the low level circulation is an important to 

understand which plays major role on the Indian Summer Monsoon during JJAS. 

The spatial distribution of the changes in 850hPa winds for the normal, El Niño 

and La Niña, positive and negative IOD, and active and break spells of ISMR years  

are shown in Figure 9. Results indicate that ENSO has a strong impact on low 

level wind circulation. During El Niño years, there are anomalous easterlies and 

south easterlies over Indian ocean that opposes southwesterly flow over the 

Indian region resulting the reduction in wind speed and convective activities 

over the region.  But during La Niña years, the anomalous southwesterly winds 

over Indian ocean are stronger which leads to the strengthening of the 

southwesterly flow with a strong convective signal over the Indian region. 

Accordingly, it is also found that the latent heat flux over Indian region is 
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significantly reduced during El Niño years and increased during La Niña years. 

With a combination of both strong south westerly wind flow and increased latent 

heat over Arabian sea and Indian landmass  strengthens the evaporation and 

condensation process over Indian regions during La Niña years.  

 

 It is also found that positive IOD events (negative IOD events) are linked 

with La Niña years (El Niño years) in which the anomalous southwesterly 

(easterly) flow is dominant over Indian landmass and its adjoining oceanic 

regions. Further, during active phase of Indian monsoon, the anomalous south 

westerly flow shows stronger than the normal years and  the anomalous north 

easterly flow is stronger over the Indian region during break spells. 

3.9. Changes in precipitation 
 

 

As per the rainfall climatology of India, the west coast and the northeastern parts of 

India receive about 3760 mm of rainfall and the northwest India receives a lower 

amount of rainfall about 250 mm during June to September period (Climate Profile of 

India Report, 2010). Our results also follow similar spatial patterns during the normal 

years, with a rainfall maximum over North East, western coast with an average daily 

precipitation of 10 to 16 mm day
-1

 or above during the ISMR (Figure 10). It is 

observed that the rainfall is decreased over Indian land regions, Arabian Sea and Bay 

of Bengal during El Niño years.  The maximum decrease in precipitation of about 3 

mm day
-1

 is seen over the eastern Indian Ocean near the Indonesia coast. The 

precipitation patterns in La Niña years are reversed with an increase of about 2-3 mm 

day
-1

 across the Indian region, Bay of Bengal, and Arabian Sea. In particular, there is 

a significant (at 95% confidence level) increase in precipitation over the southern and 

the west coast of India during the La Niña years. 
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The positive IOD phase, which is associated with the southwesterly flow over 

the western Indian Ocean, Arabian Sea and west coast of India is associated with an 

increase in precipitation whereas negative IOD shows opposite conditions, with 

warmer water and higher precipitation in the eastern Indian Ocean and cooler and 

drier conditions over the western Indian Ocean. Further, we have also seen a decrease 

in precipitation over southeast Bay of Bengal and adjoining south peninsular India 

during negative phases of IOD. However, we found a decrease in precipitation over 

central India, North East India during the positive and negative phases of IOD.  

 

4. Summary and conclusions 

In this study, we report the changes in energy fluxes during the Indian summer 

monsoon period (June to September) and its associated linkage to the ENSO & IOD 

events and active & break phases of ISMR.   

 Our results indicate that the absorbed short-wave radiation, net thermal 

radiation flux at the surface is increasing over Indian region, Arabian Sea, Bay of 

Bengal and Indian Ocean with maximum over eastern equatorial Indian Ocean, 

further, absorbed solar radiation flux and OLR flux at TOA also increases over both 

the Oceanic and land regions of Indian subcontinent during El Niño years than La 

Niña years. 

The positive IOD years are associated with the increase of surface absorbed 

solar radiation, the net thermal radiation flux, incoming radiation flux at TOA and 

OLR radiation flux at TOA over the Arabian sea, Bay of Bengal, eastern equatorial 

Indian Ocean, south peninsular India, North East India and decrease over the western 

parts of India. The negative IOD phases have contributed higher rainfall in the eastern 

Indian Ocean, Bay of Bengal, and Arabian Sea, and drier condition in the western 
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Indian Ocean, central, and northeast parts of India. During negative IOD years, the 

amount of incoming radiation fluxes decreases over Arabian Sea, Bay of Bengal and 

eastern equatorial Indian Ocean, southern peninsular India. However, we have noticed 

the increase in fluxes over central India and decrease over the western India during 

both positive and negative phases of IOD.  

Further, the active phase of ISMR absorbs less (more) amount of surface solar 

radiation over Indian region (equatorial Indian Ocean) compared to the normal years. 

The net thermal radiation fluxes show decrease over the North Arabian Sea, North 

Bay of Bengal and most parts of the Indian region except over the Tamil Nadu region.  

The patterns of absorbed solar radiation flux and OLR at TOA show increase over 

equatorial Indian Ocean and decrease over west coast of India. The decrease over 

Indian region partially indicates that due to the widespread cloudiness, these regions 

show low OLR fluxes. On the other hand, the break phases are associated with the 

increase of OLR flux over Arabian Sea, Bay of Bengal, west coast of India and parts 

of central India and decreased over northeast India, peninsular India and the eastern 

Indian Ocean.  

There is an increase in LH flux is found over western Indian Ocean and north 

Arabian Sea during La Niña events and also the positive anomaly of LH flux observed 

over Arabian Sea, Bay of Bengal, and eastern Indian Ocean during El Niño years but 

relatively with less magnitude. An increased (decreased) SH fluxes during El Niño 

years (La Niña years) found over Indian region. The distribution of LH flux is 

predominantly decreased over most of the Indian regions, north Arabian Sea, Bay of 

Bengal, and equatorial Indian Ocean during the positive IOD events indicates less 

water evaporation process over the regions. The anomalies of negative IOD events 

shows a reversal sign of LH flux, specifically, over south Indian Ocean. The LH, SH, 
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OLR, and short wave radiation fluxes are increased (decreased) over Bay of Bengal 

and Arabian Sea during active (break) spells of ISMR. The regions with increased 

(decreased) precipitation during ENSO and IOD are associated with less (more) 

shortwave radiation reaching the surface and other radiative fluxes. During El Niño 

years, there are anomalous easterlies and south easterlies over Indian ocean that 

opposes southwesterly flow over the Indian region resulting the reduction in wind 

speed and convective activities over the region.  This is exactly opposite during the La 

Niña and positive IOD years that shows anomalous southwesterly winds over Indian 

ocean strengthening the southwesterly flow with a strong convective signal over the 

Indian region.  

The variations of the heat budget components over the regions of India such as 

Peninsular India, Central India, and Western India show exceptions during the ENSO 

and IOD phases. But for all other Indian regions, all heat budget components showing 

reversal in sign with respect to the phase changes.  

 

Moreover, we have tried to quantify the monsoon rainfall variability during 

different ENSO events and tried to understand its connections to the changes in the 

energy budget over this region. We found that changes in some of the energy fluxes 

have strongly associated with the ENSO events and some of the energy fluxes have no 

significant association with the ENSO events and have no impact on the precipitation 

over India. 

 

However, it is important to note that the spatial changes and variability of 

different energy budget components during ISMR need to be explored further to 
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understand the underlying physical processes and associated mechanISMRs, which is 

beyond the scope of this work, and will be taken up as a separate study. 

Data availability 

The ECMWF data sets are available in https://apps.ecmwf.int/datasets/data/interim-

full-daily/levtype=sfc/ which is freely accessible. We have used different atmospheric 

variables such as LH, SH, surface net solar radiation flux, OLR at TOA, surface 

absorbed short wave downwards-solar radiation, surface thermal radiation 

downwards, surface net thermal radiation flux, TOA incident solar radiation and total 

precipitation. The description of the data used in present study  are given in 

methodology section.  
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Figure 1. Year by year rainfall percentage change, excess, deficient rainfall years, El 

Nino years, and La Nina years, positive and negative IOD years and normal years for the 

whole India from 1979 to 2013. 
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Figure 2: The distribution of absorbed shortwave solar radiation flux at top of the 

atmosphere (W m
−2

) for normal years (left side panel) and changes in flux during 

ENSO events, IOD events, active and break spells (right side panels) with respect to 
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the normal years. Stippling denotes the two-tailed  t-test significant at the level of 

95%. 

 

 

 

 

 

 

 

 

 

 

           Figure 3:  Same as Figure 2 but for OLR flux (W m
−2
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Figure 4: Same as Figure 2 but for surface absorbed short wave downwards-solar 

radiation flux (W m
−2

) 
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        Figure 5: Same as Figure 2 but for surface thermal radiation downward (W m
−2
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            Figure 6: Same as Figure 2 but for surface net thermal radiation flux 
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            Figure 7: Same as Figure 2 but for surface latent heat flux (W m
−2
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              Figure 8: Same as Figure 2 but for surface sensible heat flux 
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Figure 9: Wind at 850hPa during normal years and its corresponding changes during 

El Nino, La Nina, positive IOD phase, negative IOD phase, active and break spells 
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Figure 10: Precipitation during normal years and its corresponding changes during El 

Nino, La Nina, positive IOD phase, negative IOD phase, active and break spells. 
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Stippling denotes the two-tailed t-test significant at the level of 95%. 

 
Highlights 
 Our study examines the relative influences of ENSO (El Nino Southern 

Oscillation) and IOD (Indian Ocean Dipole) events on the changes in energy 
budget during Indian Summer monsoon season (June to September) over a 
recent  of 1979-2013 

 Our results indicate a decrease (increase) of convective activity during El 
Niño (La Niña) years associated with an increased (decreased) absorbed 
short wave and long wave radiation fluxes and decreased (increased) rainfall 
over the Indian subcontinent, Arabian Sea, and Bay of Bengal. 

 Strong positive IOD events enhance the shortwave and long wave fluxes over 
most of the Indian region, whereas the negative IOD events show the 
reversed conditions. 
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