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ABSTRACT 

SEASONAL VARIATIONS OF TROPICAL INTRASEASONAL OSCILLATIONS 

Abheera Hazra, Ph. D. 

George Mason University, 2013 

Dissertation  Director: Dr. V. Krishnamurthy 

 

This study has investigated whether the monsoon intraseasonal oscillation 

(MISO) and Madden Julian Oscillation (MJO) are same or different over the Indo-Pacific 

tropical region. The results are based on observational analysis with high-resolution 

diabatic heating as central to all the mechanisms discussed and atmospheric general 

circulation model experiments using the National Center for Atmospheric Research 

(NCAR) Community Atmosphere Model version 4 (CAM4.0). The MISO and MJO are 

extracted as nonlinear oscillations during boreal summer and winter, respectively, by 

applying multi-channel singular spectrum analysis on daily anomalies of diabatic heating 

over the Indo-Pacific region. The boreal summer leading oscillatory mode in diabatic 

heating gives the three-dimensional structure of MISO over the tropics, while the boreal 

winter leading oscillatory mode shows the three-dimensional structure of MJO. The 

existence of MISO was also found in the control simulation of CAM4.0, but the MJO 

was found to be less realistic. To understand the mechanisms involved in MISO and 



 
 

MJO, certain experiments with CAM4.0 were conducted by imposing idealized and 

observed profiles of three-dimensional diabatic heating. Lead and lag relations among the 

circulation, moisture and other fields in response to the imposed diabatic heating were 

analyzed to compare the mechanisms of MISO and MJO. 

 The observational analysis of diabatic heating shows that MISO oscillates with a 

period of 45 days and MJO with 52 days. Both the oscillations show maximum between 

600hPa and 400hPa. Though both the oscillations show eastward propagation, MISO has 

a strong northward propagation and MJO has a weak southward propagation as well.  The 

zonal extent of the diabatic heating in MISO goes up to 150o-180oE, while MJO extends 

up to 180o-210oE, and both the oscillations are strongly coupled to the circulation. The 

meridional propagation of MISO and MJO, i.e., strong northward propagation of MISO 

and weak southward propagation of MJO, involves two mechanisms. One is the 

interaction of the vertical shear of the zonal winds with relative vorticity and the other is 

the moisture preconditioning of the atmosphere. The moisture preconditioning is also 

seen to be present in the eastward propagation. The analysis of the sea surface 

temperature (SST) anomalies associated with diabatic heating shows a lag with the 

convective and suppressed states, which positively feeds back into the atmosphere 

through the surface fluxes. At the same time, the land-surface temperature is found to be 

co-located with the convective and suppressed states, driving the winds due to the 

differential heating between land and ocean, and resulting in MISO propagating strongly 

northward than its boreal winter counterpart, MJO, propagating southward.  

 The eastward propagation, common to both MISO and MJO, is better understood 



 
 

by the mechanistic experiments in which a very narrow band of idealized eastward 

moving heating and cooling signal was added to the model’s existing temperature 

tendency in the equatorial belt. This experiment improved the eastward propagation of 

MISO and produced a more realistic MJO. However, the addition of a northward moving 

signal over the Indian Ocean and South Asian region does not improve the spatial 

structure of MISO, especially the eastward branch and eastward propagation of MISO. 

The circulation, specific humidity and the diabatic heating of the model were studied 

along with precipitation. It is found that, by adding heating and cooling signals to the 

model, the model is able to organize the winds better and transport moisture better.  

Therefore, by adding specific three-dimensional heating and cooling signal to the model, 

it was able to simulate the MISO and the MJO closer to observation, without any SST 

feedback.  

 The observational analysis and the model experiments have shown more 

similarities between MISO and MJO than differences. The two oscillations are similar in 

their period, propagate eastward and can be explained by the same mechanisms. The 

difference is seen in the strong northward propagation in MISO and a weak southward 

propagation in MJO and the zonal extent of MISO is found to be slightly shorter than that 

of MJO. The strong meridional propagation of MISO, which is weak in MJO, is 

hypothesized to be due to the different differential heating gradient between the land and 

the ocean in the two seasons. The mechanisms explained in the observational study need 

to be further addressed through model experiments with SST feedback. The future work 

will include the study of the coupled model’s response to imposed diabatic heating.	  
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CHAPTER 1 INTRODUCTION AND BACKGROUND 

 

1.1 Introduction 

Intraseasonal Oscillation (ISO) is the propagation of alternating regimes with an 

oscillation period within 10-90 days, bridging the gap between weather and climate.  The 

South Asian summer monsoon and the Madden Julian Oscillation (MJO) are two of the 

dominant elements of the tropical atmosphere exhibiting strong intraseasonal variability 

(ISV) and are the main components of the tropical intraseasonal oscillation (TISO). The 

MJO arises due to a large-scale coupling between atmospheric circulation and deep 

convection, and was discovered by Madden and Julian in 1971. It manifests as coherent 

signals in several variables such as clouds, precipitation, planetary-scale divergence 

patterns, zonally averaged pressures, atmospheric angular momentum, midlatitude 

weather and the ocean during boreal winter. The monsoon intraseasonal oscillation 

(MISO), as explained by Krishnamurthy and Kinter (2003), is a subseasonal variability of 

rainfall and circulation over South Asia during the boreal summer. Both these events are 

important because of the extent of their respective influences geographically, materially 

in demography and economics and temporally as they connect weather forecasts to 

climate predictions. 
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The MISO is characterized by the alternating occurrence of active period with 

high rainfall over central India and break period with weak or no rainfall over central 

India and high rainfall over northern and southeastern India, where each phase lasts for 

several days to few weeks. These variations are associated with northward movement of 

the monsoon trough and accompanying clouds as well as eastward propagation along the 

equator. This particular northward and eastward-moving event is clearly documented by 

Lau and Chan (1986b) and Krishnamurthy and Shukla (2008). 

The MJO is characterized by an eastward propagation of large regions of 

enhanced and suppressed rainfall over the tropics, observed mainly over the Indian Ocean 

and Pacific Ocean. As noted by Madden and Julian (1971, 1972), the MJO is known to 

influence the variability of rainfall not only over the Pacific Islands, Indian subcontinent, 

Australia but also over the west coast of North America, South America and Africa. It 

modulates the initiation of tropical cyclones in the Pacific and Caribbean as well as 

affects the equatorial surface winds in the Atlantic Ocean, thus, making it a global effect.   

Among the common features observed in MJO and MISO, the period of both 

these ISOs is found to lie within the same time range, and they propagate through the 

tropics at similar speeds of about 5m/s. Both these oscillations are predominantly seen 

through convective and suppressed conditions, and are the dominant intraseasonal 

tropical signals. Despite their similarities both these oscillations have slightly different 

periods, with MISO peaking at 45 days while MJO at 52 days. The MJO is essentially 

eastward propagating along the equator with the strongest signals during boreal winter 
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while MISO has a northeastward propagation occurring only during boreal summer over 

the South Asian region. The MJO envelopes the entire globe zonally while the MISO 

seems to have a far lesser extent. The similarities between MJO and MISO point to the 

question of whether they are the same while their differences question if they are driven 

differently. 

Both MJO and MISO have been widely studied, and several different mechanisms 

have been provided to explain their propagation. But none of the studies provide a 

thorough analysis of both these ISOs together in order to compare them. Several studies 

have provided detailed analysis over different sub-region in the Indo-Pacific domain for 

boreal summer, but none takes a complete look over the entire Indo-Pacific region. Also, 

an important question to ask at this point is: why does the boreal summer not have a 

strong equatorially eastward moving signal as seen during boreal winter? Similarly why 

does the boreal winter not show strong meridional propagation as seen during the boreal 

summer? Thus, the current state of understanding of the ISOs seems to need uniformity 

in analyzing the dynamics of the main TISOs to provide a better picture. The absence of 

strong eastward propagation during boreal summer and meridional propagation during 

boreal winter are aspects worth looking into to determine whether the two ISOs are 

related or not.  

The void in our complete comprehension of the dynamics of the MISO and the 

MJO is reflected in the poor model simulations of both, which in turn leads to inadequate 

prediction of the events. The need for better understanding is driven largely for the 
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availability of useful ISV forecasts by the agricultural societies, primarily for flood and 

drought mitigation and also for disaster management for the general population. As the 

MJO and MISO are already known to influence large-scale and multi-scale structures in 

the global extent, understanding their mechanisms is made further more essential in terms 

of climate change for long term predictions. Thus, this study is aimed at further exploring 

and analyzing the mechanisms and dynamics of the MJO and the MISO, as there is still 

scope for better understanding these events. A complete dynamical picture of each of the 

oscillations will be analyzed independently. By studying both the oscillations 

simultaneously and independently, an attempt is made to gain further insight into 

mechanisms connecting these two oscillations or prove that they are completely 

unrelated. The seasonal aspect of strong equatorial eastward propagation and meridional 

propagation will also be explored separately for the two seasons.  

 

1.2 Background  

The MJO and MISO have been studied extensively to explain their mechanisms, 

dynamics and whether they are related or not. Yet, no study has provided a thorough 

examination of both these oscillations simultaneously. A few recent studies have 

provided some insight into MJO through the perspective of diabatic heating, while the 

MISO remains largely unexplored. As diabatic heating is one of the main forcings for 

tropical climate variability, the main focus of this study is to examine both the seasonal 

ISOs’ space-time structure centered on diabatic heating. A discussion of previous studies 

is presented below to get an understanding of the aspects already known and point out 
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aspects that are still unknown. The known mechanisms of MISO and MJO are explained; 

their similarities and differences are drawn out and issues that remain to be explored are 

discussed. 

 

1.2.1 MISO 

Monsoon is a tropical phenomenon over the South Asian region, northward of the 

equator, and lies primarily in the tropical zone of the Northern Hemisphere through the 

duration of boreal summer. The rainfall over the Indian subcontinent involves winds 

blowing from the southwest direction from the Indian Ocean onto the Indian landmass 

during the months of June through September. These are generally rain-bearing, low-

level winds, blowing from sea to land, and bringing in rain to most parts of the 

subcontinent due to the differential heating of the land to ocean. They split into two 

branches, the Arabian Sea Branch and the Bay of Bengal Branch near the southern-most 

end of the Indian Peninsula. Subsequently, in the boreal fall around October, these winds 

reverse direction and start blowing from northeast direction. Due to their land to sea flow, 

i.e., from the subcontinent onto the Indian Ocean, they have less moisture and bring rain 

to only limited parts of India like Andhra Pradesh and Tamil Nadu. Wang and Xie (1996, 

1997) have suggested that the northward latitudinal propagation to be an artifact of moist 

Rossby waves excited by an eastward moving Kelvin-Rossby wave packet; the moist 

Rossby waves propagating northwestward. 

The intraseasonal variability of the monsoon over the Indian subcontinent consists 
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of alternating active and break periods, noted as early as 1886 by Blanford. 

Krishnamurthy and Shukla (2000) showed that, during active phase, the rainfall is above 

normal over central India and below normal over northern India and southern India, and 

the pattern reverses during the break phase. The break periods are dry spells interrupting 

the large-scale rainfall over the monsoon trough zone during the peak monsoon, during 

June-September. The intervals between the break periods when the rainfall anomaly is 

higher than normal are the active periods. Both these period form dipole like structure 

over the Indian Ocean and the Indian subcontinent with negative and positive OLR 

anomalies, depending on whether it is the active or the break period over the Indian 

subcontinent as seen in Krishnamurthy and Shukla (2000, 2007, 2008). The active 

(break) condition is generally associated with an increase (decrease) of cyclonic vorticity 

and decrease (increase) of surface pressure over the central Indian monsoon trough region 

and strengthening (weakening) of the low level westerly jet (Raghavan 1973; 

Krishnamurti and Bhalme 1976; Sikka 1980; Alexander et al. 1978), the entire system I 

seen to move northward to the foothills of the Himalayas. The breaks are also found to be 

associated with weakening of the Tibetan anticyclone in the upper atmosphere and 

extension of a large-amplitude trough in midlatitude westerlies up to northern Indian 

latitudes. 

Some early studies have shown certain periodicities associated with the monsoon, 

indicating the involvement of certain ISOs in generating the monsoon ISV. A 10-20-day 

oscillation as well as a prominent 30-40 day oscillation periods were identified in studies 

by Yasunari (1979, 1980, 1981), Sikka and Gadgil (1980). These oscillations are not 
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limited over South Asia alone but are seen over East Asian and Northwestern Pacific as 

well. Krishnamurthy and Shukla (2007) described the space-time structure of both these 

oscillations by using multichannel singular spectrum analysis (MSSA) on daily rainfall 

data over India. They find 45- and 20-day oscillations that are manifestations of the 

active and break period. The 45-day oscillation mode is seen to exhibit northeast 

propagation, while the 20-day oscillation mode shows a northwest propagation over the 

Indian subcontinent region.  

The suggested mechanisms for MISO include a convection-thermal relaxation 

feedback mechanism, where convective conditions result in increase of static stability, 

which depresses the convection itself (Goswami and Shukla 1984).  With the convection 

dying, the radiative relaxation and dynamic processes decrease the moist static stability, 

bringing the atmosphere to a convectively unstable state again). Another mechanism 

explains the eastward propagation of convection over the equatorial Indian Ocean to be 

kelvin wave, with west to northwest propagation of Rossby wave over the western Pacific 

(Lau and Peng 1990; Wang and Xie 1997). The poleward propagation of the boreal 

summer oscillations has been attributed to the ground hydrology and meridional gradient 

of moist static stability by Goswami and Shukla (1984), Gadgil and Srinivasan (1990). 

However, some modeling (Drbohlav and Wang 2005) and theoretical (Jiang et al. 2004) 

studies have found the zonal vertical shear generating a vorticity maximum north of the 

convective maximum, which then forced the boundary layer moisture convergence to 

move further northward. The atmosphere–ocean interaction has been found to be an 

important mechanism for the northward and eastward propagation of the summer TISO 
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(Flatau et al. 1997), where the atmospheric ISOs seem to lead ISOs in SST through heat 

fluxes.  

Simulating the south Asian monsoon in a model has been a challenge, as most 

AGCMs have been found to have large errors (Krishnamurthy and Shukla 2001; Ajaya 

Mohan and Goswami 2007; Ajaya Mohan et al. 2010; Kemball-Cook and Wang 2001; 

Waliser et al. 2003b; Jiang et al. 2004; Klingaman et al. 2008; Liu et al. 2009), while 

CGCMs are found to have more than a 1K error in simulating the mean SST over the 

Indian Ocean (Waliser et al. 2004; Fu et al. 2002). Waliser et al. (2003b) found that, for 

better extended prediction in models, it is necessary to represent the ISOs well besides 

the seasonal mean state. AGCMs with higher internal variability were associated with a 

stronger annual cycle while ones with lower internal variability with weaker annual cycle 

(Waliser et al. 2003b), implying ISOs to be indirectly connected to the hydrological cycle 

of the model as well as the cumulus scheme, land surface processes, etc. Thus, to 

correctly simulate the ISOs in models it is imperative that out understanding of them 

observationally is also improved. 

 

1.2.2  MJO  

The MJO is an eastward propagating, equatorially trapped mode and has a 

dominantly baroclinic vertical structure. The Kelvin and equatorial Rossby wave 

structures also have been considered to be dynamically essential by Yang and Ingersoll 
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(2011). It might seem like a convectively coupled Kelvin wave at first but an MJO is 

much slower and more dispersive. A zonal wind predominant near the equator, and a 

cyclonic circulation in the lower troposphere off the equator are typically observed in 

association with the MJO. 

Madden and Julian (1972) noted that the life cycle of the MJO starts over the 

equatorial Indian ocean and ends over central to eastern Pacific ocean with a large scale, 

eastward moving center of deep convection and precipitation (active phase) flanked to 

east and west by regions of weak and deep convection and precipitation 

(inactive/suppressed phase). These two phases of MJO are connected to each other 

through overturning zonal circulations that covers the entire troposphere vertically as 

noted by Tian et al. (2010). In the lower troposphere and near the surface, anomalously 

strong westerlies exist in and to the west of the center of the active phase and 

anomalously easterlies to the east of such a center. These zonal wind directions are in 

reverse order in the upper troposphere – this is the coupling between the large scale 

circulation and the convective center and this entire system travels eastward at an average 

speed of 5-6m/s. Though the convective signals of MJO vanish over eastern pacific, its 

signals in wind and surface pressure continue to propagate farther east as free (uncoupled 

with convection) waves at much higher speeds (30-35 m/s) and it has a continuous global 

circumferential propagation along the equator only in its upper level fields has been noted 

by Zhang (2005). Zhang (2005) also noted that the water vapor, temperature divergence 

and diabatic heating all show large-scale patterns coherent with wind and deep 

convection of the MJO. 
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The MJO undergoes a strong seasonal cycle in its strength as noted by Zhang and 

Dong (2004), CLIVAR MJO working group (2009) and Masunaga (2007). Its primary 

peak season is austral summer/fall when the MJO signals are the strongest and its 

associated convective systems are immediately south of equator as is seen by Zhang 

(2005). The seasonal change in the latitudinal migration of the associated convective 

systems of the MJO is much stronger in the western Pacific than in the Indian Ocean. As 

noted by Zhang (2005) and Saith and Slingo (2006), the MJO in Pacific appears to be 

extraordinarily vigorous before the peak of an El Nino-Southern Oscillation (ENSO) 

warm event and anomalously weak after the peak and during a cold event, though the 

relationship between MJO activity and sea-surface temperature (SST) indices 

representing ENSO has been found to be very weak, which suggests the interannual 

variability of the MJO might be driven more by the atmospheric internal dynamics than 

surface conditions. 

The driving force of an MJO is still under debate, which has led to two schools of 

thought. In the first school of thought, Webster (1983), Zhang and Hendon (1997) 

suggested that the MJO could be considered to be an atmospheric response to an 

independently existing forcing mechanism with the eastward propagation and coupling 

between convection and wind as secondary by-products of atmospheric response. The 

tropical intraseasonal fluctuations in precipitation of Asian summer monsoon have been 

suggested as one of the sources of forcing for the MJO. Extratropical intraseasonal 

perturbations can persistently and significantly influence the tropics by acting as lateral 

stochastic forcing to the equatorial waves and energizing the MJO, an observational 
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perspective of which was given by Straus and Lindzen (2000). In the second school of 

thought, Wang and Li (1994), Emanuel et al. (1994) and Hayashi and Golder (1997), 

suggested that MJO creates its own energy source through atmospheric instability with 

coupling between convection and circulation at the center of this instability. Masunaga 

(2007) pointed out that the equatorial Kelvin waves alone are insufficient to generate 

MJO-like signals, while the instability of moisture convergence due to boundary layer 

viscosity results in slowly eastward moving, planetary-scale, unstable modes. Inclusion 

of Rossby wave helps to suppress unrealistically fast growing Kelvin mode, resulting in 

eastward propagation with speeds slower than those of the convectively coupled Kelvin 

wave. Diabatic heating, Surface evaporation interacting with the surface wind component 

of planetary-scale, intraseasonal Kelvin mode has also been considered the source of 

instability for the MJO (Waliser et al. 2003). Other factors that may be playing a role in 

driving MJO are the radiation feedback, the fluctuations in vertical moist stability as 

pointed by Katsumata et al. (2009) and Tian et al. (2010), the SST variability and its 

feedback seen by Kim et al. (2008), Fu et al. (2009) noted that the stratiform rainfall and 

probably the diabatic heating profile as well. 

Simulating the MJO even by sophisticated global forecast and climate models is 

very difficult and our inability to explain the reason is possibly due to our poor 

understanding of the tropical atmosphere, which in turn affects the prediction skills of the 

MJO’s and its related phenomena’s variability. The best models of today produce 

eastward propagating signals that are too weak, as noted by Klingaman et al. (2008), and 

their seasonal cycles and spatial distributions are unrealistic with their convection and 
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wind not properly coupled. It is suggested that the sensitivity of the model configuration 

is likely to depend on the cumulus parameterization, model resolutions, mean background 

state and the air-sea coupling as noted by DeMott et al. (2011). Fu et al. (2009) found that 

the prediction skills were sensitive to the season the initial conditions were applied. 

Kemball-Cook and  (2001) and Maloney and Esbensen (2007) have found that the air-sea 

coupling improves the simulations of the MJO. This is seen in the fact that the 

Atmospheric Global Circulation Models (AGCMs) exhibit poor MJO-like variability. It 

has also been demonstrated that reducing systematic mean-state errors in CGCMs and 

model representation of cumulus clouds (DeMott et al. 2011), cloud radiation, 

interactions, boundary layer processes, realistic topographical representation (Wu and 

Hsu 2009) and land surface feedbacks could dramatically affect the simulated MJO and 

consequently the ISV. The models forced by SSTs with realistic intraseasonal variability, 

on periods less than 5 days, even if the phase relationship between rainfall and SST 

remains incorrect, has been found to yield improvement. It has been shown by 

Klingaman et al. (2008), that simulations which remove or under-represent high-

frequency SST anomalies severely limit the ability of the model to reproduce an MJO 

that resembles observations in intensity and propagation speed. It was noted by Park et al. 

(2010) that realistic and accurate simulation of the ISO could improve the seasonal 

predictability. Since the MJO is connected to various other tropical and extratropical 

events/phenomena, it is important that the models capture its dynamics well enough so 

that the connected and interacting events, such as the Australian monsoon, may also be 

represented well in simulations. 
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1.2.3 Comparison between MISO and MJO 

Besides sharing the spectral peak in the ISV regime, the different phases of the 

MJO and the MISO have been found to be connected. Pai et al. (2009) have found the 

phases of MJO connected MISO, where the onset and duration of break and active events 

are related to the strength and phase of the MJO, and the association of break monsoon 

events with the MJO is relatively stronger than the association of active events with the 

MJO. Yasunari (1979), Lau and Chen (1986) and Madden and Julian (1994) also suggest 

that the northward-propagating convection over the South Asian monsoon region is 

related to eastward-propagating clouds along the equator. About 78% of northward-

moving convection was found to be associated with eastward-moving convection at the 

equator by Lawrence and Webster (2001), although they also found some independent 

northward-moving events. However, studies such as Wang and Rui (1990) and Jones et 

al. (2004) conclude that almost half of the northward- propagating events during boreal 

summer were not associated with eastward- propagating equatorial events (MJOs). 

In relation to the connection between the MJO and MISO, for boreal summer, 

Lawrence and Webster (2001) found that the northward convergence over the Indian 

Ocean anomaly leads the convection anomaly by few days, much in the same way that 

the equatorial convection maintains its eastward propagation by shifting into the 

equatorial surface convergence. This may imply that the eastward propagating MJO 

advances northward due off-equatorial surface convergences. During the boreal winter, 

the mean SST greater than 28o C extends south to only about 10o-15o south across the 
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Indian ocean, while during summer, warm SST spreads the entire northern Indian ocean 

including Bay of Bengal and the Arabian sea. Since deep convection tends to develop 

over areas of warm SST and is suppressed over areas of cool SST, no southward 

movement of convection is observed over the Indian Ocean during northern winter, 

despite strong surface convergence. The difference between poleward propagation of 

convection during summer and winter, noted by Waliser et al. (2003, 2004), seems to be 

primarily due to the different underlying basic states, particularly the warm SSTs and the 

associated moist boundary layer extend far to the north during Boreal summer causing 

the whole of the northern Indian Ocean region to be conditionally unstable. 

 

1.2.4 Diabatic Heating 

 Diabatic heating is one of the main forcings for the tropical climate variability and 

is considered the ultimate energy source for driving the atmospheric circulation.  In the 

tropical ISOs, deep convection is associated with large latent heat release, which is a 

dominant component of diabatic heating. These oscillations are driven by the interaction 

between convection and circulation, which are thought to define their space and time 

structure, thus making diabatic heating an important component for further study. In 

MJO, only recently, the structure of the diabatic heating in three dimensions has been 

studied and described (Jiang et al. 2011; Ling and Zhang 2011). However, in MISO, the 

three-dimensional space-time structure is yet to be thoroughly analyzed, though some 

analysis has been presented by Chattopadhyay et al. (2013) and Abhik et al. (2013). The 
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present study tries to present physical and dynamical features of the MJO and MISO 

through space-time analysis of the diabatic heating of both the oscillations and the 

respective responses and variations of other fields to diabatic heating.  

The MJO and MISO are known to be interactive convective and circulation 

systems and anomalous Hadley circulation has been observed to be associated with the 

active and break phases of MISO, showing that the Hadley circulation strengthens 

(weakens) during the active (break) phase (Annamalai and Slingo 2001; Krishnamurthy 

and Achuthavarier 2012). The mechanisms of the meridional propagation of the of the 

ISOs during the two seasons can be explained by the effect of easterly vertical shear as 

has been shown by Jiang et al. (2004) and Drobolav and Wang (2005) for the northward 

propagation for MISO. A similar explanation can also be used for the southward 

propagation of the MJO during boreal winter, which is not as strong as MISO but still 

exists. This meridional propagation can be explained by a mean flow with easterly 

vertical shear, which has an equatorward relative vorticity and a Rossby-wave induced 

heating generates a perturbed vertical motion that decreases northward to the north of a 

convective cell. The vertical perturbation causes the mean flow horizontal vorticity to 

twist and thus, generates a vorticity with positive vertical component north of the 

convection cell, which in turn induces convergence in the boundary layer destabilizing 

the atmosphere and producing a new convective cell to the north of the existing one. The 

three-dimensional circulation structure associated with diabatic heating may throw some 

more light on the dynamical feature of the seasonal ISOs. 
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 Hsu and Weng (2001) and Benedict and Randall (2006) have suggested that the 

frictional convergence associated with Rossby wave-like circulation are part of the ISOs, 

where the vorticity anomaly extracts surface latent heat flux and transports the moisture 

into the center of the anomalous circulation, which then not only fuels the anomalous 

convection and circulation but also creates unstable conditions in the lower troposphere, 

often described at the moisture precondition of the seasonal ISOs. It will be worthwhile 

to examine how moisture advection behaves in response to diabatic heating. 

Woolnough et al. (2000) showed that a coherent relationship exists between MJO 

convection, surface fluxes, and SST, with warm SSTs showing a long lead/lag associated 

with deep convective activities and hence, with diabatic heating. The SST warming is 

associated with increased solar radiation, reduced surface evaporation and winds, which 

reduce vertical mixing. The convection is followed by cool SSTs due to reduced solar 

radiation, enhanced surface evaporation due to with stronger winds. To establish this 

concept it may be important to study the surface latent heat flux, the downward surface 

shortwave radiation, diabatic heating and SST anomalies for both the seasonal ISOs.  

 

1.3. Objectives 

The geographical location, the periodicity as well as some of the described 

mechanism of the MJO and the MISO show a possibility of their being the same or 

completely different oscillations as discussed by Masunaga (2007), Lawrence and 

Webster (2001) and others. Though great progress has been made in the understanding of 
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these events, the mechanisms of neither systems are understood completely yet. This 

drawback not only keeps us from better understanding the mechanisms of other 

dynamical processes of land, atmosphere and ocean that might be connected to either of 

the seasonal oscillations, but also makes it impossible to properly simulate these events 

even with the best of the current coupled climate models. Lack of proper simulations lead 

to inefficient forecast and prediction skills, which have far reaching consequences. The 

current need of interpreting the climate changes due to global warming and 

anthropogenic forcing make the understanding of the underlying mechanisms of these 

major tropical oscillations all the more important. This thesis tries to see the common 

elements and differences between MISO and MJO, through the study of diabatic heating 

and the associated circulation, moisture advection, surface heat fluxes and SST to come 

up with a dynamical picture for both MJO and MISO, in order to answer the main 

question of this thesis, which is: Are MISO and MJO the same or different?  

The objectives of the thesis are: 

1. Identify and investigate seasonal variations of the leading ISOs. 

2. Document space-time structure of Diabatic heating in boreal summer and winter.  

3. Study similarities and differences between the leading ISOs in diabatic heating and 

mechanisms associated with diabatic heating.                       

 The following approach is taken to answer the main question of this thesis: 

1. Compare the physical features of MISO and MJO by documenting its detailed three 



18 
 

dimensional space-time structure of diabatic heating for each of the main seasonal 

oscillations. This is achieved by applying data adaptive methods on the diabatic 

heating over the Indo-Pacific region and extracting the modes associated with 

seasonal oscillations. 

2. Compare the dynamical features and mechanisms of MISO and MJO by studying the 

responses and variations of circulation, moistures convection, surface heat fluxes and 

SST to diabatic heating for both the seasons. 

3. Study the meridional and eastward propagation separately during MISO and MJO 

periods to draw out the comparison between both the oscillations. 

The above-mentioned objective and comparisons are achieved through observational     

study and analysis of model experiments. 
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CHAPTER 2 METHODOLOGY 

 

The objectives of this thesis are achieved through observational and model 

analysis. The observational study includes the detailed seasonal study of the MJO and the 

MISO in terms of diabatic heating and responses and variations of other variables to it. 

The model study includes analysis of control simulation and runs from applied forcings. 

Data adaptive methods are used to see how seasonal oscillations behave through diabatic 

heating, precipitation, circulation variables, moisture advection, surface heat flux 

variables and sea surface temperature (SST). The significance of this study is to a better 

understand the mechanisms and dynamics of the seasonal oscillations behave and their 

comparisons in the two seasons. 

 

2.1 Observational Data 

The data used in this study is the ECMWF Interim Re-Analysis (ERA-Interim) 

dataset (Dee et al., 2011). Daily means of the zonal (u), meridional (v), vertical (ω) 

winds, relative vorticity (ζ), zonal wind shear (uz) (diagnosed), surface temperature (Ts), 

specific humidity (q), advective terms of specific humidity (diagnosed), diabatic heating 

(Q, which was diagnosed), surface variables such as surface latent heat flux (SLHF) and 
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downward shortwave radiation (DSR) were used for the period 1979-2011 over a 

horizontal resolution of T255, interpolated to 37 pressure levels between 1000hPa-1hPa 

and at the surface level in case of surface variables.  

The diabataic heating was calculated using the residual method demonstrated by 

Hoskins et al. 1989 and Yanai and Tomita 1997 using the following thermodynamic 

equation: 

𝑄 𝑥, 𝑦, 𝑝, 𝑡 =   
∆𝑇
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                 (2.1) 

Here, Q is the diagnosed daily diabatic heating rate, v the horizontal wind vector, ω the 

pressure vertical velocity, theta the potential temperature, T the temperature, R the gas 

constant and Cp the gas constant at constant pressure. The over bar denotes the daily 

mean and the prime denotes the deviation of the 6-hourly analysis from the daily mean 

(transient component). The first term describes the change of daily mean temperature 

through time, the second term describes the horizontal advection of the daily mean 

temperature, the third term describes the vertical advection of the daily mean potential 

temperature, the fourth term describes the gradient of daily mean of the transient 

horizontal winds and the potential temperature and the pressure gradient of the daily 

mean of the transient vertical wind and potential temperature taken together. The ERA-

Interim diabatic heating was diagnosed at the resolution of its NCAR data archive, on a 

T255 global horizontal grid and 37 pressure levels ranging from 1000 to 1hPa for the 

period 1979-2011. For the validation of the diagnosed daily diabatic heating rate of ERA-
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Interim dataset, a daily diabatic heating dataset of ERA-40 was also constructed using the 

exact same method but for ERA-40 grid points. The monthly averaged diabatic heating 

for ERA-40 was then calculated and compared to ERA-40 Chan-Nigam (2008) diabatic 

heating dataset, and both were found to be identical. 

 The horizontal advection of moisture (qx,y) was calculated using the following 

equation (Benedict and Randall 2006): 

𝑞!,! =   𝑢   !"
!"

  +     𝑣   !"
!"

      (2.2) 

where, u is the zonal wind, q is the specific humidity and v the meridional wind. The 

vertical advection of moisture (qz) was calculated using the following equation (Benedict 

and Randall 2006): 

                                         𝑞! =   𝜔   !"
!"

                                     (2.3) 

where, ω is the vertical wind. 

This study also makes use of NOAA’s daily outgoing longwave radiation (OLR) 

dataset observed from the Advanced Very High Resolution Radiometer (AVHRR) sensor 

at a horizontal resolution of 144ox73o, as well as SST, which was interpolated to 

horizontal Gaussian grid as that of ERA-Interim.  

Daily climatology of diabatic heating, circulation variables, moisture advection 

variables, surface variables and the SST at all pressure levels (and at surface levels for the 

surface variables) were evaluated for the entire temporal length of the dataset, and the 

daily anomalies were obtained by subtracting the climatology from the daily means of the 

variables. 
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2.2 Model 

2.2.1 Choice of Model 

 Several studies (Zhang et al 2006, Pegion and Kirtman 2007, 2008) have already 

mentioned the importance of atmosphere and ocean coupling for proper representation of 

the MJO and MISO in a general circulation model (GCM), yet the mechanisms and 

dynamics of these oscillations are to be completely understood. Our study is an attempt at 

understanding the atmospheric part better before understanding the air-sea interaction.  

Thus, the choice of model for our study to simulate the seasonal intraseasonal oscillations 

is the Community Atmosphere Model version 4.0 (CAM4.0), latest in a series of global 

atmosphere models developed by the National Center for Atmospheric Research 

(NCAR). In comparison to previous versions, the CAM4.0 version contains notable 

improvements to the deep convection, arctic cloud fraction, radiation interface and 

computational scalability (Zhang and McFarlane, 1995). The calculation of Convective 

Available Potential Energy (CAPE) has been reformulated in the deep convection to 

include more realistic dilution effects through an explicit representation of entrainment 

(Raymond and Blyth, 1992). Sub-grid scale momentum transports have also been added 

to the deep convection parameterization and the finite volume dynamical core has been 

made the default, which has improved accuracy for the transport processes (Richter and 

Rasch, 2008, Gregory et al., 1997). CAM4.0 can be used as both a standalone model and 

as the atmospheric component of the Community Earth System Model (CESM).  
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2.2.2 CAM4.0 

In the present study, CAM4.0 has been used as a standalone model for the present 

day scenario with a resolution of 0.9ox1.25o_0.9ox1.25o, which has a Lin-Rood finite 

volume core (Lin 2004). The version used in the current study has 0.9° in latitude and 

1.25° longitude finite volume grid with 26 layers in the vertical for the atmosphere. The 

ocean component is the data ocean (DOCN), which is also at 0.9° in latitude and 1.25° 

longitude finite volume grid. The land component is the Community Land Model (CLM) 

version 4, which has similar horizontal grid as the atmospheric component. The sea ice 

component is the Community Ice Code version 4 with resolution similar to the 

atmospheric component and prescribed sea-ice. The atmosphere, land, sea ice and data 

ocean components communicate through the coupler version 7 every 30 minutes, that is 

48 times a day, at the given resolution. 

 

2.2.3 Control run 

 As it is difficult to understand the cause and effect of a phenomenon by the 

analysis of observational data alone, it becomes important to look into model simulations 

to understand the functioning behind a given phenomenon. CAM4.0 has many 

shortcomings in the proper representation of the intraseasonal oscillations and is known 

not to produce any MJOs. This is also an important point for selecting the model, as it 

will allow us to study in case any improvements are made, the reason behind causing the 

improvements. Our study tries to alter the model’s diabatic heating to see if the ISOs can 
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be bettered. Before any forcing is applied it is necessary to make a control run to validate 

how the model performs on its own. Some studies have noted the importance of finer 

resolution, hence we chose a 0.9° x1.25° resolution – which is one of the finer resolutions 

for the present day runs. The present day component of the model uses climatological 

SSTs from the years 1982-2000 for data ocean and sea ice while 1st January initial 

conditions from a random year for land and atmosphere. The component set of CAM4.0 

that is run for this study has aerosols, carbon dioxide and other greenhouse gases values 

set to the present day levels.  

 The control run is made with the model running for 10 years continuously without 

any additional forcings.  No spin-up period has been considered as we are looking largely 

at the Indo-Pacific tropical region. For the study of high latitude climate (beyond 45o) a 

spin-up period of at least 5 years becomes necessary. A realistic anomalous response 

depends on a model’s ability to simulate the mean monsoon circulation and precipitation 

in control experiments (Shukla 1984). Thus, in order to determine how well a model 

simulates the mean state of a season, the climatology and variability of outgoing 

longwave radiation (OLR), precipitation, zonal and meridional winds (UV winds) at 850-

hPa and 200hPa and diabatic heating (shown later) are compared to observations between 

the years 1998-2007 for the boreal summer season June-July-August-September (JJAS) 

and the boreal winter season December-January-February-March (DJFM).  

 The JJAS climatology of observation as seen in Figure 2.1, the OLR observed in 

Figure 2.1a, shows it is least over the south Asian and equatorial Indian Ocean region 

with a minima over the north-eastern Bay-of-Bengal, some of the eastern pacific and 
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western pacific parts of the ITCZ, which are regions that receive some of the heaviest 

rainfalls as is seen in Figure 2.1b. Figures 2.1c and 2.1d show the UV winds at 850hPa 

and 200hPa respectively and they correspond with the previous two plot, where at 

850hPa a cyclonic system is seen over the South Asian and Indian ocean region, with 

easterlies over the Indian ocean and westerlies over the south Asian mainland region and 

mostly easterlies over the ITCZ region, accordingly the opposite flow of UV winds is 

seen at the 200mb level. The control run climatology of JJAS, in Figure 2.1e, reproduces 

the observation to a certain degree of accuracy where the region of low OLR, high 

precipitations are captured but the minima and the maxima are slightly displaced, the 

anomalies are largely over the Arabian sea as well as the ITCZ and an anomalously large 

precipitation (Fig. 2.1f) is seen over the western part of the Indian peninsular as well as 

the ITCZ. The winds are captured well by the model with slightly stronger easterlies over 

the ITCZ at 850hPa (Fig. 2.1g) and over the Indian Ocean at 200hPa (Fig. 2.1h). The 

seasonal standard deviations (Fig. 2.2) similarly capture the patterns very well except that 

the model is slightly exaggerated over the southern part of Bay-of Bengal, the northern 

part of Australia and the eastern Pacific ITCZ region for OLR and precipitation, while the 

winds remain well simulated. 

 The DJFM climatology of observed variable in Figure 2.3 shows the OLR (Fig. 

2.3a) to be lower over the maritime continent, northern Australia and the SPCZ with a 

minima over the Maritime continent, corresponding large and maxima precipitation (Fig. 

2.3b) are seen over these regions, a large cyclonic circulation is seen over the region at 

850hPa (Fig. 2.3c) and the opposite at 200hPa (Fig. 2.3d). The control run DJFM 
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climatology is also in close correspondence with the observed variables, but it is 

exaggerated over the northern maritime continent, northern Australia and the tropical 

eastern and western Pacific regions. The winds are also very well simulated with the 

easterlies over the Pacific slightly more at 850hPa, the wind correspondence with the 

observation at 200hPa is good. The DJFM standard deviation (Fig. 2.4) of the model is 

also seen to be well captured with some exaggeration over the northern Maritime 

continent and the tropical Bay-of-Bengal, northern Australia and the tropical eastern and 

western Pacific. The variance of the winds is in great agreement with the observation 

with slight exception over the mentioned regions. 

 It is worth noticing that the model captures the seasonal mean state as well as the 

seasonal standard deviation to a large degree albeit with slightly displaced minima and 

maxima. Thus, CAM4.0 at 1o resolution is well suited to carry out the forced experiments 

to learn more about intraseasonal oscillations. 

 

2.2.4 Experiments 

 To determine the effect of changing the temperature tendency of the model on 

ISOs, two sets of forced experiments are conducted, 

i. Idealized heating-cooling  

ii. Observational heating-cooling (separate for JJAS and DJFM) 

In order to change the temperature tendency of the model, various heating-cooling signals 

are constructed and then added to the model’s temperature tendency term, that is the 

forced signals add (subtract) to the temperature tendency when heating (cooling) is 
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present. These experiments, where additional heating and cooling is applied, allow all the 

model parameterizations to operate, with the expectation that the additional heating and 

cooling will organize the model’s convection to produce realistic oscillations. The 

forcings are applied separately for each season (JJAS and DJFM) and each forced 

experiment is allowed to run for 135 days. Each experiment has 10 ensembles, using the 

initial conditions from the model control run. Thus, 31st May of each year from the 

control run becomes the initial condition for the JJAS forced experiments and 30th 

November of each year from the control run becomes the initial condition for the DJFM 

forced experiments. Jang and Straus (2012, 2013) and Lappen and Schumacher (2012) 

applied the technique of adding heating for seasonal means and different phases of MJO, 

but, this form of applying daily heating to CAM4.0 has not been studied yet. 

 

2.2.4.1  Idealized Experiments 

 The MISO and MJO are known to have eastward propagations along with 

meridional propagations, which is much stronger in the JJAS season than DJFM. In order 

to understand the difference (or similarity) between the MJO and MISO better it is 

important to see the role of the eastward propagation in both the seasons and this is done 

by applying a narrow band of eastward moving heating-cooling signal for both the 

seasons and its effects zonally and meridionally are studied. The idealized heating and 

cooling signals are Gaussian ellipses, which are 60o longitudinally and 10o latitudinaly 

centered over the equator going from 5oS to 5oN. These Gaussian ellipses alternate as 

heating and cooling signals at different frequencies and vertical profiles, traveling 
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eastward from 40E-180E as shown in Figure 2.5. Middle heavy and bottom heavy 

vertical profiles (Fig. 2.7) were used, where the maxima is 1.5Kday-1 for both the 

profiles, reducing to almost zero at the top and bottom of the atmosphere and the 

following equations were used for middle heavy and bottom heavy profiles respectively 

(Jang and Straus, 2012): 

𝐹! =    sin 𝜋 !!
!!

  − 0.3   sin 2𝜋 !!
!!

  − 0.1   sin 4𝜋 !!
!!

              (2.4) 

                  𝐹! =      sin 𝜋   !!
!!

                                                                            (2.5) 

Oscillating periods of 30 days, 45 days and 60 days were used and applied during both 

the seasons as shown in table 2.1.  

Miscellaneous case: an idealized signal (60o longitudinally and 10o latitudinally) 

with middle heavy profile moving only northward (Fig. 2.6) from the Indian ocean to 

25oN over the Indian subcontinent with 45 days period was also applied during only the 

JJAS season to observe if any eastward propagation is affected. 

In case of an experiment with agreeable result, the amplitude of the signal is 

doubled and the set of ensemble is allowed to run, which is again repeated for amplitude 

that is tripled. This is done in order to overwhelm the model’s temperature tendency to 

see if the forced signals can produce a better result. 

 

2.2.4.2 Observed Experiments 

 The MSSA applied to the 4-dimensional ERA-interim diabatic heating anomalies 

dataset is used to adaptively filter out the main JJAS and DJFM intraseasonal oscillations. 
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The diabatic heating intraseasonal oscillations, which are the observed heating and 

cooling signal for the two seasons are then composited to a number of phases. The 

number of phases it is divided into retains the seasonal oscillation’s periodicity, that is to 

say that if the DJFM season shows an oscillation peaking at 50 days then the composites 

are divided into 50 phases, each composite would then cover 7.2o and similarly for the 

JJAS season. These observed 4-dimensional signals are then interpolated to the model 

horizontal grids and vertical levels. Four experimental cases are constructed for each 

season: i) averaging over 10oS-10oN meridionally in the seasonal ISO composites a 

longitude vertical levels in time is constructed and is applied only at the equator in the 

model, ii) 5oS-5oN from the seasonal ISO’s composites is applied to model’s 5oS-5oN, iii) 

15oS-15oN from the seasonal ISO’s composites is applied to model’s 15oS-15oN and iv) 

35oS-35oN from the seasonal ISO’s composites is applied to model’s 35oS-35oN – this is 

done separately with the seasonal signals for each season respectively (summarized in 

table 2.2). These signals are added to the temperature tendency of the model and 10 

ensembles with the previously mentioned initial conditions are constructed for each case 

of JJAS and DJFM seasons, which are then allowed to run for 135 days. The point of this 

exercise is to see how the progressive inclusion of meridional propagation as well as 

heating–cooling structural detail effects the intraseasonal oscillations in the two different 

seasons. In case of a good experiment, the amplitudes are doubled and run, repeating it 

with tripled amplitudes in order to overwhelm the model temperature tendency for the 

given region. 
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2.3 Analysis Method 

2.3.1 Multichannel Singular Spectrum Analysis 

This study makes use of MSSA (Ghil et al. 2002) extensively as it provides data 

adaptive space-time filtering, which is able to isolate different oscillations without the 

need of prefiltering the data. It is equivalent to an extended empirical orthogonal 

functions (EOF) analysis, but differs by the use of a large number of lags, which helps 

draw the spectral properties. The MSSA is applied to the daily diabatic heating anomalies 

in this study, in the same way as it was used for the daily Indian rainfall anomalies by 

Krishnamurthy and Shukla (2007), daily OLR anomalies by Krishnamurthy and Shukla 

(2008), and wind anomalies (u,v,w) by Krishnamurthy and Achuthavarier (2011). In 

Krishnamurthy and Achuthavarier (2011) circulation anomalies analysis was done using 

ERA-40 data at a 2.5ox2.5o horizontal resolution at 10 pressure levels, while in the 

current study the circulation analysis is based on ERA-Interim data at 0.703ox0.703o 

resolution at 37 pressure levels.  

Application of MSSA to a dataset of L channels (grid points) at N discreet times 

implies the diagonalization of a lag-covariance matrix of this multichannel time series at 

temporal lags from 0 to M-1 to obtain LM eigenvalues and LM eigenvectors. The 

eigenvectors are space-time EOFs (ST-EOFs) describing the sequence of M space-time 

patterns with decreasing variance, with a corresponding space-time principal components 

(ST-PCs) of time length N’=N-M+1, and the eigenvalues give the variance of each mode. 

The ST-EOFs and ST-PCs can then be combined to compute the reconstructed 

component (RC) of each eigenmode. An oscillation in MSSA is identified when two 
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consecutive ST-PCs with almost similar eigenvalues are in phase quadrature (Plaut and 

Vautard 1994). As the RCs are additive, the sum of two such RC modes give a data-

adaptive filtered data corresponding to a particular oscillation, and the sum of all the RCS 

reproduce the original data. 

 

2.3.2 Empirical Orthogonal Function Analysis 

In order to validate the use of MSSA in diagnosing MISO and MJO, the Wheeler-

Hendon method (Wheeler and Hendon, 2004) of using the EOF analysis, where real-time 

multivariate MJO series indices (RMMI) are calculated and then used for compositing the 

combined OLR, zonal wind at 850hPa (U850), and zonal wind at 200hPa (U200), 

simultaneously MSSA (explained in the following section) was carried out for the same 

combined fields. The composites for the 8 phases of the main seasonal oscillation were 

compared to those using the RMM indices for OLR and wind anomalies in the tropical 

Indo-Pacific region (described as the MJO and MISO signal). The reconstructed 

components of the variables’ described variance are addressed along with carrying out 

MSSA on filtered data and meridionally averaged data. 

 

2.3.3 Phase Composite Analysis 

 To analyze the space-time structure, following the MSSA, the construction of the 

combined RC of the oscillating mode and the test of significance of the mode, phase 

composites are constructed based on the technique used by Plaut and Vautard (1994). An 

EOF analysis is performed on the combined RC and the phase of the first PC, which 
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usually has a variance of above 95%, of the combined RC is determined. The phase is 

further divided into eight intervals between 0 and 2π, based on which, time varying maps 

of combined RC are composited describing the space-time structure of the oscillating 

mode. This phase information is also applied to other variables to construct their space-

time composites to analyze their structure as a response to the original variable. 
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Figure 2.1 JJAS seasonal climatological mean of (a) OLR, (b) Precipitation, (c) 
horizontal wind at 850hPa (d) horizontal wind at 200hPa in observation and the period 
for mean is 1998-2007. JJAS seasonal climatology of (e) OLR, (f) Precipitation, (g) 
horizontal wind at 850hPa (h) horizontal wind at 200hPa in CAM4.0 control run of 10 
years. Units are in Wm-2 for OLR, mmday-1 for precipitation and ms-1 for horizontal 
wind. 
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Figure 2.2 JJAS standard deviation of daily mean of (a) OLR, (b) Precipitation, (c) zonal 
wind at 850hPa (d) zonal wind at 200hPa in observation and the period for standard 
deviation is 1998-2007. JJAS standard deviation of daily mean of (e) OLR, (f) 
Precipitation, (g) zonal wind at 850hPa (g) zonal wind at 200hPa in CAM4.0 control run 
of 10 years. Units are in (Wm-2 )1/2 for OLR, (mmday-1)1/2  for precipitation and (ms-1)1/2 
for zonal wind. 
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Figure 2.3 DJFM seasonal climatological mean of (a) OLR, (b) Precipitation, (c) 
horizontal wind at 850hPa (d) horizontal wind at 200hPa in observation and the period 
for mean is 1998-2007. DJFM seasonal climatology of (e) OLR, (f) Precipitation, (g) 
horizontal wind at 850hPa (h) horizontal wind at 200hPa in CAM4.0 control run of 10 
years. Units are in Wm-2 for OLR, mmday-1 for precipitation and ms-1 for horizontal 
wind. 
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Figure 2.4 DJFM standard deviation of daily mean of (a) OLR, (b) Precipitation, (c) 
zonal wind at 850hPa (d) zonal wind at 200hPa in observation and the period for standard 
deviation is 1998-2007. DJFM standard deviation of daily mean of (e) OLR, (f) 
Precipitation, (g) zonal wind at 850hPa (g) zonal wind at 200hPa in CAM4.0 control run 
of 10 years. Units are in (Wm-2 )1/2 for OLR, (mmday-1)1/2  for precipitation and (ms-1)1/2 
for zonal wind. 
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Figure 2.5 Horizontal structure of idealized eastward moving heating and cooling signals 
at the vertical level of maximum amplitude of  ±1.5Kday-1. 
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Figure 2.6 Horizontal structure of idealized northward moving heating and cooling 
signals at the vertical level of maximum amplitude of ±1.5Kday-1. 
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Figure 2.7 The vertical profile of the idealized cooling and heating signals, with the 
highest amplitude of ±1.5Kday-1. 
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Table 2.1 Idealized Eastward moving Signals 

 
 
 

 
     Table 2.2 Observational Signals 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 Forced Run with 
Middle Heavy Profile 

Idealized Signal 
Oscillations 

 
JJAS 

 
DJFM 

30 days H-C H-C 
C-H C-H 

45 days H-C H-C 
C-H C-H 

60 days 
 

H-C H-C 
C-H C-H 

 Forced Run with  
Observed Diabatic Heating 

JJAS 
(45 phases) 

DJFM 
(52 phases) 

 
Region of 
applied 
forcing 

Equator Equator 
5S-5N 5S-5N 

15S-15N 15S-15N 
35S-35N 35S-35N 
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CHAPTER 3 BOREAL SUMMER ISO IN OBSERVATION 

  

 In section 1.2.1, the MISO has been documented as the leading mode of the 

boreal summer intraseasonal oscillations. Very few studies have attempted to study 

MISO in terms of the diabatic heating structure (Chattopadhyay et al. 2013; Abhik et al. 

2013). But there have been no studies that address the MISO with diabatic heating as 

their driving force with an attempt to answer whether MISO and the boreal winter MJO 

are driven by the same underlying mechanisms or not. Nor has there been a study that 

provides a comprehensive picture of the spatio-temporal variability of the monsoon 

rainfall over the Indo-Pacific region in the intraseasonal time scale with diabatic heating 

as its focus. The present study obtains and describes a detailed space-time structure of 

MISO over the Indo-Pacific region based on reanalysis and observational analysis 

centered on diabatic heating. 

 

3.1 Mean and Standard deviation of Diabatic Heating 

The JJAS climatology of the diabatic heating as seen in Figure 3.1a, where in the 

vertically averaged field a strongly positive diabatic heating is observed over the 

equatorial south Asian region and the equatorial pacific along the intertropical 

convergence zone (ITCZ). One may recall that positive diabatic heating implies heating 
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due to latent heat release in the tropics by precipitation and negative diabatic heating 

implies dry conditions. The longitude versus the vertical pressure levels along the 

latitudinal average of 10N-30N (Fig 3.1b) shows a single positive maximum, centered 

mostly over the South Asian region, which also is again a region of major precipitation. 

However, the longitude versus the vertical pressure levels along the latitudinal average of 

10oN-10oS (Fig 3.1c) show two positive maxima, one over the Bay-of-Bengal and the 

second over the equatorial western pacific, as these are the two major regions of 

precipitation in the equatorial region. The latitude versus the vertical levels averaged 

longitudinally over 60oE-90oE (Fig 3.1d) show a maximum and a minimum cell each 

over the Indian subcontinent-Indian Ocean region and while the belt longitudinally 

averaged over 120oE-150oE (Fig 3.1e) show a maxima and a minima over the maritime 

continent-western Pacific and the Australian region respectively. The same three-

dimensional extents are seen in Figure 3.1f-3.1j, as Figures 3.1a-3.1e for standard 

deviation of the diabatic heating during the JJAS season, which show maximum 

deviations in the regions that show maximum positive diabatic heating. 

 

3.2 Leading Mode ISO in Diabatic Heating 

Prior to applying MSSA over the raw diabatic heating anomalies, MISO was 

extracted using RMMI and MSSA using OLR, U850 and U200 anomalies. Both the 

methods give almost similar spatio-temporal structure of the OLR, U850 and U200 fields. 

The explained variance of the fields using RMMI (22%) is larger than that of MSSA 

(4.6%), as one of the parts of calculating the RMMI includes bandpass filtering and the 



43 
 

variability is expressed by applying EOF analysis over an equatorially averaged belt 

varying in longitude and time only. MSSA also gives higher variance (8%) with filtered 

data and it is latitudinally averaged before applying MSSA. The composites plotted using 

the phase information from any of the mentioned ways show almost identical spatio-

temporal structure of the OLR, U850 and U200. The diabatic heating is then composited 

using the RMMI and the phase information by applying MSSA on the raw diabatic 

heating dataset. For composites with clear structure of the MISO by RMMI, besides 

bandpass filtering, 6 to 7 harmonics of the diabatic heating anomalies had to be removed. 

This was the method followed by Jiang et al. 2011 to plot the structure of MJO as well. 

However, MSSA is able to reproduce composites, with even more clarity, without the 

need of prior filtering or removing of harmonics. With the use of either method, the 

spatio-temporal structure of the diabatic heating is found to be similar. 

 The diabatic heating data is therefore analyzed using the MSSA and Figure 3.2 

shows the power spectra of the first five PCs, with PC4 and PC5 forming an oscillating 

pair peaking at 45-days period. The variance explained by both these PCs is 0.6% for the 

raw four dimensional diabatic heating anomalies. For the leading pair of filtered diabatic 

heating dataset, the variance explained is 1.3%, for vertically averaged data between 100-

1000hPa explained variance is 2.2% and for data that is vertically averaged and 

latitudinally averaged between 20oS-20oN it is 5.1%. Though the explained variance is 

small for the four-dimensional raw diabatic-heating anomaly, if the data is filtered and 

dimensions are averaged, the explained variance is seen to rise and the composites using 

the phase information of all of them give similar MISO structure. It is also to be noted 
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that the given resolution of the data allows for minute details of the intraseasonal 

oscillation to be captured when MSSA is applied, thus reducing the explained variance. 

We use the leading modes of the raw diabatic heating anomalies to construct the space-

time structure of MISO, by reconstructing PC4 and PC5 and then adding them to give the 

space-time structure of the oscillation, so as to not lose any spatial or temporal detail.  

 The space-time structure of the 45-day period oscillation of the vertically 

integrated reconstructed component of this eigenmode of phase 1 as seen in Figure 3.3, 

shows a negative anomaly with minima (dry conditions) over the Arabian sea and the 

Bay-of-Bengal, far eastern South Asia and the equatorial western pacific, and a positive 

anomaly (wet conditions) is seen developing over the equatorial Indian Ocean. The 

maxima with positive anomalies is seen to further develop and move northward as well as 

eastward in phase 2, while the minima of the negative anomalies to the north of the 

positive anomalies are also seen to propagate further north and eastward. The north and 

eastward propagation of the anomalies are seen through phase 3 and by phase 4 the 

negative anomalies are seen to decay over northwest pacific, while the positive anomalies 

move further northward over the Indian Peninsula and eastward over the equatorial 

Maritime continent and western Pacific. In phase 5 the maxima with the band of positive 

anomalies is now seen to move more northward over the Indian peninsula branching into 

the Arabian sea and the Bay-of-Bengal, far eastern South Asia and the equatorial western 

pacific, a negative anomaly is seen to develop over the equatorial Indian Ocean. Phase 5-

8 are the other half of the cycle, in phase 5 the wet band of anomalies or the positive 

diabatic heating is where the negative diabatic heating anomaly band was seen in phase 1 
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and the developing negative anomaly is seen where the positive anomaly was seen. The 

positive anomalies with maxima are then seen to move further northward and eastward in 

phase 6, with a negative diabatic-heating anomaly further developing over the equatorial 

Indian Ocean. Further northward progress of the positive diabatic heating over the Indian 

subcontinent mainland and the strengthening of the negative anomaly over the equatorial 

Indian Ocean with a northward progress and extending further eastward is seen in phase 

7. Both the bands of maxima and minima are seen to move further northward in phase 8, 

the positive band decaying and the negative anomalies reaching the Indian Peninsula. To 

observe the eastward propagation better, Hovmöller diagrams (Fig. 3.4) for the northern 

hemisphere and the equatorial belt are studied. The northern hemisphere shows a 

staggered eastward propagation as compared to its equatorial counter part. To observe the 

northward propagations better Figure 3.5a and 3.5b show strong northward propagation 

over 60oE-90oE averaged and 120oE-150oE averaged belts. 

 The longitudinal propagation with respect to the vertical pressure levels is seen 

over two separately averaged latitudinal bands. The northern hemispheric belt averaged 

over the 10oN-30oN (Fig. 3.6a), shows a negative diabatic heating anomaly cell 

developing over the Indian subcontinent in phase 8, increasing in intensity and expanding 

eastward till phase 3 and then diminishing and almost disappearing by phase 5. A 

positive diabatic heating anomaly cell is seen to develop in phase 4 and progressively 

grow in intensity, expand eastward till phase 7 and then diminish in phase 8, disappearing 

by phase1. In the equatorial belt averaged over the 10oS-10oN (Fig 3.6b), the negative 

fully developed diabatic-heating anomaly cell is seen to decrease in intensity through 
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phase 1 to 4, moving eastward and diminish completely by phase 5. A very clear 

eastward propagation is seen in the positive diabatic heating anomaly cell from phase 2 

through phase 8. A negative cell develops in phase 5 increases in intensity and moves 

eastward till phase 8. There is a lag between the phases the anomalies propagate for the 

two longitudinal belts. 

To look at the vertical structure of the meridional propagation of the diabatic 

heating anomalies two longitudinally averaged regions are looked into. In Figure 3.7a 

averaged over 60oE-90oE, a strong northward propagation from 10S to about 30N of 

diabatic heating anomalies is seen. In phase 5, a negative diabatic-heating anomaly is 

seen to develop over the equatorial Indian Ocean region, which expands and moves 

northward through phase 6, 7, 8, 1, 2, 3 and 4 where it almost disappears. From phase 1 

onward a positive diabatic heating cell is seen to grow in intensity over the equatorial 

Indian Ocean and is seen to expand and move northward through phase 2, 3, 4, 5, 6 and 

7, disappearing completely in phase 8. Through the phases the diabatic heating anomalies 

are seen to develop and move northward, expand and increase in intensity considerably. 

The longitudinally averaged zone of 120oE-150oE as seen in Figure 3.7b, has a negative 

diabatic heating anomalies develop around phase 6 over the equatorial western pacific 

ocean, which increases in magnitude and moves northward through phase 8, 1, 2, 3, 4, 5 

and 6 where it almost disappears. A similar propagation, enhancing and diminishing of 

the positive diabatic heating is observed as well from phase 2 through phase 2. We see an 

intensification of and deeper diabatic heating anomalies over the eastern belt compared to 

the western belt. 
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3.3 Mechanisms 

MISO has been identified as a convectively coupled circulation system, since the 

negative anomalies of diabatic heating are dry states; we refer them as suppressed 

conditions, similarly the positive anomalies as convective conditions. A three 

dimensional structure of the winds in response to diabatic heating are seen in the 

following section. The strong northward propagation mechanism is looked into along 

with the vertical winds. The moisture response of previous studies have shown the 

existence of moisture pre-conditioning prior to convective MJO events, we have extended 

this mechanism to MISO. SST is known to positively feedback into the atmospheric 

variability through surface fluxes and variables, this mechanism is analyzed as well, to 

connect the feedback to circulation and moisture preconditioning. 

 

3.3.1 Circulation Associated with Diabatic Heating 

 As the winds and the states of convection/suppression are known to be strongly 

coupled, u, v and w are analyzed with respect to the diabatic heating. In Figure 3.8, phase 

1 shows a fully developed suppressed cell at 850hPa over the peninsular Indian mainland 

region and the rest of the eastern south Asian region extending till the eastern pacific with 

a northwest-southeastern tilt to this band, low-level westerlies are seen north of this cell 

and low-level easterlies are seen south of the cell, completing an anticyclonic circulation 

that encapsulates the entire region. In the same phase a convective cell is seen to develop 

over the equatorial Indian ocean, where the easterlies are at the north of this cell and 

weak westerlies to the south, developing as a cyclonic circulation, around the convective 
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cell. The suppressed cell, in phase 2, is seen to move further north-eastward with the 

anticyclonic circulation also having moved accordingly, the easterlies are seen to become 

stronger as the convective cell becomes stronger moving northeastward. By phase 3 the 

suppressed cell is furthest northeastward, becoming smaller accompanied by the 

anticyclonic circulation growing weaker, while the cyclonic circulation is seen to become 

stronger as the convective cell moves northeastward, continuing its propagation and 

decaying through phase 4, 5, 6, 7 and 8. The suppressed cell and the anticirculation in the 

far north almost disappears by phase 4 and a new suppressed cell with its associated 

anticyclonic circulation develops over the tropical Indian ocean in phase 5, opposite to 

that of phase 1 and then continue its amplification, subsequent decay and northeastward 

propagation through phase 5, 7 and 8 and then loops back into phase 1 which has already 

been explained. 

 To observe the zonal circulation, Walker circulation over two latitudinal bands 

averaged over 10N-30N and 10oS-10oN is seen in Figure 3.9. In the northern hemispheric 

longitudinal belt (Fig. 3.9a) a walker circulation with lower level westerlies is seen to 

lead the suppressed cell from phase 8 through phase 4. The walker circulation is seen to 

have a small cell in phase 8 but the cell is found to expand through phase 1, 2 and 3 and 

dies by phase 4. The same is seen with the convective cell, where walker circulation’s 

low level easterlies are seen to lead convective anomalies and the wind cells expand and 

die through the phases as the convection increases in intensity and dies. In the equatorial 

belt (Fig. 3.9b), walker circulation low level easterlies are seen to develop between east 

of the developing convective cell in phase 2, which grows in amplitude and propagates 
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eastward from phase 2 to 4 and finally decays by phase 7, a similar growth, amplification 

and decay of a ‘negative’ walker circulation is seen from phase 6 through phase 7, 8, 1 

and 2 finally dying in phase 3. There seems to be diabatic-heating anomalies of opposite 

polarity over the North American and Equatorial American/eastern Pacific region with 

reference to the Indo-western Pacific region through all the phases over both the 

latitudinal bands. 

 Anomalous Hadley circulations are averaged over 60oE-90oE and 120oE-150oE 

(Fig. 3.10) to understand the meridional winds. Over the Indian Ocean region, (Fig.3.10a) 

in phase 2 a positive anomalous cell is seen to develop led by low-level northerlies, as the 

convective cell propagates northward the northerlies reduce in intensity and the 

convective cell dies through phases 3, 4, 5, 6 and 7. Similarly the suppressed cell is seen 

to be lead by southerlies. A suppressed cell develops in phase 6 which grows and decays 

through phase 6 ,7, 8, 1, 2, 3 and 4, the strength of the southerlies are also seen to 

increase and then decrease through these phases as it leads the suppressed cell. The 

meridional belt over Australia, Maritime continent and Eastern Pacific (Fig. 3.10b) sees a 

southerly develop and lead a suppressed cell in phase 7 through phase 1 as it moves 

further northward, the southerlies die and northerlies take over as does the suppressed cell 

by phase 5. Similarly, northerlies are seen to lead the convective cell from phase 2 to 

phase 5 after which the northerlies die followed by the convective cell by phase 8. In both 

these region a complete Hadley circulation is seen in the presence of a convective and a 

suppressed cell together as it completes the meridional versus the vertical level 

circulation and this system is seen to move northward and disintegrate leading the 
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convective or the suppressed cells. Through these Figures we find the winds leading the 

convective and suppressed conditions in all three dimensions, with the lower winds 

converging and upper winds diverging. 

 The vertical wind structure in three dimensions is described through Figure 3.11, 

3.12 and 3.13. Negative vertical wind anomalies imply an ascending motion while 

positive vertical wind anomalies describe descending motion. The horizontal structure of 

the vertical wind anomalies at 500hPa is seen in Figure 3.11 and it overlays the diabatic 

heating anomalies exactly as it moves northeast ward through phases 1 through 8. The 

eastward propagation of the anomalies over two longitudinal belts with the vertical 

levels, averaged meridionally over 10N-30N and 10S-10N are seen in Figure 3.12. Again 

both these regions see the vertical wind concentric with the convective and the 

suppressed cells moving eastward through the eight phases. The meridional structure with 

respect to the vertical, averaged over two longitudinal belts 60oE-90oE and 120oE-150oE 

are described in Figure 3.13. Here too we see the vertical winds being concentric with the 

convective and suppressed cells as they move northward through the eight phases over 

both the regions. The vertical wind anomalies are seen to reach maxima and minima 

between 400hPa and 600hPa just as the diabatic heating anomalies and can be considered 

as a proxy for rainfall anomalies.  

 

3.3.2 Northward Propagation 

 To understand the northward propagation mechanism during the boreal summer 

season, the zonal wind shear and relative vorticity are studied meridionally over the 
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latitudinal belts averaged over 60oE-90oE and 120oE-150oE.  In Figure 3.14a, over the 

Western belt, in phase 1 we see a convective cell develop with a low level (negative) 

easterly vertical shear, which is positive in the upper levels. The corresponding positive 

vorticity seen on Figure 3.15a follows the convection in low levels and leads in the upper 

levels as it develops. By phase 2 the mid level easterly vertical shear are seen to be 

collocated and the lower level easterly vertical shear lead the convection as it moves 

northward in this process till phase 7 when the convection almost dies, correspondingly 

the positive vorticity leads the convective cell in lower levels and is collocated in the 

upper levels till phase 7 moving northward and dies out by phase 8. A similar 

propagation is seen for the suppressed cell, usually with westerly vertical shear collocated 

in the mid levels and leading in the lower levels the suppressed cell and negative vorticity 

leading it at low-level and collocated at upper level as this entire system moves 

northward. This balance of zonal vertical shear, convection or suppression and vorticity is 

also seen over the eastern latitudinal belt (Fig. 3.14b), where a low level easterly vertical 

shear is seen to develop along with a convective cell in phase 2 when the vorticity (Fig. 

3.15b) is still along the convective cell, by phases 3, 4, 5, 6 and 7, as the convective cell 

grows, amplifies and decays moving northward, the low level easterly vertical shear is 

seen to lead the convective cell, the mid level easterly shear is collocated and the low 

level positive vorticity is seen to lead it. A similar cycle for the suppressed cell is also 

seen through the phases. Anytime the vertical shear of zonal wind is imbalanced the 

convective or the suppressed cells begin to decay along with the vorticity. Thus, the zonal 
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wind shear and relative vorticity seem to contribute to the northward propagation of the 

convective and suppressed stated during the boreal summer leading ISO. 

 

3.3.3 Moisture Associated with Diabatic Heating 

 Previous studies have established that the moisture convergence precedes ISO 

convective signals, thus, to study it we analyze specific humidity anomalies, and its 

horizontal and vertical advection. The horizontal structure of vertically integrated specific 

humidity anomalies as seen in Figure 3.16, show the diabatic heating anomalies lag the 

specific humidity anomalies both in its north and eastward propagation from phase 1 

through phase 8. The negative specific humidity anomalies precede suppressed cell while 

the positive specific humidity anomalies precede convective cells. To observe the specific 

humidity with respect to the diabatic heating longitudinally and latitudinally Figure 3.17 

and Figure 3.18 are studied respectively. Over the northern hemispheric belt (Fig. 3.17a), 

in phase 4 we see a convective cell develop with dry conditions (negative specific 

humidity anomalies) to its east and wet conditions (positive specific humidity anomalies) 

to its west, as this convective cell expands eastward through phases 5, 6, 7 and 8 the 

specific humidity is seen to quickly overtake the convective cell as it moves eastward. 

The same is seen with the suppressed cell as it develops in phase 8 and expands 

propagating eastward through phases 1, 2, 3, 4 and 5. Over the equatorial belt (Fig. 

3.17b) the dry conditions are seen to consistently lead suppressed cells, while wet 

conditions are seen to lead convective cells, especially in the lower levels. The deviation 

in case of the 10oN-30oN averaged belt may be hypothesized to be that the land does not 
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allow free eastward propagation of specific humidity unlike in the case of equatorial belt, 

which is mostly ocean. 

 The meridional propagation versus the vertical is seen in Figure 3.18 over the two 

latitudinal belts averaged over 60oE-90oE and 120E-150E. The western belt (Fig. 3.18a) 

shows a convective cell developing over the equatorial Indian ocean in phase 1 with the 

wet conditions leading, the cell develops and decays over phases 2, 3, 4, 5, 6 and 7 the 

positive specific humidity conditions are also seen to develop and decay leading the 

convective cell. Similarly the suppressed cell’s development and decay are seen through 

cells 5, 6, 7, 8, 1, 2, 3 and 4 with dry conditions leading it. The eastern belt (Fig. 3.18b) 

sees a similar development and demise of convective and suppressed cells led by wet and 

dry conditions respectively. This clear picture of moisture and dryness leading the 

convective and suppressed cells may be attributed to the zonal wind vertical shear and 

vorticity, which transport the wetness and dryness north of the cells accordingly. 

For a better picture of whether the specific humidity anomalies (shaded) lead the 

diabatic heating anomalies (contours) a phase verses the vertical levels is seen in Figure 

3.19 averaged over four different areas, the Indian mainland region (60oE-90oE, 10oN-

30oN), the Indian ocean region (60oE-90oE, 10oS-10oN), the Eastern Pacific region 

(120oE-150oE, 10oN-30oN) and the Maritime Continent region (120oE-150oE, 10oS-

10oN). The 45-day oscillation is divided into 44 phases of composites in this case, over 

the Indian mainland region (Fig. 3.19a) a convective cell is seen from phase 20 to phase 

36, while the wet anomalies are from phase 24 to phase 40, and a suppressed cell is seen 

from phase 40 to phase 12 and the dry anomalies are seen from phase 40 to phase 20 with 
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the minima clearly leading the deeply suppressed center of the diabatic heating anomaly. 

This leading of the specific humidity anomalies over the diabatic heating anomalies are 

seen through all the four regions and even shows a tilted vertical structure over the 

Maritime continent. 

 To see how the moisture (dryness) is advected horizontally and vertically, the two 

terms are analyzed separately. Benedict and Randall (2006) show that convection is 

preceded by horizontal moistening and followed by horizontal drying conditions, while 

the vertical moistening happens with the convection in case of MJO. We verify this 

through Figure 3.20 and Figure 3.21, which give the horizontal advection and vertical 

advection seen longitudinally versus the vertical levels in the two longitudinal belts 

averaged over 10oN-30oN and 10oS-10oN. In the northern hemispheric belt (Fig. 3.20a) a 

convective cell is seen to develop in phase 4 accompanied by low-level wet conditions as 

it develops further moving eastward from phase 5, 6, 7 and 8 the low level wet conditions 

are seen to lead it moving eastward, similarly eastward moving dry conditions are seen 

for the suppressed cells. In case of the equatorial belt (Fig. 3.20b) as the convective cell is 

seen to develop in phase 2 the low-level wet conditions lead it in the east the entire 

system moving eastward through phases 3, 4, 5, 6 and 7, similarly low-level dry 

conditions are seen to lead suppressed cells and moving eastward. The northern 

hemispheric belt is seen to be very noisy in comparison to the equatorial belt. The vertical 

advection is seen to be collocated with the convective and suppressed cells. Over the 

northern hemispheric belt (Fig. 3.21a) a convective cell begins in phase 4 where wet 

vertical advection is seen and moves along eastward with the convection through the 
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subsequent phases. Similarly, dry vertical advection is seen to be collocated and 

propagate eastward with suppressed cell. This process is seen to be reproduced in the 

equatorial belt (Fig. 3.21b) as well, and no noisy signals are seen in the northern 

hemispheric belt. Thus, we positively verify with Benedict and Randall (2006) that a 

convective (suppressed) cell is led by wet horizontal advection (dry horizontal advection) 

and followed by dry horizontal advection (wet horizontal advection) with collocated wet 

vertical advection (dry vertical advection).  

 The meridional propagation versus the vertical levels over two regions averaged 

over 60oE-90oE and 120oE-150oE for horizontal advection and vertical advection of 

specific humidity are observed as well. Over the western belt (Fig. 3.22a) we see a 

convective cell develop over the equatorial Indian ocean led by horizontal wet conditions 

and followed by horizontal dry conditions, this system moves northward through phases 

2 to 7 and is repeated for the suppressed cell, led by dry horizontal advection and 

followed by wet horizontal advection. A similar picture is seen at work in the eastern belt 

(Fig. 3.22b), where a convective cell is seen to develop over the Maritime continent led 

by wet horizontal advection and followed by dry horizontal advection and the entire 

system moves northward as a similar propagation is followed by the suppressed cell with 

the opposite horizontal advection anomalies. The vertical advection of specific humidity 

over the same two latitudinal belts is also analyzed. The meridional propagation of 

vertical advection of specific humidity is seen to be collocated with the convective and 

suppressed cell as well. In the western belt (Fig. 3.23a) a convective cell is seen to 

develop in phase 1, where a wet vertical advection is also present and moves northward 
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with the convection, similarly the dry vertical advection is collocated with the suppressed 

cell moving northward through the different phases. The eastern belt (Fig. 3.23b) shows a 

similar collocation and northward propagation of the vertical advection of specific 

humidity anomalies along with the convective and suppressed cells.   

Hence, we observe that the horizontal advective terms are responsible for the 

lead-lag relationship of the specific humidity with the diabatic heating where the wet 

horizontal advective anomalies are more northeastward to the convection while the dry 

horizontal advection is to the southwest of the convection, the vertical advection moves 

right along with the convection. This seems to indicate that the horizontal circulation, 

especially in the low-levels, is responsible for the moisture transport.  

 

3.3.4 Surface Variables and Fluxes associated with Diabatic Heating 

 The Atmosphere-ocean interactions happen through the surface fluxes. For 

example, in case of an eastward moving convective cell the SST decreases to the west of 

the convection due to enhanced evaporation and latent heat flux brought on by low level 

westerly anomalies, similarly positive SST anomalies are seen to the east of convection. 

The downward solar radiation flux decreases with increasing atmospheric moisture 

convection and increases with the suppressed moisture conditions, as in the OLR. The 

surface temperature is also seen to reduce during convection and increase during 

suppressed conditions. To elaborate these points the horizontal structure of anomalies of 

the surface latent heat flux, downward solar radiation flux, OLR, SST and surface 

temperatures are compared. The surface latent heat flux (SLHF) (Fig. 3.24) is not yet 
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observed, as a convective cell develops over the equatorial Indian Ocean in phase 1, 

which moves northeastward in phase 2. A negative SLHF anomaly is then seen to 

develop over the cell as the convective cell is cooling down the surface hence less 

evaporation takes place, the negative latent heat flux is seen to follow the convective cell 

in its northeastward propagation through phases 3, 4, 5, 6, 7 and 8 where it almost 

disappears. A suppressed cell develops in phase 5 and in phase 6 a positive SLHF appears 

over the suppressed cell, as there is more evaporation now and follows the suppressed 

cell through its course of northeastward propagation through phases 7, 8, 1, 2, 3 and 4 

where it almost disappears. The SLHF is thus seen to have a lag with respect to the 

convective and suppressed cells. 

 The downward solar radiation flux (DSWR) is seen to be concentric with the 

diabatic heating anomalies (Fig. 3.25). In phase 1 where a convective cell begins to 

develop over the equatorial Indian ocean the DSWR is negative due to insolation, as the 

convective cell develops and moves northeastward the DSWR also follows through 

phases 2, 3, 4, 5, 6, 7 and 8, similarly positive DSWR anomalies follow the suppressed 

cell due to lack of insolation as it moves northeastward through the phases. The DSWR 

leads SLHF as has been noted in previous studies (Waliser et al. (1999)). The OLR 

anomalies with respect to the diabatic heating anomalies as seen in Figure 3.26, also 

shows a similar propagation to that of DSWR and the reason is again due to insolation 

due to convective cells and the lack of it during the propagation of suppressed cells. OLR 

also provides a proxy for precipitation. 
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The SLHF and DSWR, despite their lead-lag relationship add constructively to 

perturb the net surface heat flux, which causes variations in the SST (Waliser et al. 1999). 

Hendon and Glick (1997) mentioned that the induced SST anomaly would act to reduce 

the latent heat fluxes driven by the MJO. In other words, the SST warms in response to 

reduced latent heat flux following a suppressed cell, but a warm SST will act to increase 

latent heat flux and the opposite in case of a convective cell thus, suggesting of positive 

feed back to the atmosphere. 

 The SST anomalies with respect to the diabatic heating anomalies are studied as 

well (Fig. 3.27). In phase 1 as a convective cell begins to develop and move 

northeastward, a negative SST anomaly begins to develop over the convective cell only 

in phase 3 following the SLHF anomaly, as the convective cell moves northeastward 

through the phases the negative SST anomalies gradually follow, even by phase 8 when 

the convective cell has almost died down the negative SST anomaly still has a significant 

presence slowly decaying northward through phases 1 and 2 by when a developed 

suppressed cell has already reached the region and the SST maybe positively feeding 

back to the atmosphere in this case. In case of a suppressed cell that develops over the 

equatorial Indian ocean at phase 5 and begins its northeastward propagation a positive 

SST anomaly doesn’t appear till phase 7 and follows the suppressed cell, which decays 

by phase 4 but the positive SST anomalies continue northward till phase 6 by when the 

convective cell mentioned previously reaches it and as stated may positively feedback to 

the atmosphere.  
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 On comparing the propagation of the SST anomalies and land surface 

temperatures (Fig. 3.28) with respect to diabatic heating anomalies we find, that the land 

cools and heats much faster than the ocean, this differential heating between land and 

ocean may be driving the circulation in this region. The circulation analysis has shown us 

that the MISO is sustained and propagated northward through winds, the moisture 

advection analysis shows us the importance of low-level horizontal advection of specific 

humidity in propagating the convective and suppressed cell eastward and northward, 

which are likely transported by winds. The surface variables are analyzed, which explain 

the Ocean-atmosphere interaction, where the ocean maybe positively feeding back to the 

atmosphere and perhaps maybe driving this ISO, by affecting the circulations of the 

winds especially horizontally. Amongst the wave growth and instability theories that 

maybe associated with MISO, our results suggest theories that define gradual increase of 

low-level heat and moisture, which destabilizes the lower atmosphere are most 

appropriate in explaining the various aspects of the observed MISO. We have observed 

the moist preconditioning of the atmosphere and lags and extended lags between the 

convective/suppressed cells and negative/positive SLHF and SST anomalies, which come 

close to explaining the frictional convergence and the discharge-recharge mechanisms. 

 

3.4 Summary 

1. Easterlies to the north and westerlies to the south of a convective cells seen to 

propagate with the convection and the same is seen with suppressed cell and 

opposite wind anomalies. 
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2. The zonal wind vertical shear and vorticity are seen to be consistent with each 

other through the meridional propagation of the convective and suppressed cells. 

3. The horizontal advection of specific humidity seems to help in the northeastward 

propagation of the convective and suppressed cells. 

4. The DSWR, SLHF and SST anomalies are seen to lag the convective and 

suppressed cells and the SST lags enough where it may be positively feeding back 

to the atmosphere. 
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Figure 3.1 JJAS seasonal climatalogical mean of ERA-Interim diabatic heating averaged 
over (a) vertically from 1000hPa-100hPa, (b) latitudinally over 10N-30N, (c) latitudinally 
over 10S-10N, (d) longitudinally over 60E-90E and (e) longitudinally over 120E-150E. 
JJAS standard deviation of ERA-Interim diabatic heating  averaged over (f) vertically 
from 1000hPa-100hPa, (g) latitudinally over 10N-30N, (h) latitudinally over 10S-10N, (i) 
longitudinally over 60E-90E and (j) longitudinally over 120E-150E. The period of mean 
and standard deviation is 1979-2011. Units are in Kday-1. 
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Figure 3.2 Power Spectrum of the first five PCs of JJAS ERA-Interim Diabatic heating 
anomalies(1979-2011) 
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Figure 3.3 The 8 phases of the reconstructed component of ERA-I diabatic heating 
anomalies, vertically averaged for JJAS (1979-2011), describing an oscillation of 45-day 
period (MISO). Units are in Kday-1. 
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(a) avg. 10N-30N, (b) avg. 10S-10N 

 

Figure 3.4 Hovmöller Diagram of the reconstructed component of ERA-I diabatic heating 
anomalies, vertically and latitudinally averaged over (a) 10N-30N and (b) 10S-10N, for 
MISO (1979-2011). Units are in Kday-1. 
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(a) avg. 60E-90E            (b) avg. 120E-150E 

 

Figure 3.5 Hovmöller Diagram of the reconstructed component of ERA-I diabatic heating 
anomalies, vertically and longitudinally averaged over (a) 60E-90E and (b) 120E-150E, 
for MISO (1979-2011). Units are in Kday-1. 
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           (a) avg. 10N-30N                   (b) avg. 10S-10N 

 
Figure 3.6 The 8 phases of the reconstructed component of ERA-I diabatic heating 
anomalies,latitudinally averaged over (a)10N-30N and (b) 10S-10N with respect to 
vertical levels, for MISO (1979-2011). Units are in Kday-1. 
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                  (a) avg. 60E-90E                   (b) avg. 120E-150E 

        
Figure 3.7 The 8 phases of the reconstructed component of ERA-I diabatic heating 
anomalies, longitudinally averaged over (a)60E-90E and (b) 120E-150E with respect to 
vertical levels, for MISO (1979-2011). Units are in Kday-1. 
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Figure 3.8 uv wind anomalies at 850hPa, composited to 8 phases using JJAS Diabatic 
Heating MSSA phase information (1979-2011). Diabatic Heating anomalies vertically 
averaged (shaded) in Kday-1 and wind vectors in ms-1. 
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                      (a) avg. 10N-30N                   (b) avg. 10S-10N 

 

Figure 3.9 Anomalous Walker Circulation with u𝜔 (𝜔*100) wind anomalies composited 
to 8 phases using JJAS Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 10N-30N, (b) 10S-10N. Diabatic Heating anomalies vertically averaged (shaded) 
in Kday-1 and wind vectors in ms-1. 
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          (a) avg. 60E-90E        (b) avg. 120E-150E 

 

Figure 3.10 Anomalous Hadley Circulation with v𝜔 (𝜔*100) wind anomalies composited 
to 8 phases using JJAS Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies vertically averaged 
(shaded) in Kday-1 and wind vectors in ms-1. 
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Figure 3.11 ω  wind anomalies (shaded) vertically averaged and composited to 8 phases 
using JJAS Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating 
anomalies vertically averaged (contoured) in Kday-1 and wind vectors in (100)*ms-1. 
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                       (a) avg. 10N-30N                   (b) avg. 10S-10N 

 

Figure 3.12 𝜔 wind anomalies (shaded) composited to 8 phases using JJAS Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 10N-30N, (b) 10S-10N. 
Diabatic Heating anomalies (contuored) averaged over (a) 10N-30N, (b) 10S-10N in 
Kday-1 and wind vectors in (100)*ms-1. 
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          (a) avg. 60E-90E        (b) avg. 120E-150E 

 

Figure 3.13 𝜔 wind anomalies (shaded) composited to 8 phases using JJAS Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, (b) 120E-
150E. Diabatic Heating anomalies (contoured) averaged over (a) 60E-90E, (b) 120E-
150E 10N in Kday-1 and wind vectors in (100)*ms-1. 
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          (a) avg. 60E-90E        (b) avg. 120E-150E 

 

Figure 3.14 Vertical shear of zonal wind anomalies (shaded) composited to 8 phases 
using JJAS Diabatic Heating MSSA phase information (1979-2011) averaged over (a) 
60E-90E, (b) 120E-150E. Diabatic Heating anomalies (contoured) averaged over (a) 60E-
90E, (b) 120E-150E in Kday-1 and the vertical shear of zonal wind in m(shPa)-1. 
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           (a) avg. 60E-90E         (b) avg. 120E-150E 

 
Figure 3.15 Relative Vorticity anomalies (shaded) composited to 8 phases using JJAS 
Diabatic Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, (b) 
120E-150E. Diabatic Heating anomalies averaged (contoured) over (a) 60E-90E, (b) 
120E-150E in Kday-1 and the relative vorticity in s-1. 
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Figure 3.16 Specific humidity anomalies(shaded) vertically averaged and composited to 8 
phases using JJAS Diabatic Heating MSSA phase information (1979-2011). Diabatic 
Heating anomalies vertically averaged (contoured) in Kday-1 and specific humidity in 
kg*kg-1. 
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                      (a) avg. 10N-30N                   (b) avg. 10S-10N 

 

Figure 3.17 Specifc humidity anomalies composited to 8 phases using JJAS Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 10N-30N, (b) 10S-10N. 
Diabatic Heating anomalies averaged over (a) 10N-30N, (b) 10S-10N (contoured) in 
Kday-1 and specific humidity in kg*kg-1. 
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                      (a) avg. 60E-90E         (b) avg. 120E-150E  

 
Figure 3.18 Specific Humidity anomalies composited to 8 phases using JJAS Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, (b) 120E-
150E. Diabatic Heating anomalies averaged over (a) 60E-90E, (b) 120E-150E 
(contoured) in Kday-1 and specific humidity in kg*kg-1. 
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         (a) avg. 10N-30N, 60E-90E, (c) avg. 10N-30N, 120E-150E 
         (b) avg. 10S-10N, 60E-90E, (d) avg. 10S-10N, 120E-150E 

 

Figure 3.19 Specific Humidity anomalies composited to 8 phases using JJAS Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, 10N-30N, (b) 
60E-90E, 10S-10N, (c) 120E-150E, 10N-30N, (d) 120E-150E, 10S-10N . Diabatic 
Heating anomalies averaged over a) 60E-90E, 10N-30N, (b) 60E-90E, 10S-10N, (c) 
120E-150E, 10N-30N, (d) 120E-150E, 10S-10N (contoured) in Kday-1 and specific 
humidity in kg*kg-1. 
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                        (a) avg. 10N-30N                   (b) avg. 10S-10N 

 

Figure 3.20 Horizontal advection of Specifc humidity anomalies (shaded) composited to 
8 phases using JJAS Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 10N-30N, (b) 10S-10N. Diabatic Heating anomalies averaged over (a) 10N-30N, 
(b) 10S-10N (contoured) in Kday-1 and horizontal advection specific humidity in 
kg*(kg*s)-1. 
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                       (a) avg. 10N-30N                   (b) avg. 10S-10N  

 

Figure 3.21 Vertical advection of Specifc humidity anomalies (shaded) composited to 8 
phases using JJAS Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 10N-30N, (b) 10S-10N. Diabatic Heating anomalies averaged over (a) 10N-30N, 
(b) 10S-10N (contoured) in Kday-1 and vertical advection of specific humidity in 
kg*(kg*s)-1. 
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                     (a) avg. 60E-90E        (b) avg. 120E-150E  

 
Figure 3.22 Horizontal advection of Specific Humidity anomalies (shaded) composited to 
8 phases using JJAS Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies averaged over (a) 60E-
90E, (b) 120E-150E (contoured) in Kday-1 and horizontal advection of specific humidity 
in kg*(kg*s)-1. 
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                      (a) avg. 60E-90E        (b) avg. 120E-150E  

 
Figure 3.23 Vertical advection of Specific Humidity anomalies (shaded) composited to 8 
phases using JJAS Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies averaged over (a) 60E-
90E, (b) 120E-150E (contoured) in Kday-1 and vertical advection of specific humidity in 
kg*(kg*s)-1. 
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Figure 3.24 Surface latent heat flux anomalies (shaded) composited to 8 phases using 
JJAS Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating 
anomalies vertically averaged (contoured) in Kday-1 and surface latent heat flux in Wm-2. 
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Figure 3.25 Downward surface solar radiation anomalies (shaded) composited to 8 phases 
using JJAS Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating 
anomalies vertically averaged (contoured) in Kday-1 and downward surface solar 
radiation in Wm-2. 
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Figure 3.26 OLR anomalies (shaded) composited to 8 phases using JJAS Diabatic 
Heating MSSA phase information (1979-2011). Diabatic Heating anomalies vertically 
averaged (contoured) in Kday-1 and OLR in Wm-2. 
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Figure 3.27 SST anomalies (shaded) composited to 8 phases using JJAS Diabatic Heating 
MSSA phase information (1979-2011). Diabatic Heating anomalies vertically averaged 
(contoured) in Kday-1 and SST in K. 
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Figure 3.28 Surface Temperature anomalies (shaded) composited to 8 phases using JJAS 
Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating anomalies 
vertically averaged (contoured) in Kday-1 and SST in K. 
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CHAPTER 4 BOREAL WINTER ISO IN OBSERVATION 

  

MJO has been identified as the leading mode of boreal winter intraseasonal 

oscillation. It has been extensively documented along with comparison studies with 

respect to MISO. Some recent studies have analyzed MJO in terms of diabatic heating 

using the RMMI method to composite diabatic heating (Jiang et al. 2011).  The moisture 

preconditioning of convective processes have also been shown by Benedict and Randall 

2007. The present study makes use of MSSA to extract the MJO signal, and describes its 

detailed space-time structure with respect to diabatic-heating over the Indo-Pacific region 

based on reanalysis and observational analysis for the period of 1979-2011. This analysis 

also provides a basis for comparing MJO to MISO. 

 

4.1 Mean and Standard Deviation of Diabatic Heating 

The diabatic heating DJFM climatology is seen in Figure 4.1a, where a strongly 

positive diabatic heating is observed over the equatorial region over the Indian Ocean, 

Maritime continent and the Pacific Ocean region with a band going over the SPCZ region 

is seen, thus describing wet conditions over these regions. Along the longitudinal belt 

averaged over 10oN-10oS (Fig. 4.1b) a positive maxima can be seen, over the equatorial 

Indian Ocean region, Maritime continent and over the western pacific, as these are major 
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regions of convection in the equatorial region. A single positive maximum is seen over 

the averaged belt of 10oS-30oS (Fig. 4.1c), centered mostly over the South Pacific 

Convection zone, which also is a region of major convection activities during boreal 

winter/austral summer. The latitude versus the vertical levels along 60oE-90oE (Fig. 4.1d) 

and 120oE-150oE (Fig. 4.1e) longitudinal regions show a maximum cell each over the 

Indian Ocean region in the Southern Hemisphere in Figure 4.1d and over the Australian 

region in panel 5. The five panels in Figure 4.1f-j have the same three-dimensional 

extents as those in Figure 4.1.a-e, show the standard deviation of the diabatic heating in 

the DJFM season. An important point to note is that the maximum deviations is the 

panels are in the regions that show maxima positive diabatic heating as also seen in the 

boreal summer. 

 

4.2 Leading Mode ISO in Diabatic Heating 

As in MISO, the extraction of MJO for diabatic heating using MSSA is validated 

by first using RMMI using OLR, U850 and U200 anomalies for DJFM data, 

simultaneously MSSA was used over these anomalies to define their spatio-temporal 

structure for MJO. The explained variance of the fields using RMMI is 22.3%, while that 

using MSSA for raw anomalies is 5% and with filtered and latitudinally averaged 

anomalies is 9%, as the explained variance using RMMI averages the data latitudinally. 

Both the methods produce MJOs with almost identical spatio-temporal structure of the 

variables. The MJO composites of diabatic heating using RMMI and MSSA (after 

removing 8 harmonics) show similar spatio-temporal structure. 



91 
 

Therefore, MSSA is used on raw diabatic heating anomalies and Figure 4.2 shows 

the power spectra of the first four PCs, where PC1 and PC2 form an oscillating pair 

peaking at 52-days period. The variance explained by both these PCs is 0.6%, which 

improves on application of bandpass filtering and averaging vertically and latitudinally 

over the equator, with explained variance of 1.4%, 2.4% and 5.6% respectively. The 

space-time structure using the phase information from unfiltered data or averaged data 

are all found to be similar. There are chances of losing details in case of filtering and 

averaging; hence, the MSSA of raw diabatic heating is analyzed further. The space-time 

structure of PC1 and PC2 are then reconstructed and added to give the space-time 

structure of the oscillation, which we describe as MJO.  

The space-time structure of the 52-day period oscillation of the reconstructed 

eigenmode is seen in Figure 4.3, where a negative anomaly with minima over the 

equatorial part of Indian ocean is seen developing in phase 6, a positive anomaly over the 

Maritime continent is seen. The negative anomalies propagate further eastward, the 

positive anomaly is seen to gain strength and move southward and eastward in phase 7. In 

phase 8, the anomalies move further eastward where the negative anomaly grows 

stronger and the positive anomaly maintains strength moving southward beyond 150oE. 

In phase 1 the positive anomaly over the SPCZ is seen to begin to lose intensity, while 

the negative anomaly begins to extend over the Maritime continent and grow strong. This 

system is seen to move strongly eastward and southward beyond 150oE through phases 2, 

3, 4 where the positive anomalies almost disappear and the negative anomalies continues 

its eastward and southward propagation through phases 5, 6, 7 and 8. The positive 
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anomaly is seen to develop in phase 2 and propagate through phases 3, 4, 5, 6, 7 and 8 

and it cycles back into phase 1, 2, 3 and 4 where it is seen to disappear. To observe the 

eastward and meridional propagation of the MJO, Hovmöller diagrams show the 

eastward propagation in Figure 4.4a and 4.4b and the southward propagation in Figure 

4.5a and southward and northward propagation in Figure 4.5b. 

The phase composites of longitude versus the pressure levels averaged over the 

10oS-10oN-latitude belt (Fig. 4.6a), shows the negative diabatic-heating anomaly cell 

develop in phase 7 and 8, increase in intensity, move eastward from phase 1 to 7, and 

diminish completely by phase 8. A very clear eastward propagation is seen in the positive 

diabatic heating anomaly cell as well, from phase 3 through phase 8 and then looping 

back to phase 1 through 4. The averaged latitudinal belt of 10oS-30oS (Fig. 4.6b), shows 

in phase 8 a negative diabatic heating anomaly cell developing over the southern Indian 

Ocean region, it increases in intensity and expands eastward till phase 6 and then 

diminishing in phase 7 and disappearing by phase 8. A similar positive diabatic heating 

anomaly cell is seen to develop in phase 4, which progressively grows in intensity, 

expands and move eastward till phase 8 and slowly diminishes by phase 4. 

The latitude versus the vertical levels longitudinally averaged over 60oE-90oE is 

seen in Figure 4.7a, it shows a strong southward propagation from 5oN to about 25oS. A 

positive diabatic heating anomaly over the equatorial Indian ocean region is seen to 

develop in phase 2, which moves southward through phase 3, 4, 5, 6 and 7 where it 

almost completely disappears. From phase 6 onward a negative diabatic heating cell is 

seen to grow in intensity over the equatorial Indian Ocean and is seen to expand and 
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move southward through phase 7, 8, 1, 2 and almost disappearing completely in phase 3. 

The longitudinally averaged zone of 120oE-150oE is shown in Figure 4.7b. The positive 

and negative diabatic heating anomalies are seen to be of stronger magnitude. Two 

conjoined negative diabatic heating anomaly is seen to develop over the equatorial 

western pacific ocean and Maritime continent in phase 1 and 2 and increases in 

magnitude and moves slightly southward and northward through phase 3 and 4, reaching 

a minima in phase 4, it then separates over the region in phase 5 and diminishes in phase 

6 disappearing thereafter. A similar propagation of enhancing and diminishing of the 

positive diabatic heating is observed as well from phase 5 through 8 and 1 and 2. 

 

4.3 Mechanisms 

  Like MISO, the propagation of MJO is also attempted to be understood by the 

responses of circulation, meridional propagation, moisture preconditioning and SST 

feedback through surface fluxes with respect to diabatic heating. The following sections 

look into each of the mechanisms and connect them to describe the dynamics and the 

driving force of the MJO. 

 

4.3.1 Circulation Associated with Diabatic Heating 

  As MJO is also often described as convectively coupled to circulation, in Figure 

4.8, phase 1 shows a fully developed convective cell over the Maritime continent region 

and extending all the way to the tropical eastern Pacific region with a southeastern tilt 

beyond the maritime continent and Australia, strong westerlies are seen over this cell and 
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easterlies are seen to the south of the cell, completing an cyclonic circulation that 

encapsulates the entire region. In the same phase a developed suppressed cell is seen over 

the equatorial Indian ocean, where the westerlies are at the south of this cell and weak 

easterlies to the north, completing an anticyclonic circulation, around this cell. The 

suppressed cell moves more eastward with easterlies over in phase 2, the easterlies are 

seen to become more intense and the westerlies move eastward following the convective 

cell becomes weaker moving southeastward beyond 150oE. By phase 3, 4, 5 and 6 the 

suppressed cell moves further eastward becoming even stronger accompanied by the 

anticyclonic circulation, while the cyclonic circulation is seen to disappear as the 

convective cell moves southeastward, continuing its propagation and decay through 

phase 3 and 4. The suppressed cell and the anticyclonic circulation in the Far East almost 

disappear by phase 8. A new convective cell is seen to develop over the tropical western 

Indian Ocean in phase 2, opposite to that of phase 6 and then continues its amplification, 

subsequent decay and eastward propagation through phase 3, 4, 6, 7 and 8 and then loops 

back into phase 1 which has already been explained. But, the cyclonic circulation over 

the convective cell is seen to develop only form phase 4 when the convection is strong 

enough and more south of the equator. Many times we find the winds converging and 

diverging over the equator, as it cannot have a complete cyclonic or anticyclonic 

circulation, thus we find divergent winds over developed suppressed conditions and 

convergent winds over convection. This is unlike the MISO where clear cyclonic and 

anticyclonic circulations are seen as the propagation goes off the equator very quickly.  
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 The anomalous Walker circulation over two latitudinal bands averaged over 10oS-

10oN and 10oS-30oS are analyzed (Fig. 4.9). In the equatorial region (Fig. 4.9a) a 

convective cell is seen to develop in phase 4 led by low-level easterlies, these easterlies 

become stronger and stronger as the convective cell develops till phase 7 as they system 

moves eastward, the easterlies then die down as does the convective cell by phase 3. 

Similarly, a suppressed cell is seen to be led by low-level westerlies in phase 7, which 

grows in strength as the suppressed cell gains intensity, as the whole system moves 

eastward through phase 8, 1, 2 and 3 and decays by phase 5. Even over the southern 

hemisphere (Fig. 4.9b) a similar growth and decay of the walker circulation is seen 

leading the convective and suppressed cells as they move eastward. The MJO anomalous 

Walker circulations are seen to have a smaller longitudinal extent than its MISO 

counterparts. Though, the MJO has a far stronger eastward propagation and reaches 

farther eastward than MISO, no anomalies of opposite polarities are seen over the 

Equatorial American/eastern Pacific region or to it south. 

 Anomalous Hadley circulations averaged over 60oE-90oE and 120oE-150oE are 

studied to understand the meridional winds. Over the Indian Ocean region (Fig. 4.10a), in 

phase 2 a convective cell is seen to develop led by southerlies as it moves southward, by 

phase 4 the convective cell is led by northerlies till phase 6. Similarly, a suppressed cell is 

seen to develop in phase 6 led south by northerlies till phase 7, and from phase 8 to phase 

2 the suppressed cell is led by southerlies. Over the eastern latitudinal belt (Fig. 4.10b) a 

suppressed cell is seen to develop in phase 1 led by northerlies, which soon change to 

southerlies by phase 2 and moves along southward till it diminishes by phase 5. A similar 
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cycle is seen with the convective cell as well, beginning in phase 6 and dying out by 

phase 1, initially led by northerlies and then southerlies. Even in this case, like the MISO, 

complete anomalous Hadley circulation are seen only in the presence of the suppressed 

and convective cells together as it completes the circulation. The MJO anomalous Hadley 

circulations appear more organized than the MISO anomalous Hadley circulations.  

The vertical wind structure in three dimensions have been analyzed for MJO, 

where in Figure 4.11 shows the vertical wind anomalies overlays the diabatic heating 

anomalies exactly as it moves eastward and then southeastward beyond 150E through 

phases 1 through 8. The eastward propagation of the anomalies over two longitudinal 

belts with the vertical levels averaged meridionally over 10oS-10oN and 10oS-30oS are 

seen in Figure 4.12, where again both these regions see the vertical wind concentric with 

the convective and the suppressed cells moving eastward through the eight phases. The 

meridional structure with respect to the vertical averaged over two longitudinal belts 

60oE-90oE and 120oE-150oE (Fig. 4.13), also show vertical winds being concentric with 

the convective and suppressed cells as they move southward over the western belt and 

both southward and northward over the eastern belt through the eight phases over both 

the regions. As seen in phase MISO, the vertical wind anomalies are seen to reach 

maxima and minima between 400hPa and 600hPa just as the diabatic heating anomalies 

and can be considered as a proxy for rainfall anomalies for MJO as well.  
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4.3.2 Meridional Propagation 

 The vertical shear of zonal winds and the relative vorticity latitudinally is studied 

for MJO as well to see if there characters are reproduced for the meridional propagation. 

The zonal wind shear (Fig. 4.14) and relative vorticity (Fig. 4.15) over the latitudinal 

belts of 60oE-90oE and 120oE-150oE are studied. Over the Western belt (Fig. 4.14a), in 

phase 2 we see a convective cell has a low level (negative) easterly vertical shear to its 

north, which is positive in the upper levels. The corresponding positive vorticity seen in 

Figure 4.15a is seen to lead convection to the south. Through phase 3, 4, 5 and 6 the low 

level easterly vertical shear follows the convection as it moves southward till the 

convection almost dies in phase 7, correspondingly the positive vorticity leads the 

convective cell both in upper and lower levels till phase 7 moving southward. A similar 

propagation is seen for the suppressed cell, usually with westerly vertical shear lagging 

the suppressed cell and negative vorticity leading it as this entire system moves 

southward. This balance of zonal vertical shear, convection or suppression and vorticity 

is also seen over the eastern latitudinal belt (Fig. 4.14b and Fig. 4.15b), where a low level 

easterly vertical shear is seen to develop behind a convective cell in phase 6 when the 

vorticity is leading the convective cell, by phases 7, 8, 1, 2 and 3 as the convective cell 

grows, amplifies and decays moving southward, the low level easterly vertical shear is 

seen to follow the convective cell and the low level positive vorticity is seen to lead it. A 

similar cycle for the suppressed cell is also seen through the phases. Anytime the vertical 

shear of zonal wind is imbalanced the convective or the suppressed cells begin to decay 

along with the vorticity.  
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4.3.3 Moisture Associated with Diabatic Heating 

 The moisture preconditioning of MJO is studied by analyzing the specific 

humidity anomalies, and its horizontal and vertical advection. The horizontal structure of 

vertically integrated specific humidity anomalies (Fig. 4.16), show that the diabatic 

heating anomalies lag the specific humidity anomalies in its eastward propagation from 

phase 1 through phase 8 and also the southward propagation beyond 150oE. The negative 

anomalies precede suppressed cell while the positive anomalies precede convective cells. 

The specific humidity is studied with respect to the diabatic heating longitudinally and 

latitudinally through Figure 4.17 and Figure 4.18 respectively. Over the equatorial belt 

(Fig. 4.17a) the dry conditions are seen to consistently lead suppressed cells while wet 

conditions are seen to lead convective cells, especially in the lower levels. Over the 

southern hemispheric region (Fig. 4.17b), in phase 4 we see a convective cell develop 

with wet conditions (positive specific humidity anomalies) to its east and dry conditions 

(negative specific humidity anomalies) to its west, as this convective cell moves eastward 

through phases 5, 6, 7 and 8 the specific humidity is seen to lead the convective cell as it 

moves eastward. The same is seen with the suppressed cell as it develops in phase 8 and 

propagates eastward through phases 1, 2, 3, 4, 5, 6, 7 and 8. We do not see any deviations 

in the southern longitudinal belt in this case. The northern hemisphere during MISO has 

staggered eastward propagation, while the southern hemisphere during MJO does not, as 

the region is mostly ocean unlike the northern hemisphere. Thus, the previously stated 

hypothesis that the land does not allow free eastward propagation of specific humidity 

may hold true. 
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 The meridional propagation versus the vertical is seen in Figure 4.16 over the two 

latitudinal belts averaged over 60E-90E and 120E-150E. The western belt (Fig. 4.18a) 

shows a convective cell developing over the equatorial Indian ocean in phase 2 with the 

wet conditions leading, the cell develops and decays over phases 3, 4, 5, 6 and 7 the 

positive specific humidity conditions are also seen to develop and decay leading the 

convective cell southward. Similarly the suppressed cell’s development and decay are 

seen through cells 6, 7, 8, 1, 2 and 3 with dry conditions leading it. The eastern belt (Fig. 

4.18b) sees a similar development and demise of convective and suppressed cells led by 

wet and dry conditions respectively. This clear picture of moisture and dryness leading 

the convective and suppressed cells may be attributed to circulation and the zonal wind 

vertical shear and vorticity, which transport the wetness and dryness south of the cells 

accordingly. 

 To observe the lead and lag relationship between specific humidity and diabatic 

heating anomalies averages over four different areas (Fig. 4.19) – The Indian Ocean 

region (60oE-90oE, 10oS-10oN), the Maritime Continent region (120oE-150oE, 10oS-

10oN), the Southern Hemisphere Indian Ocean Region (60oE-90oE, 10oS-30oS) and the 

Australian Region (120oE-150oE, 10oS-30oS) are taken. To get a clearer picture this 52-

day oscillation it is divided into 44 phases (to keep consistency with MISO) of 

composites in this case for both diabatic heating and specific humidity anomalies. Over 

the Southern part of the Indian ocean region (Fig. 4.19b) a convective cell is seen from 

phase 20 to phase 34, while the wet anomalies are from phase 20 to phase 40 with the 

maxima leading the deeply convective center of the diabatic heating anomaly, and a 
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suppressed cell is seen from phase 40 to phase 12 and the dry anomalies are seen from 

phase 40 to phase 18 with the minima clearly leading the deeply suppressed center of the 

diabatic heating anomaly. This leading of the specific humidity anomalies over the 

diabatic heating anomalies are seen through all the four regions. 

 To understand the moisture (dryness) advection horizontally and vertically, the 

two terms are observed separately. Benedict and Randall (2006) show that convection is 

preceded by horizontal moistening and followed by horizontal drying conditions, while 

the vertical moistening happens with the convection; we have confirmed this mechanism 

for MISO as well. For the eastward propagation, Figure 4.20a shows the equatorial belt, 

where a convective cell is seen to develop in phase 2 over the equatorial Indian Ocean 

region accompanied by wet conditions to its east as it develops further moving eastward 

from phase 3, 4, 5, 6, 7, 8, 1, 2 and 3. The wet conditions are seen to lead the convection 

moving eastward, similarly leading eastward moving dry conditions are seen for the 

suppressed cells. In case of the southern hemispheric belt (Fig. 4.20b), the convective cell 

is seen to develop in phase 4, the wet conditions lead it in the east, with the entire system 

moving eastward through phases 5, 6, 7, 8, 1, 2 and 3 similarly dry conditions are seen to 

lead suppressed cells and moving eastward. The southern hemispheric belt is seen to be 

no noisier than the equatorial belt. The vertical advection is shown in Figure 4.21 for the 

given longitudinal belts. The vertical advection is seen to be collocated with the 

convective and suppressed cells. Over the southern hemispheric belt a convective cell 

begins in phase 4 where wet vertical advection is seen and moves along eastward with the 

convection through the subsequent phases. Similarly, dry vertical advection is seen to be 
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collocated and propagate eastward with suppressed cell. This process is seen to be 

reproduced in the equatorial belts as well, and no noisy signals are seen in the southern 

hemispheric belt. Thus, we positively verify with Benedict and Randall (2006) that a 

convective (suppressed) cell is led by wet horizontal advection (dry horizontal advection) 

and followed by dry horizontal advection (wet horizontal advection) with collocated wet 

vertical advection (dry vertical advection).  

 The meridional propagation with respect to the vertical levels over two regions 

averaged over 60oE-90oE and 120oE-150oE for horizontal advection and vertical 

advection of specific humidity respectively are also analyzed. In Figure 4.22a, over the 

western belt we see a convective cell develop over the equatorial Indian ocean led by 

horizontal wet conditions and followed by horizontal dry conditions, this system moves 

southward through phases 2 to 7 and is repeated for the suppressed cell led by dry 

horizontal advection and followed by wet horizontal advection. A similar picture is seen 

to work in the eastern belt (Fig. 4.22b), where a convective cell is seen to develop over 

the northern Australian, Maritime Continent region led by wet horizontal advection and 

followed by dry horizontal advection moving southward and northward, and a similar 

propagation is followed by the suppressed cell with the opposite horizontal advection 

anomalies. The vertical advection of specific humidity over the same two latitudinal belts 

is studied in Figure 4.23. The meridional propagation of vertical advection of specific 

humidity is also seen to be collocated with the convective and suppressed cell over both 

the belts. Hence, we observe that the horizontal advective terms are responsible for the 

lead-lag relationship of the specific humidity with the diabatic heating for MJO as well, 
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where the wet horizontal advective anomalies are more southeastward to the convection 

while the dry horizontal advection is to the northwest of the convection, the vertical 

advection moves right along with the convection. This shows that MISO and MJO both 

have the horizontal circulation responsible for the moisture transport. 

 

4.3.4 Surface Variables and Fluxes Associated with Diabatic Heating 

 The SST feedback with atmosphere through surface fluxes in MJO has already 

been described. This study looks into this feedback mechanism with respect to diabatic 

heating for MJO. The horizontal structure of anomalies of the surface latent heat flux, 

downward solar radiation flux, OLR, SST and surface temperatures are compared as 

response to diabatic heating, which is considered as the driving force. For a convective 

cell over the equatorial Indian ocean in phase 2, the negative SLHF anomalies (Fig. 4.24) 

lags and thus, appears in phase 4, which moves eastward and southward through phase 5 

and phase 6, where a suppressed condition develops, as the suppressed cell is heating up 

the surface hence evaporation takes place, the positive latent heat flux is seen to follow 

the suppressed cell in its eastward propagation through phases 8, 1, 2, 3 and 4 where it 

almost entirely disappears. This lag of SLHF anomalies with respect to convection and 

suppressed conditions is also noted in MISO. 

 The downward solar radiation flux (Fig. 4.25) and OLR (Fig. 4.26) are seen to be 

almost concentric with the diabatic heating anomalies. In phase 2 a convective cell is 

seen to develop over the equatorial Indian ocean the DSWR and OLR are negative due to 

insolation, as the convective cell develops and moves eastward the DSWR and OLR also 
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follows through phases 3, 4, 5, 6, 7 and 8, similarly positive DSWR and OLR anomalies 

follow the suppressed cell due to lack of insolation as it moves eastward through the 

phases. The DSWR leads SLHF as has been noted in previous studies and the MISO. 

Like in MISO, the SLHF and DSWR add constructively despite the lag to perturb 

the net surface heat flux, which causes variations to the SST. Thus, a reduced SLHF 

following suppressed conditions will warm the SST and cool it in case of convection. The 

SST anomalies (Fig 4.27) with respect to the diabatic heating anomalies, shows a 

suppressed cell developing over the Indian ocean region in phase 6 and move eastward, a 

proper positive SST anomaly begins to develop over the convective cell only in phase 1 

following the SLHF anomaly, as the suppressed cell moves eastward through the phases 

the positive SST anomalies gradually follow, even by phase 8 when the suppressed cell 

has almost died down in the western pacific the positive SST anomaly still has a 

significant presence slowly decaying southward through phases 1 and 2 by when a 

developed convective cell has already reached the region and the SST maybe positively 

feeding back to the atmosphere in this case as has also been observed in MISO. The land 

surface temperature anomalies (Fig. 4.28) and the SST (Fig 4.27) anomalies have 

differential gradient that perhaps causes the southward propagation and as the land mass 

is not as significant as the northern hemisphere, the southward propagation during MJO is 

found to be not as strong as the northward propagation during MISO. 

 For MJO, we find that the winds play an important role in the eastward and the 

weak southward propagation of convection, also the circulation may be considered as the 

transporter of moisture, creating moisture preconditioning for convective processes. The 
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meridional propagations are also seen to be explained by the vertical shear of zonal wind 

and relative vorticity, while the SST is also seen to positively feedback through the 

surface fluxes to the atmosphere keeping the winds moving eastward. Thus, all the 

mechanisms that explain MISO are also seen to explain MJO.  

The differences between MISO and MJO seem to branch from the differential 

gradient in heating caused by the large (Asia) and the relatively smaller (Australia) 

landmasses placed off equatorially during the two seasons. The MISO shows a more 

nuanced northeastward propagation in form of a northwest-southeast tilted anomaly 

bands due to the large differential heating between the ocean and the landmass and the 

contours of this landmass. The eastward propagation during MISO in the northern 

hemisphere is seen to be staggered in all the variables and the MISO anomaly bands are 

also found to have a slightly shorter eastern extent than the MJO’s. It may be possible to 

explain that the extent of the Asian landmass during MISO, stunts its eastward 

propagation, which in effect makes MISO have a slightly shorter peak oscillating period 

of 45-days compared to MJO’s peak oscillating period of 52-days.   

 

4.4 Summary 

1. Westerlies to the north and easterlies to the south of convective cells are seen to 

propagate with the convection and the same is seen with suppressed cell and 

opposite wind anomalies. 
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2. The zonal wind vertical shear and vorticity are seen to be consistent with each 

other through the meridional propagation of the convective and suppressed cells, 

but the meridional propagation is weak compared to the summer ISO 

3. The horizontal advection of specific humidity seems to help in the eastward 

propagation of the convective and suppressed cells and the eastward extent during 

MJO is much long and predominant in comparison with the JJAS ISO. 

4. The DSWR, SLHF and SST anomalies are seen to lag the convective and 

suppressed cells and the SST lags enough where it may be positively feeding back 

to the atmosphere. 

5. The landmasses, which cause the massively different differential heating during 

the two seasons cause the MISO to have a strong northward propagation along 

with an eastward propagation, leading to the formation of northwest-southeast 

tilted anomaly bands to form, a shorter eastern extent of the signal and a shorter 

oscillating period compared to the MJO. 
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Figure 4.1 DJFM seasonal climatalogical mean of ERA-Interim diabatic heating averaged 
over (a) vertically from 1000hPa-100hPa, (b) latitudinally over 10S-10N, (c) latitudinally 
over 30S-10S, (d) longitudinally over 60E-90E and (e) longitudinally over 120E-150E. 
DJFM standard deviation of ERA-Interim diabatic heating  averaged over (f) vertically 
from 1000hPa-100hPa, (g) latitudinally over 10S-10N, (h) latitudinally over 30S-10S, (i) 
longitudinally over 60E-90E and (j) longitudinally over 120E-150E. The period of mean 
and standard deviation is 1979-2011. Units are in Kday-1. 
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Figure 4.2 Power Spectrum of the first four PCs of DJFM ERA-Interim Diabatic heating 
(1979-2011). 
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Figure 4.3 The 8 phases of the reconstructed component of ERA-I diabatic heating 
anomalies, vertically averaged for DJFM (1979-2011), describing an oscillation of 52-
day period (MJO). Units are in Kday-1. 
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(a) avg. 10S-10N, (b) avg. 30S-10S 

 

Figure 4.4 Hovmöller Diagram of the reconstructed component of ERA-I diabatic heating 
anomalies, vertically and latitudinally averaged over (a) 10S-10N and (b) 30S-10S, for 
MJO (1979-2011). Units are in Kday-1. 
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(a) avg. 60E-90E               (b) avg. 120E-150E 

 

Figure 4.5 Hovmöller Diagram of the reconstructed component of ERA-I diabatic heating 
anomalies, vertically and longitudinally averaged over (a) 60E-90E and (b) 120E-150E, 
for MJO (1979-2011). Units are in Kday-1. 
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                    (a) avg. 10S-10N                               (b) avg. 30S-10S  

 

Figure 4.6 The 8 phases of the reconstructed component of ERA-I diabatic heating 
anomalies, latitudinally averaged over (a)10S-10N and (b) 30S-10S with respect to 
vertical levels, for MJO (1979-2011). Units are in Kday-1. 
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                 (a) avg. 60E-90E                  (b) avg. 120E-150E  

       
Figure 4.7 The 8 phases of the reconstructed component of ERA-I diabatic heating 
anomalies, longitudinally averaged over (a)60E-90E and (b) 120E-150E with respect to 
vertical levels, for MJO (1979-2011). Units are in Kday-1. 
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Figure 4.8 uv wind anomalies at 850hPa, composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011). Diabatic Heating anomalies vertically 
averaged (shaded) in Kday-1 and wind vectors in ms-1. 
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                    (a) avg. 10S-10N                              (b) avg. 30S-10S  

          
Figure 4.9 Anomalous Walker Circulation with u𝜔 (𝜔*100) wind anomalies composited 
to 8 phases using DJFM Diabatic Heating MSSA phase information (1979-2011) 
averaged over (a) 10S-10N, (b) 30S-10S. Diabatic Heating anomalies vertically averaged 
(shaded) in Kday-1 and wind vectors in ms-1. 
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                      (a) avg. 60E-90E         (b) avg. 120E-150E  

 
Figure 4.10 Anomalous Hadley Circulation with v𝜔 (𝜔*100) wind anomalies composited 
to 8 phases using DJFM Diabatic Heating MSSA phase information (1979-2011) 
averaged over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies vertically 
averaged (shaded) in Kday-1 and wind vectors in ms-1. 
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Figure 4.11 ω  wind anomalies (shaded) vertically averaged and composited to 8 phases 
using DJFM Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating 
anomalies vertically averaged (contoured) in Kday-1 and wind vectors in (100)*ms-1. 

 
 

 
 



117 
 

                     (a) avg. 10S-10N        (b) avg. 30S-10S  

 
Figure 4.12 ω wind anomalies (shaded) composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 10S-10N, (b) 30S-10S. 
Diabatic Heating anomalies (contuored) averaged over (a) 10S-10N, (b) 30S-10S in 
Kday-1 and wind vectors in (100)*ms-1. 
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                       (a) avg. 60E-90E        (b) avg. 120E-150E 

 

Figure 4.13 ω wind anomalies (shaded) composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, (b) 120E-
150E. Diabatic Heating anomalies (contoured) averaged over (a) 60E-90E, (b) 120E-
150E 10N in Kday-1 and wind vectors in (100)*ms-1. 
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                      (a) avg. 60E-90E        (b) avg. 120E-150E  

 

Figure 4.14 Vertical shear of zonal wind anomalies (shaded) composited to 8 phases 
using DJFM Diabatic Heating MSSA phase information (1979-2011) averaged over (a) 
60E-90E, (b) 120E-150E. Diabatic Heating anomalies (contoured) averaged over (a) 60E-
90E, (b) 120E-150E in Kday-1 and the vertical shear of zonal wind in m(shPa)-1. 
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                    (a) avg. 60E-90E         (b) avg. 120E-150E  

 
Figure 4.15 Relative Vorticity anomalies (shaded) composited to 8 phases using DJFM 
Diabatic Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, (b) 
120E-150E. Diabatic Heating anomalies averaged (contoured) over (a) 60E-90E, (b) 
120E-150E in Kday-1 and the relative vorticity in s-1. 
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Figure 4.16 Specific humidity anomalies(shaded) vertically averaged and composited to 8 
phases using DJFM Diabatic Heating MSSA phase information (1979-2011). Diabatic 
Heating anomalies vertically averaged (contoured) in Kday-1 and specific humidity in 
kg*kg-1. 
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                     (a) avg. 10S-10N                   (b) avg. 30S-10S  

 

Figure 4.17 Specifc humidity anomalies composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 10N-30N, (b) 10S-10N. 
Diabatic Heating anomalies averaged over (a) 10S-10N, (b) 30S-10S (contoured) in 
Kday-1 and specific humidity in kg*kg-1. 
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                     (a) avg. 60E-90E                              (b) avg. 120E-150E  

 

Figure 4.18 Specific Humidity anomalies composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, (b) 120E-
150E. Diabatic Heating anomalies averaged over (a) 60E-90E, (b) 120E-150E 
(contoured) in Kday-1 and specific humidity in kg*kg-1. 
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           (a) avg. 10S-10N, 60E-90E, (c) avg. 10S-10N, 120E-150E 
           (b) avg. 30S-10S, 60E-90E, (d) avg. 30S-10S, 120E-150E 

 

Figure 4.19 Specific Humidity anomalies composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011) averaged over (a) 60E-90E, 10S-10N, (b) 
60E-90E, 30S-10S, (c) 120E-150E, 10S-10N, (d) 120E-150E, 30S-10S . Diabatic Heating 
anomalies averaged over a) 60E-90E, 10S-10N, (b) 60E-90E, 30S-10S, (c) 120E-150E, 
10S-10N, (d) 120E-150E, 30S-10S (contoured) in Kday-1 and specific humidity in  
kg*kg-1. 
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                       (a) avg. 10S-10N                   (b) avg. 30S-10S  

 
Figure 4.20 Horizontal advection of Specifc humidity anomalies (shaded) composited to 
8 phases using DJFM Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 10S-10N, (b) 30S-10S. Diabatic Heating anomalies averaged over (a) 10S-10N, 
(b) 30S-10S (contoured) in Kday-1 and horizontal advection specific humidity in 
kg*(kg*s)-1. 
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                      (a) avg. 10S-10N         (b) avg. 30S-10S 

 
Figure 4.21 Vertical advection of Specifc humidity anomalies (shaded) composited to 8 
phases using DJFM Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 10S-10N, (b) 30S-10S. Diabatic Heating anomalies averaged over (a) 10S-10N, 
(b) 30S-10S (contoured) in Kday-1 and vertical advection of specific humidity in 
kg*(kg*s)-1. 
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                     (a) avg. 60E-90E        (b) avg. 120E-150E  

          
Figure 4.22 Horizontal advection of Specific Humidity anomalies (shaded) composited to 
8 phases using DJFM Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies averaged over (a) 60E-
90E, (b) 120E-150E (contoured) in Kday-1 and horizontal advection of specific humidity 
in kg*(kg*s)-1. 



128 
 

                      (a) avg. 60E-90E        (b) avg. 120E-150E  

 
Figure 4.23 Vertical advection of Specific Humidity anomalies (shaded) composited to 8 
phases using DJFM Diabatic Heating MSSA phase information (1979-2011) averaged 
over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies averaged over (a) 60E-
90E, (b) 120E-150E (contoured) in Kday-1 and vertical advection of specific humidity in 
kg*(kg*s)-1. 
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Figure 4.24 Surface latent heat flux anomalies (shaded) composited to 8 phases using 
DJFM Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating 
anomalies vertically averaged (contoured) in Kday-1 and surface latent heat flux in Wm-2. 
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Figure 4.25 Downward surface solar radiation anomalies (shaded) composited to 8 phases 
using DJFM Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating 
anomalies vertically averaged (contoured) in Kday-1 and downward surface solar 
radiation in Wm-2. 
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Figure 4.26 OLR anomalies (shaded) composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011). Diabatic Heating anomalies vertically 
averaged (contoured) in Kday-1 and OLR in Wm-2. 
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Figure 4.27 SST anomalies (shaded) composited to 8 phases using DJFM Diabatic 
Heating MSSA phase information (1979-2011). Diabatic Heating anomalies vertically 
averaged (contoured) in Kday-1 and SST in K. 
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Figure 4.28 Surface Temperature anomalies (shaded) composited to 8 phases using 
DJFM Diabatic Heating MSSA phase information (1979-2011). Diabatic Heating 
anomalies vertically averaged (contoured) in Kday-1 and SST in K. 
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CHAPTER 5 BOREAL SUMMER ISO IN THE MODEL 

 

 From the observational study we have learned that the MISO and the MJO are 

similar in all the mechanisms described, yet propagate differently. The model studies are 

to further substantiate our observational results of MISO, of understanding the 

mechanism and dynamics that drive MISO. The presence of the propagation in both the 

seasonal oscillations are individually studied through unforced and forced model 

experiments as described in section 2.2. The northward propagation of MISO is also 

studied through forced model experiments.  

 

5.1 Control 

 The JJAS season of the unforced model run (control) is presented and a 

comparison is given with respect to observation. Most of the observational data analyzed 

to be compared to CAM4.0 are for the period 1998-2007. The diabatic heating profile of 

the control over the 10 JJAS seasons in case of CAM4.0 is calculated by adding the 

temperature tendency of moist processes, solar heating rate, longwave heating rate and 

the temperature tendency of vertical diffusion over the given period. 
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5.1.1 JJAS Climatology and Standard Deviation in CAM4.0 Control 

The JJAS climatology and standard deviation of diabatic heating of CAM4.0 (Fig. 

5.1) and the observation (Fig. 3.1) are compared. The JJAS climatology of CAM4.0 (Fig. 

5.1a) shows the vertically averaged diabatic heating over the Indian mainland is higher 

than the rest of the South-Asian region and the equatorial western Pacific compared to 

observation (Fig. 3.1a). The positive diabatic heating over the northern western Pacific 

Ocean and the eastern equatorial Indian Ocean is underrepresented in CAM4.0, while the 

negative diabatic heating over the eastern Pacific in the southern hemisphere is very well 

represented. The longitude with respect to the vertical levels averaged over 10oN-30oN 

(Fig. 5.1b), shows a maxima over 60oE-110oE and to the east of this maxima the positive 

diabatic heating is lower than observation (Fig. 3.1b), but it does get the negative diabatic 

heating structure right between 190oE-250oE as well as the positive diabatic heating 

beyond 250oE. Similarly, for a longitude belt averaged over 10S-10N (Fig. 5.1c), instead 

of two positive diabatic heating blobs over 70oE-110oE and 130oE-180oE as seen in 

observation (Fig.  3.1c), CAM4.0 shows a long continuous positive diabatic heating from 

60oE to 190oE. The western latitudinal belt (Fig. 5.1d) has an exaggerated positive 

diabatic heating over the northern hemisphere while the negative diabatic heating is quite 

well in the southern hemisphere compared to the observation (Fig. 5.1d), while in case of 

the eastern latitudinal belt  (Fig. 5.1e) the positive diabatic heating over the northern 

hemisphere is smaller and extends over a smaller region than in case of observation (Fig. 

3.1e), but the negative diabatic heating over the southern hemisphere is quite well 

represented. The standard deviation (Fig. 5.1f) shows maximum standard deviation over 
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the Indian mainland region, the Arabian Sea as well, the maritime continent and the 

ITCZ, which compares well with observation (Fig. 3.1f). The longitudinal belt (Fig. 5.1g) 

has exaggerated standard deviation between 150oE-200oE, while in the equatorial belt 

(Fig. 5.1h) the low-level standard deviation is negligible in CAM4.0 as compared to 

observation (Fig. 3.1g and Fig. 3.1h). The standard deviation over the northern 

hemisphere in the western belt, in Figure 5.1i, is also seen to be more exaggerated than in 

observation (Fig. 3.1i), the eastern belt (Fig. 5.1j) seems lot more alike the observational 

standard deviation. The CAM4.0 JJAS diabatic heating climatology and variance are 

good representation of the observed diabatic heating in most regions, except over the 

Arabian Sea and the northern west Pacific Ocean than what is seen in observation. 

 

5.1.2 JJAS ISO and Mechanisms in CAM4.0 Control  

 The CAM4.0 JJAS is analyzed using MSSA as well, where MSSA is applied to 

the diabatic heating and precipitation anomalies and a pair of consecutive modes 

describing an oscillation of 45-day period (PC1 and PC2) is reconstructed and then 

composited to compare to the JJAS observed 45-day period oscillation composites 

obtained in the same manner. The 45-day period oscillation composited for diabatic 

heating and precipitation are seen to have the same horizontal structure, thus, we chose 

precipitation for further study of the control JJAS ISO. The explained variance is 1.8% 

for the raw precipitation anomalies, 3% for filtered precipitation anomalies and 10.1% 

when the precipitation anomalies are filtered and averaged over 20S-20N, all showing 

very similar structure through their composites. Composites of precipitation anomalies 



137 
 

made using the RMMI method also show a similar structure when the RMMIs are 

calculated using OLR-U850-U200, which explain a variance of 24.1% and the phase 

information is applied to precipitation anomalies.  

 We first discuss the composites of 45-day period oscillation of the precipitation 

anomalies of CAM4.0 JJAS control run. The eight phases of the 45-day oscillation in 

precipitation is able to capture the eastward (especially along the equatorial region) and 

the northward propagation of the oscillation along with the band formations (Fig. 5.2). 

However, the tilt of the bands is opposite to that seen in observation (Fig. 5.5), tilting 

from southwest to northeast in CAM4.0. For a detailed picture, Hovmöller diagrams are 

observed in Figure 5.3 and Figure 5.4. In Figure 5.3a, latitudinally averaged over 10oN-

30oN, a westward propagation is seen as it progresses from phase 1 to phase 8, 

originating over 160oE and ending over 40oE, while it is entirely eastward over this 

region in observation (Fig. 5.6), the model eastward extent is slightly more in this region 

than seen in observation. In Figure 5.3b, averaged over 10oS-10oN, an eastward 

propagation is seen though less intense and to a shorter eastward extent of 120oE than 

what is seen in the observation (Fig.5.6) with an eastward extent of 180oE.  

 In order to look into the northward propagation, Hovmöller diagram in Figure 

5.4a shows the latitudinal band averaged over 60oE-90oE, with a northward propagation 

over the Indian mainland region and some southward propagation over the Indian Ocean 

region, also seen in observation (Fig. 5.7a), however the anomalies of the same sign 

appear in different phases as they move meridionally unlike what is seen in observation, 

where from the equator there is meridional propagation of anomalies of the same sign. 
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The eastern belt (Fig. 5.4b) averaged over 120oE-150oE, shows a stronger northward 

propagation over the eastern Pacific region and some southward propagation over the 

Maritime continent, the northward propagation is very similar to what is seen in 

observation (Fig. 5.7b) but there is no southward propagation in the eastern belt in 

observation. Thus, from Figure 5.3 and 5.4 we find that the control run captures the 

features of the JJAS ISO quite well except the extent of the eastward propagation, the tilt 

of the propagation and the southward propagation over the southern hemisphere. 

As the precipitation data of the control run ISO is seen to reproduce the 

observational features of MISO to a certain extent, we study a few more variables in 

terms of the 45-day oscillation to understand the cause for the control run to have some of 

the deviations and similarities with respect to observation. The UV wind anomalies at 

850hPa composited with the precipitation MSSA phase information as seen in Figure 5.8, 

show in phase 1 where negative precipitation anomalies are over the eastern South Asian 

region there are westerlies north of the suppressed phase and weak easterlies to its south 

forming an anticyclonic circulation. As this system moves northward the easterlies 

become stronger as a convective region develops to its south with weak westerlies to the 

convective region’s south forming a cyclonic circulation. This system of winds is seen to 

have equatorial eastward propagation, and as it moves north, there is a westward 

propagation as was seen in Figure 5.3. Though the winds are seen to be in phase with the 

convective and suppressed modes, they are not as organized as seen in observation (Fig. 

3.8). Thus, the circulation and the convective and suppressed conditions are found to be 

coupled as was also observed in observation. 
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 We also observe the control run phases of diabatic heating at 500mb obtained by 

compositing the diabatic heating using the phase information of precipitation as seen in 

Figure 5.9. The positive diabatic heating anomalies are seen to be collocated with the 

positive precipitation anomalies and the negative diabatic heating anomalies are 

collocated with the negative precipitation anomalies. The diabatic heating anomalies are 

seen to be in phase and propagating along with the precipitation through the phases as 

described in Figure 5.2 and hence are used to study the convective and suppressed 

conditions with respect to the vertical. 

 The propagation of the control run specific humidity anomalies at 500hPa with 

respect to the precipitation anomalies are seen in Figure 5.10. The phases are composited 

similar to the winds and diabatic heating. Even in case of the specific humidity the 

suppressed cells are over dry conditions and convective cell over wet conditions. In phase 

1 as a convective band appears to develop over the southern Indian Ocean region, so does 

a positive specific humidity anomaly, which is seen to move eastward and northward 

through phases 2, 3, 4, 5, 6, 7 and 8, but the maxima is seen to reduce in phase 4 and 5, 

unlike what is seen in observation. The anomalies are seen to have a more intense 

maximum in the subsequent anomalies but it is seen to move westward in the northern 

hemisphere. The reduction and then amplification of anomalies in the manner discussed 

is only seen for JJAS specific humidity anomalies but not in the diabatic heating 

anomalies. Similarly, the negative anomalies are seen to have a northeastward 

propagation in its first four phases and then have a northwestward propagation. The 
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specific humidity anomalies are seen to lead the corresponding precipitation anomalies 

zonally, but the meridional lead-lag relationship is not very clear. 

 Zonal propagation versus vertical levels of the specific humidity anomalies and 

diabatic heating anomalies is seen in Figure 5.11, covering two latitudinally averaged 

regions over 10oN-30oN and over 10oS-10oN. The northern hemispheric longitudinal belt 

(Fig. 5.11a) shows a westward propagation and the low-level specific humidity anomalies 

are seen to be largely collocated and partly leading the diabatic heating anomalies. A 

positive specific humidity anomaly is seen to develop over the western pacific region and 

moves westward through phases 5, 6, 7 and 8, similarly for the negative anomalies. The 

equatorial band (Fig. 5.11b) shows an eastward propagation; here we see the specific 

humidity anomalies clearly lead the diabatic heating anomalies. A negative anomaly is 

seen to develop over the equatorial Indian Ocean region in phase 3 and move eastward 

through phases 4, 5, 6, 7, 8, 1, 2, 3 and 4 where is eventually dies. 

 The meridional propagation versus the vertical levels is seen in Figure 5.12, 

where the western belt (Fig. 5.12a) specific humidity anomalies show northward 

propagation leading the diabatic heating anomalies. In phase 5 a negative specific 

humidity anomaly is seen to develop over the southern Indian Ocean region, which 

moves northward through phase 6, 7, 8, 1, 2, 3 and 4. In phase 1 a positive anomaly 

develops over the equator and moves northward through phases 2, 3, 5, 6, 7, 8 and 1. It 

diminishes in phase 4 but again increases in amplitude through the subsequent phases. A 

clearer northward propagation is seen over the eastern belt (Fig. 5.12b), with the specific 

humidity anomalies leading the diabatic heating anomalies northward. In phase 2 a 
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positive anomaly develops over the equator and moves northward through phases 3, 4, 5, 

6, 7, 8 and 1. It diminishes in phase 3 and 4 but again increases in amplitude through the 

subsequent phases. 

We find that the circulation and the convective and suppressed conditions are 

coupled in CAM4.0 just as shown in observation. The specific humidity anomalies are 

seen to lead the convective and suppressed conditions zonally and meridionally, however 

the lead in the northern hemisphere is not particularly clear in the westward direction. 

The moisture preconditioning is, therefore, observed in CAM4.0 control run as well. The 

prescribed SST and surface fluxes are not analyzed for CAM4.0 as there is no feedback 

from SST and they are monthly climatological values. The northward propagation over 

the maritime continent and eastern pacific is a lot better defined and steeper with respect 

to the phases than the northward propagation over the Indian ocean and the Indian 

Mainland region (Fig. 5.4), thus giving the CAM4.0 JJAS ISO an opposite tilt than what 

is seen in observation.  

 

5.2 Experiments 

 With the purpose of getting a better JJAS ISO in CAM4.0, a few forced 

experiments were conducted for the JJAS season. A set (table 2.1) of idealized eastward 

moving forcing in form of alternating heating and cooling signals were added to the 

model’s heating tendency. The forcings differ in terms of their oscillation frequency and 

vertical structure but had the same Gaussian elliptical form horizontally, extending from 

5oS-5oN along 60o longitudinally, moving eastward from 40oE to 180oE, shown in Figure 
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2.5. The JJAS ISO describing 45-days period oscillations was extracted (PC1 and PC2) 

from each experiment by applying MSSA on precipitation and diabatic heating anomalies 

as discussed in section 5.1.2. It was found that the 45-day period oscillation in the 

forcings of the experiments with a middle heavy vertical profile experiment made the 

best changes in the model in comparison to the control. Initially maximum amplitude of 

1.5Kday-1 was applied, which gave an agreeable result. The JJAS ISO, extracted using 

MSSA, gave an explained variance of 1.4% for the raw precipitation anomalies, 2.3% for 

filtered anomalies and 5.7% for anomalies that were filtered and latitudinally averaged 

over 20 o S-20 o N. They all showed similar horizontal structures. The RMMI method was 

used for computing the JJAS ISO as well and was found to have a similar structure as the 

composites of the reconstructed modes of the raw anomalies, and the variance explained 

was 21.2%. Idealized eastward propagating forcings of 45-days period with middle heavy 

profile and maximum amplitudes of 3.0Kday-1 and 4.5Kday-1 were also applied to the 

model experiments to see if the representation of the boreal summer ISO was made better 

in the model in any way. Idealized experiments with northward propagating signals were 

applied too and are discussed in section 5.2.4. Experiments force with observed signal 

(MISO) yielded no useful results for the model JJAS season.  

 

5.2.1 Idealized Eastward Propagating Forced Experiments 

The first four phases of precipitation anomalies of JJAS ISO with 45-days period 

for the forced run, when three increasing amplitudes were applied are seen in Figure 5.13. 

It is seen that the north and eastward propagation are captured and with a better east-west 



143 
 

tilt, an improvement over the control run. In the 45-days period JJAS ISO, with 3.0Kday-1 

maximum applied amplitude (Fig. 5.13b), the first three phases are similar to the phases 

of Figure 5.13a by the forth phase the precipitation anomalies acquire the northeast-

southwest tilt, which is not seen in Figure 5.13a. The precipitation anomalies band 

structure through all the phases in 5.13b were also found to be more scattered than those 

in Figure 5.13a.  Hence, the 3.0Kday-1 is not considered an improvement over the 

1.5Kday-1 maximum applied amplitude. The 45-day oscillation of precipitation anomalies 

of the forced run with maximum applied amplitude of 4.5Kday-1 is seen in Figure 5.13c, 

though we still get some amount of northward propagation but the band structure, which 

is more typical to the boreal summer ISO is not seen. Thus, we select the 1.5Kday-1 

applied amplitude as our further study. The climatology and standard deviations of the 

OLR, precipitation, winds and diabatic heating are noted, the leading modes’ zonal and 

meridional propagation and a few mechanisms are studied with respect to the control to 

explain how the JJAS ISO is made better in the forced experiment. 

 

5.2.2 JJAS Climatology and Standard Deviation in CAM4.0 Experiment 

In the forced experiment we find the JJAS climatology of OLR (Fig. 5.14a) is 

similar to that of the control run (Fig. 2.1e), and both are similar to the observation 

(Fig.2.1a). The JJAS precipitation climatology (Fig. 5.14b) shows reduced rainfall over 

the Arabian Sea, the West Indian peninsula and the Bay-of Bengal, while increase rainfall 

is seen over the equatorial East Indian Ocean and the Maritime Continent compared to 

the control (Fig. 2.1f). The reduced rainfall over the South Asian region makes the 
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precipitation climatology more similar to observation (Fig. 2.1b) than control, though 

some exaggerated rain fall is seen over the equatorial Indian Ocean region and Maritime 

Continent. The winds at both the levels (Fig. 5.14c and Fig. 5.14d) look almost identical 

to the control (Fig. 2.1g and Fig. 2.1h) and hence very similar to the observation (Fig. 

2.1c and Fig. 2.1d). The standard deviation of the OLR (Fig. 5.14e) shows higher 

variability over the Bay-of Bengal and the eastern equatorial Indian ocean and some parts 

of the Maritime continent, which is over and under represented respectively in the control 

run (Fig. 2.2e). As this standard deviation is lower over the Arabian Sea, the foothill of 

Himalaya and the Bay of Bengal than the control it may be considered closer to the 

observation (Fig. 2.2a). The precipitation standard deviation over the south Asian region 

and the ITCZ is lower and it is higher in the equatorial Indian Ocean and the Western 

equatorial Pacific Ocean in the forced run (Fig. 5.14f) than in the control run (Fig. 2.2f). 

This standard deviation is closer to the observation precipitation JJAS standard deviation 

(Fig. 2.2b). The standard deviation of zonal wind at 850hPa (Fig. 5.14g) shows smaller 

extent of the over the South Asian region and stronger presence in the equatorial eastern 

Indian Ocean – pattern closer to the observation (Fig. 2.2c) than control (Fig. 2.2g) where 

it is seen to have a much stronger presence in the South Asian region. However, there is 

strong standard deviation seen in the observational zonal winds at 850hPa over the 

northern hemispheric west Pacific that is missing in both the control and experiment. The 

standard deviation of zonal wind at 200hPa (Fig. 5.14h) is also lower over the mentioned 

region compared to the control (Fig. 2.2h) but resembles the observation much better 

(Fig. 2.2d). 
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The JJAS CAM4.0 experiment climatology (Fig. 5.15a) shows high positive 

diabatic heating over the Indian mainland, the rest of the eastern South-Asian region, the 

maritime continent and the ITCZ as also seen in control (Fig. 5.1a), but it is lower in the 

Bay-of Bengal region unlike the control. The control and the experiment both show 

negligible diabatic heating over the equatorial and northern west Pacific compared to the 

observed diabatic heating (Fig. 3.1a). Even the negligible diabatic heating over the Bay of 

Bengal in the experiment is unlike what is seen in observation but is better represented in 

the control. The vertical structure in the northern hemisphere (Fig. 5.15b) shows the 

diabatic heating profile extend over 60oE-110oE, while the control diabatic heating profile 

over the same region shows to extend over 60oE-180oE (Fig. 5.1b) and the observation 

(Fig. 3.1b) though with a deep lower tropospheric extent resembles the control more than 

the experiment. For a longitude belt averaged over 10oS-10oN, two positive diabatic 

heating blobs over 70oE-110oE and 130oE-180oE are seen in observation (Fig. 3.1 b); 

while the experiment (Fig. 5.15c) and the control (Fig. 5.1c) both show a continuous 

positive diabatic heating from 60oE-200oE over the region. The meridional profile of the 

diabatic heating averaged over 60oE-90oE (Fig. 5.15d) in the experiment is similar to that 

of control over the same region (Fig. 5.1d), but the maxima is between the equator and 

10S in the experiment while it is between 10oN-20oN in control, the observation profile 

over the same region (Fig. 3.1d) shows a positive diabatic heating between 5oS-20oN. In 

case of the eastern latitudinal belt of the experiment (Fig. 5.15e) the positive diabatic 

heating is seen to be tightly over the equator similar to what is seen in control (Fig. 5.1e) 

while the observation (Fig. 3.1e) shows positive diabatic heating over equator to 25oN. 
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The standard deviation of the vertically averaged diabatic heating of the experiment (Fig. 

5.15f) shows variation over the western Indian mainland region, the Arabian Sea and the 

maritime continent, unlike the control (Fig. 5.1f), which shows variation over the South-

Asian, SPCZ and ITCZ. The control and the experiment do not capture the variation over 

the east equatorial Indian ocean and the northern west Pacific as seen in observation (Fig. 

3.1f). The control (and experiment The vertical profile of diabatic heating standard 

deviation of the experiment (Fig. 5.15g, Fig. 5.15h, Fig. 5.15i and Fig. 5.15j) and control 

(Fig. 5.1g, Fig. 5.1h, Fig. 5.1i and Fig. 5.1j) show negligible variation in the lower levels 

compared to observation (Fig. 3.1g, Fig. 3.1h, Fig. 3.1i and Fig. 3.1j). 

 

5.2.3 JJAS ISO and Mechanisms in CAM4.0 Experiment 

 The Hovmöller diagram over the latitudinally averaged region on 10oN-30oN 

(Fig. 5.16a) of the experiment shows small bands of westward propagation as well as 

eastward propagation unlike the control (Fig. 5.3a), which shows a clear westward 

moving band. Though the experiment and the control are both unlike the observed 45-day 

oscillation (Fig. 5.6a), where it has an eastward propagation, the experiment is a little 

better than what we see in the control JJAS ISO. The equatorial belt (Fig. 5.16b) shows 

an eastward propagation, however, the propagation all the way to 180E and beyond, an 

improvement over the control (Fig. 5.3b), which is much like what is seen in observation 

(Fig. 5.6b). 

 In order to look into the northward propagation in experiment, Hovmöller 

diagrams of the phase versus latitude are seen in Figure 5.17. The western latitudinal 
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band averaged over 60oE-90oE (Fig. 5.17a) shows strong northward propagation over the 

Indian mainland region as seen in control (Fig. 5.4a) and observation (Fig. 5.7a). The 

latitudinal region averaged over 120oE-150oE (Fig. 5.17b) shows a staggered northward 

propagation over the western Pacific region, which is not seen in control (Fig. 5.4b) or 

observation (Fig. 5.7b). Thus, from Figure 5.16 and 5.17 we find that the forced run 

captures the features of the JJAS ISO slightly better than the control run because the 

idealized eastward propagating forcing staggers the northward propagation over the 

Maritime and western Pacific region, which keeps the experiment JJAS ISO from having 

a southwest-northeast tilt and the southward propagation over the southwestern Pacific is 

absent in the experiment. We, therefore, find that an equatorially eastward propagation 

affects the meridional propagation. 

 The experiment UV wind anomalies at 850hPa are composited with the 

experiment precipitation MSSA phase information as seen in Figure 5.18.  Thus, the 

winds show us a picture of horizontal circulation as the convective and suppressed 

conditions propagate. In phase 2 where suppressed conditions are over the South Asian 

region there are westerlies north of the suppressed phase and easterlies to its south 

forming an anticyclonic circulation and as this system moves northward the easterlies 

become stronger as a convective region develops to its south with westerlies to the 

convective region’s south. This system of winds is seen to have equatorial eastward 

propagation as it moves northward. Though the winds are seen to be in phase with the 

convective and suppressed modes, they are more organized than the control run (Fig. 5.8) 

but not as organized as seen in observation (Fig. 3.8).  
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 We also observe the experiment diabatic heating at 500hPa in Figure 5.19; the 

composites are plotted similar to the winds. The positive diabatic heating anomalies are 

seen to be collocated with the positive precipitation anomalies and the negative diabatic 

heating anomalies are collocated with the negative precipitation anomalies. In phase 1 a 

band of negative anomalies are seen to develop over the equatorial Indian Ocean, which 

is seen to move northward through phases 2, 3, 4, 5, 6, 7 and 8. A similar propagation is 

seen for the positive anomalies through phases 5, 6, 7, 8, 1, 2, 3 and 4. The northeastward 

propagation of the experiment diabatic heating anomalies is found to capture the tilt of 

the precipitation anomaly bands too, hence an improvement over control (Fig. 5.9). 

 The propagation of the experiment specific humidity anomalies at 500hPa with 

respect to the precipitation anomalies is seen in Figure 5.20. The specific humidity 

anomalies are composited similar to the winds and the suppressed cells are led by dry 

conditions and convective cell by wet conditions. In phase 1 as a suppressed band 

appears to develop so does the negative specific humidity anomaly, which is seen to 

move northward through phases 2, 3, 4, 5, 6, 7 and 8, but the minima does not seem to 

have any staggering as seen in the control (Fig. 5.10). Similarly, the positive anomalies 

are seen to have a northeastward propagation. The experiment specific humidity 

anomalies are seen to lead the corresponding convective and suppressed conditions 

zonally as well as meridionally and also get the northwest-southeast tilt better than the 

control run. 

 To gauge the zonal propagation of the vertical profiles of specific humidity 

anomalies and diabatic heating anomalies Figure 5.21 is analyzed. The northern 
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hemispheric longitudinal belt (Fig. 5.21a) shows some westward propagation and the 

low-level specific humidity anomalies are seen to lead the diabatic heating anomalies. 

The westward propagation of the experiment anomalies is seen to be not as intense as 

those of control (Fig. 5.11a). The equatorial band (Fig. 5.21b) shows an eastward 

propagation; here too we find the specific humidity anomalies lead the diabatic heating 

anomalies as also seen in the control (Fig. 5.11b). 

 The meridional propagation of the vertical profile of the specific humidity 

anomalies and diabatic heating anomalies are seen in Figure 5.22. The western belt (Fig. 

5.22a) in the experiment shows the specific humidity anomalies and the diabatic heating 

anomalies capture the northward propagation over the Indian Ocean and the Indian 

mainland region well. A suppressed condition is seen to develop in phase 1 and move 

northward till phase 6, with the low level negative specific humidity leading. A similar 

propagation of the positive anomalies is also seen where the low-level positive specific 

humidity anomalies lead the convective conditions. We also see a northward propagation 

over the eastern belt (Fig. 5.22b), with the specific humidity anomalies leading the 

diabatic heating anomalies northward. In phase 1 convective condition develop over the 

equator and moves northward through phases 3, 4, 5, 6, 7, 8 and 1 with the low-level 

specific humidity anomalies leading. A similar propagation of the negative anomalies is 

also seen. The meridional propagation over the two latitudinal belts in the experiment is 

found to be better represented than the control (Fig. 5.12), however the zonal propagation  

in terms of specific humidity leading convective and suppressed conditions is similar for 
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both experiment and control. Thus, not a significant improvement is seen in the northern 

hemisphere zonal propagation in experiment when compared to control. 

 The mechanisms explained in experiment is seen to be better organized in terms 

of circulation coupled to the convective and suppressed conditions, which in turn moves 

the specific humidity meridionally northward and equatorially eastward, providing the 

moisture preconditioning prior to convective and suppressed conditions are seen to be 

better represented than in control. Thus, we see that an idealized eastward moving forcing 

changes properties meridionally and the improved northward propagation over the Indian 

ocean and Indian mainland region and a staggered northward propagation over maritime 

continent and eastern pacific improves the anomaly band tilt over the Indo-Pacific region 

making the experiment to resemble the observational results better than the control. 

 

5.2.4 Idealized Northward Propagating Forced Experiments 

 Idealized northward propagating, middle heavy heating and cooling profiles (Fig. 

2.7) with a period of 45 days were added to the model temperature tendency. This forcing 

is also a Gaussian ellipse horizontally, extending 10o meridionally and 60o longitudinally, 

propagating northward from equator to 25oN as seen in the Figure 2.6. The purpose of 

this experiment is to identify if the northward-propagating forcing changes any part of the 

zonal propagation in the way eastward propagating forcing produces changes in the 

northward propagation. The experiments were conducted for maximum amplitudes of 

1.5Kday-1 and 3.0Kday-1 separately. MSSA was applied to the precipitation anomalies of 

these two experiments and 45 day-period oscillating modes come out as PC2, PC3 for 
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1.5Kday-1 maximum applied amplitude and PC4, PC5 for 3.0Kday-1 maximum applied 

amplitude. The JJAS ISO, extracted using MSSA, gave an explained variance of 0.8% 

and 1.6% for the raw precipitation anomalies, 1.5% and 2.6% for filtered anomalies and 

2.9% and 4.1% for anomalies that were filtered and latitudinally averaged over 20oS-

20oN for both the experiments. They all showed similar horizontal structures in case of 

the unfiltered and filtered data, but not the latitudinally averaged precipitation anomalies. 

The RMMI method was used for computing the JJAS ISO as well and was found to have 

a similar structure as the composites of the reconstructed modes of the raw and filtered 

anomalies, and the variance explained was 14.2% and 14.5%.  

Half cycle composites of both these experiments are presented in Figure 5.23, 

where we find the presence of strong northward propagation and scattered equatorial 

eastward propagation but the tilted band structure is not present in either case. Thus, an 

applied northward propagation does not produce any organized structure as seen in the 

previous experiments, control or observation, but the JJAS ISO is seen to be more 

scattered than those with the idealized eastward moving forced experiments. Experiments 

with observational horizontal and vertical profiles of heating and cooling (as seen in Fig. 

3.3, Fig. 3.6 and Fig. 3.7) as explained in section 2.2.3 were also applied but yielded no 

results better than that of the control or the previously discussed experiment results in the 

way of resembling the observed JJAS ISO better. 
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5.3 Summary 

1. The model captures the boreal summer ISO to a degree but the anomaly bands 

with northward propagation have a tilt that is opposite to what is seen in 

observational MISO. 

2. An eastward moving forcing with a period of 45 days is seen to improve the 

northward propagation of the model JJAS ISO over the Indian Ocean and 

mainland region through the experiment, while northward moving forcing with a 

period of 45 days is seen not to improve the eastward propagation in anyway and 

it disperses the JJAS ISO otherwise present in the control. 

3. The fidelity of the model is sensitive to the oscillation period, the vertical 

structure as well as the initial state of the applied forcing. 

4. Increasing the amplitude of the forcing does not help improve the JJAS ISO in the 

model, in fact the 4.5Kday amplitude forcing makes the model ISO worse than 

what is seen in the control. 
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Figure 5.1 JJAS seasonal climatalogical mean of CAM4.0 control run diabatic heating 
averaged over (a) vertically from 1000hPa-100hPa, (b) latitudinally over 10N-30N, (c) 
latitudinally over 10S-10N, (d) longitudinally over 60E-90E and (e) longitudinally over 
120E-150E. JJAS standard deviation of CAM4.0 control run diabatic heating  averaged 
over (f) vertically from 1000hPa-100hPa, (g) latitudinally over 10N-30N, (h) latitudinally 
over 10S-10N, (i) longitudinally over 60E-90E and (j) longitudinally over 120E-150E. 
The period of mean and standard deviation is for 10 years. Units are in Kday-1. 
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Figure 5.2 The 8 phases of the reconstructed component of CAM4.0 control run 
precipitation anomalies, for JJAS over the 10 years, describing an oscillation of 45-day 
period. Units are in mmday-1. 
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(a) avg. 10N-30N, (b) avg. 10S-10N 

 
Figure 5.3 Hovmöller Diagram of the reconstructed component of CAM4.0 control run 
precipitation anomalies, latitudinally averaged over (a) 10N-30N and (b) 10S-10N, for 
JJAS. Units are in mmday-1. 
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(a) avg. 60E-90E          (b) avg. 120E-150E 

 
Figure 5.4 Hovmöller Diagram of the reconstructed component of CAM4.0 control run 
precipitation anomalies, longitudinally averaged over (a) 60E-90E and (b) 120E-150E, 
for JJAS. Units are in mmday-1. 
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Figure 5.5 The 8 phases of the reconstructed component of observed precipitation 
anomalies for JJAS (1998-2007), describing an oscillation of 45-day period (MISO). 
Units are in mmday-1. 
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(a) avg. 10N-30N, (b) avg. 10S-10N 

 
Figure 5.6 Hovmöller Diagram of the reconstructed component of observed precipitation 
anomalies, latitudinally averaged over (a) 10N-30N and (b) 10S-10N, for MISO (1998-
2007). Units are in mmday-1. 
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(a) avg. 60E-90E           (b) avg. 120E-150E 

 
Figure 5.7 Hovmöller Diagram of the reconstructed component of observed precipitation 
anomalies, longitudinally averaged over (a) 60E-90E and (b) 120E-150E, for MISO 
(1998-2007). Units are in mmday-1. 
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Figure 5.8 uv wind anomalies at 850hPa in CAM4.0 control, composited to 8 phases 
using JJAS precipitation MSSA phase information for CAM4.0 control. Precipitation 
anomalies (shaded) composites in mmday-1 and wind vectors in ms-1. 

 



161 
 

 
Figure 5.9 Diabatic Heating anomalies in CAM4.0 control (shaded) composited to 8 
phases using JJAS Precipitation MSSA phase information for CAM4.0 control. 
Precipitation anomalies (contoured) composites in mmday-1 and diabatic heating in  
Kday-1. 
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Figure 5.10 Specific Humidity anomalies in CAM4.0 control (shaded), composited to 8 
phases using JJAS CAM4.0 control run Precipitation MSSA phase information. 
Precipitation anomalies (contoured) composites in mmday-1 and diabatic heating in  
Kday-1. 
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                     (a) avg. 10N-30N                   (b) avg. 10S-10N  

 
Figure 5.11 Specific Humidity anomalies in CAM4.0 control (shaded), composited to 8 
phases using JJAS CAM4.0 control run Precipitation MSSA phase information averaged 
over (a) 10N-30N, (b) 10S-10N. Diabatic Heating anomalies composites averaged over 
(a) 10N-30N, (b) 10S-10N (contoured). Specific humidity in kg*kg-1 and diabatic heating 
in Kday-1. 
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                     (a) avg. 60E-90E        (b) avg. 120E-150E  

 
Figure 5.12  Specific Humidity anommalies of CAM4.0 control (shaded), composited to 
8 phases using JJAS CAM4.0 control run Precipitation MSSA phase information 
averaged over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies composites 
(contoured) averaged over (a) 60E-90E, (b) 120E-150E. Specific humidity in kg*kg-1 and 
diabatic heating in Kday-1. 
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                (a)±1.5Kday-1                       (b)±3.0Kday-1                   (c)±4.5Kday-1 

 
 

Figure 5.13 Half cycle composites of reconstructed component of precipitation anomalies 
for JJAS CAM4.0 forced run for (a) ±1.5Kday-1 (b) ±3.0Kday-1 and (c) ±4.5Kday-1 
maximum applied amplitude of the idealized eastward moving heating and cooling 
signal. 
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Figure 5.14 JJAS seasonal climatological mean of (a) OLR, (b) Precipitation, (c) 
horizontal wind at 850hPa (d) horizontal wind at 200hPa in CAM4.0 forced run 
(±1.5Kday-1). JJAS standard deviation of daily mean of (e) OLR, (f) Precipitation, (g) 
horizontal wind at 850hPa (h) horizontal wind at 200hPa in CAM4.0 forced run for 10 
years. Units are in Wm-2 for OLR, mmday-1 for precipitation and ms-1 for horizontal 
wind. 
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Figure 5.15 JJAS seasonal climatalogical mean of CAM4.0 forced run (±1.5Kday-1) 
diabatic heating averaged over (a) vertically from 1000hPa-100hPa, (b) latitudinally over 
10N-30N, (c) latitudinally over 10S-10N, (d) longitudinally over 60E-90E and (e) 
longitudinally over 120E-150E. JJAS standard deviation of CAM4.0 forced run 
(±1.5Kday-1) diabatic heating  averaged over (f) vertically from 1000hPa-100hPa, (g) 
latitudinally over 10N-30N, (h) latitudinally over 10S-10N, (i) longitudinally over 60E-
90E and (j) longitudinally over 120E-150E. The period of mean and standard deviation is 
for 10 years. Units are in Kday-1. 
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           (a) avg. 10N-30N, (b) avg. 10S-10N 

 
Figure 5.16 Hovmöller Diagram of the reconstructed component of CAM4.0 forced run 
precipitation anomalies, latitudinally averaged over (a) 10N-30N and (b) 10S-10N, for 
JJAS. Units are in mmday-1. 
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           (a) avg. 60E-90E             (b) avg. 120E-150E 

 
Figure 5.17 Hovmöller Diagram of the reconstructed component of CAM4.0 forced run 
precipitation anomalies, longitudinally averaged over (a) 60E-90E and (b) 120E-150E, 
for JJAS. Units are in mmday-1. 
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Figure 5.18 uv wind anomalies at 850hPa in CAM4.0 forced run, composited to 8 phases 
using JJAS precipitation MSSA phase information for CAM4.0 forced run. Precipitation 
anomalies (shaded) composites in mmday-1 and wind vectors in ms-1. 
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Figure 5.19 Diabatic Heating anomalies in CAM4.0 forced run (shaded) composited to 8 
phases using JJAS Precipitation MSSA phase information for CAM4.0 forced run. 
Precipitation anomalies (contoured) composites in mmday-1 and diabatic heating in  
Kday-1. 
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Figure 5.20 Specific Humidity anomalies in CAM4.0 forced run (shaded), composited to 
8 phases using JJAS CAM4.0 forced run Precipitation MSSA phase information. 
Precipitation anomalies (contoured) composites in mmday-1 and diabatic heating in  
Kday-1. 
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                    (a) avg. 10N-30N                   (b) avg. 10S-10N  

           
Figure 5.21 Specific Humidity anomalies in CAM4.0 forced run (shaded), composited to 
8 phases using JJAS CAM4.0 forced run Precipitation MSSA phase information averaged 
over (a) 10N-30N, (b) 10S-10N. Diabatic Heating anomalies composites averaged over 
(a) 10N-30N, (b) 10S-10N (contoured). Specific humidity in kg*kg-1 and diabatic heating 
in Kday-1. 
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                    (a) avg. 60E-90E                               (b) avg. 120E-150E  

           
Figure 5.22 Specific Humidity anommalies of CAM4.0 forced run (shaded), composited 
to 8 phases using JJAS CAM4.0 forced run Precipitation MSSA phase information 
averaged over (a) 60E-90E, (b) 120E-150E. Diabatic Heating anomalies composites 
(contoured) averaged over (a) 60E-90E, (b) 120E-150E. Specific humidity in kg*kg-1 and 
diabatic heating in Kday-1. 
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  (a)±1.5Kday-1                          (b)±3.0Kday-1 

 
Figure 5.23 Half cycle composites of reconstructed component of precipitation anomalies 
for JJAS CAM4.0 forced run for (a) ±1.5Kday-1 and (b) ±3.0Kday-1 maximum applied 
amplitude of the idealized northward moving heating and cooling signal. 
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CHAPTER 6 BOREAL WINTER ISO IN MODEL 

  

 The boreal winter ISO, also otherwise known as the MJO is known to be not well 

represented in models, particularly in AGCMs as they are not coupled to the ocean and 

the ocean feedback is thought to be crucial for the sustenance of ISOs. The current 

chapter is to further study the possibilities of producing ISOs in CAM4.0 without 

coupling it to an active ocean. This is done to substantiate the observational result and 

provide a comparison to the boreal summer ISO in CAM4.0. As in the boreal summer 

case, the presence of eastward and any meridional propagation is studied through 

unforced and forced model experiments as described in section 2.2.3. 

 

6.1 Control 

 The DJFM season of the control is studied and compared to the observation and 

later with forced model runs – the experiments. Most of the observation data compared to 

the CAM4.0 data are also for the period of 1998-2007 as in the boreal summer case. The 

diabatic heating profile of the control is calculated as mentioned in section 5.1 and is for 

the 10 DJFM seasons. 
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6.1.1 DJFM Climatology and Standard Deviation in CAM4.0 Control 

The DJFM climatology and standard deviation of diabatic heating of CAM4.0 

control are shown in Figure 6.1 and are compared to the observation in Figure 4.1. The 

vertically averaged diabatic heating over the tropical Indo-Pacific region in CAM4.0 

(Fig. 6.1a) shows a higher positive diabatic heating over Northern Australia, equatorial 

western Pacific and lower positive diabatic heating over the equatorial Indian Ocean and 

southern Pacific convergence zone (SPCZ) than observation. The southeastern Pacific 

shows more negative diabatic heating, and the Arabian Sea shows less negative diabatic 

heating than in observation. In the vertical profiles longitudinally averaged over 10oS-

10oN (Fig. 6.1b), shows a maximum over 90oE-180oE diabatic heating structure similar to 

the observation (Fig. 4.1b). For a longitude belt averaged over 10oS-30oS (Fig. 6.1c), a 

positive diabatic heating in the lower level and negative diabatic heating are almost 

identical in the control and observation (Fig. 4.1c), but the middle level shows higher 

positive diabatic heating at 130oE in control than in observation. Two latitudinal belts are 

also considered as in the observed study, averaged over 60oE-90oE and 120oE-150oE. In 

Figure 6.1d, the western latitudinal belt has practically no positive diabatic heating over 

equatorial Indian Ocean region and even the negative diabatic heating over the Indian 

mainland region is not well represented in comparison to observation (Fig. 4.1d), while in 

case of the eastern latitudinal belt (Fig. 6.1e) the positive diabatic heating is slightly 

exaggerated and negative diabatic heating a little underrepresented in control than in 

observation (Fig. 4.1e). In Figure 6.1f, the standard deviation shows exaggerated 

deviations over Bay-of Bengal and equatorial western Pacific and underrepresented 
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deviations over the equatorial Indian Ocean, southern Australian and southern 

hemispheric western Pacific in control than in observation (Fig. 4.1f). The vertical profile 

of diabatic heating with respect to longitude (Fig. 6.1g and Fig. 6.1h) and latitude (Fig. 

6.1i and Fig. 6.1j) in control are seen to be similar to those in observation (Fig. 4.1g, Fig. 

4.1h, Fig. 4.1i and Fig. 4.1j) but are slightly underrepresented and the deviations in the 

control over the western latitudinal band in particular (Fig. 6.1i) are smaller in intensity 

as well as latitudinal extent compared to observation. 

 

6.1.2 DJFM Leading Mode ISO in Control  

 MSSA was used to analyze the CAM4.0 DJFM as well, explained in section 

2.3.2, where it is applied to the CAM4.0 DJFM diabatic heating and precipitation 

anomalies and a pair of consecutive modes describing an oscillation of 50-day period 

(PC1 and PC2) is reconstructed and then composited to compare to the DJFM observed 

52-day period oscillation composites obtained in the same manner. The leading mode 

ISO in the DJFM season, composited of diabatic heating and precipitation are seen to 

have the same horizontal structure, hence, choosing precipitation for further study. The 

explained variance is 1.3% for the raw precipitation anomalies, 2.1% for filtered 

precipitation anomalies and 5.3% when the precipitation anomalies are filtered and 

averaged over 20oS-20oN, all showing very similar structure through their composites. 

Composites of precipitation anomalies made using the RMMI method also show a similar 

structure when the RMMIs are calculated using OLR-U850-U200, which explain a 

variance of 14.1% and the phase information is applied to precipitation anomalies.  
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The eight phases of the 52-day oscillation in precipitation anomalies for the 

CAM.0 DJFM control run, extracted using MSSA are shown in Figure 6.2. As seen, the 

control leading ISO is unable to capture the eastward (especially along the equatorial 

region) and the southward propagation of the oscillation as seen in observation in Figure 

6.5. In fact a lot of spurious extra tropical positive and negative precipitation anomalies 

are seen. For a detailed understanding of the CAM4.0 DJFM ISO propagation, 

Hovmöller diagrams are analyzed through latitudinal and longitudinal averages in Figure 

6.3 and Figure 6.4. The equatorial longitudinal propagation in control (Fig. 6.3a) shows 

both east and westward propagation compared to observation (Fig. 6.6a), while the 

southern belt (Fig. 6.3b) shows some eastward propagation but from 110oE, while the 

eastward propagation is present throughout the southern zonal region in observation 

(Fig.6.6b). The latitudinal propagation over the western belt (Fig. 6.4a) shows strong 

northward propagation unlike the observation (Fig. 6.7a), which shows strong southward 

propagation over the southern hemisphere Indian Ocean. The eastern belt (Fig. 6.4b) 

shows some southward propagation but is mostly northward, opposite to what is seen in 

observation (Fig. 6.7b). The CAM4.0 DJFM climatology and standard deviations are 

thus, not very good representation of the observed DJFM climatology and standard 

deviations. 

 

6.2 Experiments 

 As the leading ISO in CAM4.0 DJFM has no feature of observations, we continue 

our study with forced model runs - the experiments. The experiments were carried out 
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exactly as mentioned for the JJAS season, but for the DJFM season in this case and the 

details are included in section 2.2.3 and section 2.2.3.1 in order to see a well defined 

DJFM ISO in CAM4.0. The model was first forced with the idealized eastward moving 

heating and cooling signal (Fig. 2.5), which as added to the model’s temperature 

tendency as mentioned in section 5.2. For the DJFM case too it was found that the 45-day 

period oscillation in the forcing of the experiments, with middle heavy vertical profile 

experiment produced eastward moving ISO. It is to be noted that the 30-day period and 

60-day period oscillating forcing did not produce any eastward propagation in the 

CAM4.0 DJFM ISO. As noted in the JJAS case, for an agreeable result of maximum 

amplitude of 1.5Kday-1 forcing, forcings with maximum amplitude of 3.0Kday-1 and 

4.5Kday-1 were also applied. The DJFM ISO extracted by MSSA gives an explained 

variance of 2.1% for the raw precipitation anomalies, 3.3% for filtered anomalies and 

6.5% for anomalies that were filtered and latitudinally averaged over 20oS-20oN, all 

showing similar horizontal structure. Applying the RMMI method for the DJFM ISO, the 

horizontal structure was again found to be similar to those extracted using MSSA and 

with an explained variance of 21.4%. The model was also forced with observed heating 

and cooling signal by diving the phases in 52 days (table 2.2), the 8 phase composites of 

which can be seen in Figure 4.3, Figure 4.6 and Figure 4.7 and as explained in section 

2.2.2 and section 2.2.3.2. The observed forcing with a latitudinal extent of 35oS-35oN was 

seen to give the best results, in terms of reproducing a CAM4.0 DJFM ISO that 

resembled the observed MJO very closely. In this case the ISO extracted using MSSA 

gives an explained variance of 2.5% for the raw precipitation anomalies, 4.1% for filtered 
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anomalies and 8.2% for anomalies that were filtered and latitudinally averaged over 

20oS-20oN, all show similar horizontal structure. The application of RMMI method for 

the DJFM ISO gives similar horizontal structure, similar to those extracted using MSSA 

and with an explained variance of 24.4%. 

 

6.2.1 Idealized Eastward Propagating Forced Experiments 

In Figure 6.8, the first four phases of precipitation anomalies of DJFM ISO are 

seen with 45-days period for the forced run, when three increasing amplitudes of 

1.5Kday-1, 3.0Kday-1 and 4.5Kday-1 were applied. It is seen that with increasing 

amplitude the eastward propagation is better captured, a significant improvement over the 

control run. The DJFM leading mode oscillations for the mentioned forcings give 45-

days period as peak oscillation as the applied force oscillations the model show an 

improvement to also have a 45-day period. In the 45-days period DJFM ISO, with 

1.5Kday-1 maximum applied amplitude (Fig. 6.8a), the phases show the positive and 

negative precipitation anomalies have an eastward propagation and also some southward 

propagation, but it shows some propagation in the northern hemisphere that is not seen in 

observation (Fig. 6.2). As the amplitude of the applied force increases the model ISOs 

(Fig, 6.8b and 6.8c) shows better eastward propagation, albeit with not as much 

southward propagation as seen in observation, but these Figure show a very clear picture 

of the improving eastward propagation with increasing amplitude of idealized eastward 

propagating applied forcings. Thus, we select the 4.5Kday-1-applied amplitude for further 

study. In the model boreal winter too the climatology and standard deviations of the 
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OLR, precipitation, winds and diabatic heating are noted, the leading modes’ zonal and 

meridional propagation and a few mechanisms are discussed and compared to the model 

boreal summer results. 

 

6.2.2 DJFM Climatology and Standard Deviation in CAM4.0 Idealized Experiment 

In Figure 6.9a, the climatology of OLR over the Maritime continent region is 

slightly more than and the SPCZ region is less than the control (Fig. 2.3e). The off 

equatorial OLR maxima are present over the same region in experiment and control. The 

low OLR over the equatorial Maritime Continent and western Pacific is seen to resemble 

the observation (Fig. 2.3a) better than the control. This pattern is duly represented by the 

precipitation in the experiment (Fig. 6.9b) as well, which sees lower rainfall over the 

Maritime continent and the equatorial western Pacific Ocean unlike the control (Fig. 2.3f) 

but more like the observation (Fig. 2.3b). The experiment winds at 850hPa (Fig. 6.9c) 

show less activity over the equatorial Indian Ocean than control (Fig. 2.3g), which is 

weaker than the activity in observation (Fig. 2.3c). The same is seen even for the upper 

level winds over the equatorial Indian Ocean region and the Maritime Continent. The 

standard deviation of the OLR (Fig. 6.9e) shows a much higher deviation over the 

equatorial Indian Ocean region, the Maritime continent and the equatorial western Pacific 

than in the control (Fig. 2.4e), which again has a higher deviation than observation (Fig. 

2.4a). The experiment shows high deviations of precipitation (Fig. 6.9f) over the 

equatorial Indian Ocean region and Maritime continent, which is absent in control (Fig. 

2.4f) but is present in observation (Fig. 2.4b). The zonal wind at 850hPa (Fig. 6.9g) 
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shows a large standard deviation in the above mentioned regions compared to the control 

(Fig. 2.4g), while the observation (Fig. 2.4c) shows a much larger extent over the Indian 

ocean region than the control, so, the experiment resembles the observation better than 

the control. However, at 200hPa the zonal wind standard deviation of the control (Fig. 

2.4h) is closer to the observation (Fig. 2.4d) than the experiment (Fig. 6.9h) and at 

200hPa the standard deviation is also higher than the control run’s. 

The climatology of diabatic heating of CAM4.0 experiment, in Figure 6.10a, 

shows the vertically average diabatic heating have high positive diabatic heating over the 

equatorial Indian ocean region, which is absent in the control (Fig. 6.1a) but is present in 

observation (Fig. 4.1a). The equatorial longitudinal belt of the experiment (Fig. 6.10b) 

shows positive diabatic heating over the equatorial Indian Ocean, Maritime continent and 

the western Pacific similar to what is seen in observation (Fig. 4.1b) than the control (Fig. 

6.1b). For the longitude belt averaged over 10oS-30oS, a middle heavy positive diabatic 

heating is seen in the control (Fig. 6.1c) between 120oE-210oE; which is also seen in the 

experiment (Fig. 6.10c) but with reduced intensity as seen in observation (Fig. 4.1c). The 

western latitudinal belt (Fig. 6.10d) shows the positive diabatic heating structure much 

better in the experiment with a structure closer to the observation (Fig. 4.1d) than the 

control (Fig. 6.1d). In case of the eastern latitudinal belt (Fig. 6.10e) the positive diabatic 

heating over northern hemisphere is smaller and extends over a smaller region than in 

case of the control (Fig. 6.1e) and is quite similar to the observation (Fig. 4.1e). The 

standard deviation in Figure 6.10f shows maximum standard deviation over the equatorial 

Indian Ocean region, unlike the control (Fig. 6.1f) and like the observation (Fig. 4.1f). 
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Both the longitudinal belts (Fig. 6.10g and Fig. 6.10h) show a much-reduced standard 

deviation than what is seen in the control (Fig. 6.1g and Fig. 6.1h), which also smaller 

than what is seen observation (Fig. 4.1g and Fig. 4.1h). In both the western and eastern 

belts (Fig. 6.10i and Fig. 6.10j), the latitudinal vertical profile of the extent of standard 

deviation over the northern hemisphere is seen to be less than in the control (Fig. 6.1i and 

Fig. 6.1j), much like the observational standard deviation (Fig. 4.1i and Fig. 4.1j). Thus, 

we find that the experimental climatology and standard deviation shows characteristics 

much like observation unlike the control. 

 

6.2.3 DJFM ISO Leading mode and Mechanisms in CAM4.0 Idealized Experiment 

 Hovmöller diagram of the composites of precipitation anomalies of the 

reconstructed components over two latitudinally averaged regions are studied in Figure 

6.11.  Figure 6.11a, averaged over 10oN-10oS in the experiment, shows a strong eastward 

propagation unlike the control (Fig. 6.3a). This is quite like the observed 52-day 

oscillation (Fig. 6.6a), where it has an eastward propagation. The longitudinal belt 

averaged over 10oS-30oS (Fig. 6.11b) in the experiment, shows a very weak eastward 

propagation in the southern hemisphere, which is better than the control (Fig. 6.3b), but is 

not as strong as seen in observation (Fig. 6.6b). 

 To look into the DJFM meridional propagation, Hovmöller diagrams of the phase 

with respect to latitude are seen in Figure 6.12. The latitudinal band averaged over 60oE-

90oE (Fig. 612a), shows strong southward propagation over the Indian Ocean region and 

some very weak northward propagation over the Indian mainland region, just as seen in 
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observation (Fig. 6.7a), which is badly represented in the control ISO (Fig. 6.4a). The 

latitudinal region averaged over 120oE-150oE (Fig. 6.12b), also shows southward 

propagation and some northward propagation over the western pacific as seen in 

observation (Fig. 6.7b) but not control (Fig. 6.4b). Thus, from Figure 6.11 and 6.12 we 

find that the forced run captures the features of the DJFM ISO far better than the control 

run over the entire Indo-Pacific region, especially as it the mean state and standard 

deviation over the equatorial Indian Ocean is better represented in the experiment than in 

control. 

 As the precipitation data of the forced run is seen to reproduce the observation 

feature to a great extent, a few more variables in terms of the 45-day oscillation are 

studied to understand what makes the experiment better than the control. In Figure 6.13 

the UV wind anomalies at 850hPa of the experiment are seen as the precipitation 

anomalies propagate. In phase 1 where negative precipitation anomalies are over the 

equatorial western Indian ocean and Maritime continent, there are westerlies spread over 

the suppressed phase as it is right on the equator, but over the southern hemisphere it has 

an anticyclonic circulation forming over the suppressed condition as also seen in 

observation (Fig. 4.8). As this system moves eastward the easterlies become stronger as a 

convective region develops and as this convective conditions propagate slightly 

southward cyclonic circulation forms around it. Though the winds are seen to be in phase 

with the convective and suppressed modes, and the eastward propagation is quite well 

depicted but the southward propagation is not very strongly seen in experiment beyond 

the Australian region as seen in observation. 
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 We also observe the experiment diabatic heating at 500hPa in Figure 6.14. The 

composites are plotted similar to the winds, where the positive diabatic heating anomalies 

are seen to be collocated with the positive precipitation anomalies and the negative 

diabatic heating anomalies are collocated with the negative precipitation anomalies. In 

phase 1 a band of positive anomaly is seen to develop over the equatorial Indian ocean, 

which is seen to move eastward through phases 2, 3, 4, 5, 6, 7 and 8. A similar 

propagation is seen for the negative anomalies through phases 5, 6, 7, 8, 1, 2, 3 and 4. 

This eastward propagation on the anomalies seems to capture most of the details of the 

observed propagation such as the eastward propagation and some southward propagation 

beyond 140oE. 

 Figure 6.15 shows the propagation of the experiment specific humidity anomalies 

at 500hPa with respect to the precipitation anomalies. The composites are plotted similar 

to the winds and in case of the specific humidity the suppressed cells are over dry 

conditions and convective cell over wet conditions. In phase 2 as a convective band 

appears to develop over the equatorial Indian Ocean region so does the positive specific 

humidity anomaly, which is seen to move eastward through phases 3, 4, 5, 6, 7 and 8. 

Similarly, the negative anomalies are seen to have an eastward propagation. The specific 

humidity anomalies seem to be collocated with the corresponding precipitation anomalies 

zonally but lead meridionally. To see if there is any lead-lag relationship of specific 

humidity anomalies with the convective and suppressed cells, meridional and zonal 

averages are seen with respect to the vertical levels. 
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 Zonal propagation with respect to the vertical levels of the specific humidity 

anomalies and diabatic heating anomalies is seen in Figure 6.16. The equatorial 

longitudinal belt (Fig. 6.16a) shows a strong eastward propagation and the low-level 

specific humidity anomalies are seen to lead the diabatic heating anomalies. A positive 

specific humidity anomaly is seen to develop over the western equatorial Indian Ocean 

region and moves eastward through phases 1, 2, 3, 4, 5, 6, 7 and 8 similarly for the 

negative anomalies. The southern hemispheric belt (Fig. 6.16b) shows an eastward 

propagation; here too we see the specific humidity anomalies lead the diabatic heating 

anomalies, however the propagation is a lot weaker than its equatorial counterpart. A 

negative anomaly is seen to develop over the southern Indian Ocean region in phase 1 

and move eastward through phases 2, 3, 4, 5, 6, 7 and 8 where it eventually dies, 

similarly for positive anomalies moving eastward through phases 5, 6, 7, 8, 1, 2, 3 and 4. 

 The meridional propagation with respect to the vertical levels is seen in Figure 

6.17. The western belt (Fig. 6.17a) shows a very clear picture of a southward 

propagation. A negative anomaly is seen to develop in phase 5 over the north of 

equatorial Indian Ocean and move southward with some northward propagation as well. 

The southward propagation of the negative anomalies continues till phase 4 and a similar 

propagation of the positive anomalies is also seen where the low-level specific humidity 

anomalies lead the diabatic heating anomalies. We also see a southward propagation over 

the eastern belt (Fig. 6.17b), with the specific humidity anomalies leading the diabatic 

heating anomalies southward. In phase 4 a positive anomaly develops over the equatorial 

western Pacific and moves southward through phases 5, 6, 7, 8 and 1. A similar 
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propagation of the negative anomalies is also seen. Some northward propagation is seen 

over this region as well. All the Figures indicate that the reason for improved eastward 

propagation of the anomalies is due to the additional eastward moving heating and 

cooling signal, which organize the winds and cause the moisture preconditioning leading 

to the presence of a well defined DJFM ISO in CAM4.0. Even in the model boreal winter 

we find the meridional propagation is improved by an eastward propagating signal as also 

seen in model boreal summer. 

 

6.2.4 Observational Forced Experiments 

To see if the experiments forced with idealized signals can be made better in 

anyway, a few experiments forced with signals based on observation were made for the 

DJFM season. A set of observed forcing divided into 52 phases were added to the 

model’s heating tendency, repeating every 52 days for about 150 days. It was found that 

the 52-day period oscillation with a latitudinal extent of 35S-35N made the greatest 

impact on the forced run. Initially the observational amplitude was applied exactly and 

then the amplitudes were doubled and tripled before applying to the model, to see if the 

representation of the winter ISO was better in the model in any way. 

Figure 6.18 shows the first four phases of the 52-day oscillation of precipitation 

anomalies (extracted using MSSA) of the experiments forced with observational signal 

when three increasing amplitudes were applied. In Figure 6.18a, the 52-day oscillation of 

precipitation anomalies of the experiment forced with maximum applied amplitude of 

about 1.5Kday-1 is seen to capture the eastward propagation but it is slightly scattered, an 
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improvement over the control run as it reproduces the observation a little better. Figure 

6.18b shows the 52-day oscillation of precipitation of the forced run with maximum 

applied amplitude of about 3.0Kday-1, where the first four phases are almost similar to the 

observational 52-day oscillation during DJFM. Hence, it is considered to have much 

improvement over the 1.5Kday-1-applied amplitude. Figure 6.18c shows the 52-day 

oscillation of precipitation anomalies of the experiment forced with maximum applied 

amplitude of 4.5Kday-1 and we get the best eastward propagation of anomalies, which 

resembles observational ISO the closest. Thus, we select the 4.5Kday-1-applied amplitude 

as this case of study. 

 

6.2.5 DJFM Climatology and Standard Deviation in CAM4.0 Observational Experiment 

In the present experiment we find the OLR (Fig. 6.19a) over the Maritime 

continent and the equatorial eastern Pacific Ocean region resembles observation (Fig. 

2.3a) closer than the control (Fig. 2.3e) with decreased OLR over the equatorial Indian 

Ocean, Maritime Continent, SPCZ and the southern hemispheric eastern Pacific. This 

pattern is duly represented by the precipitation (Fig. 6.19b) as well, which sees some 

exaggerated rainfall over the equatorial eastern Pacific Ocean region compared of the 

observation (Fig. 2.3b), the control (Fig. 2.3f) and the idealized experiment (Fig. 6.9b). 

The winds at both levels (Fig. 6.19c and Fig. 6.19d) look almost identical to the control 

(Fig. 2.3g and Fig. 2.3h) and hence very similar to the observation (Fig. 2.3c and Fig. 

2.3d). The standard deviation of the OLR (Fig. 6.19e) shows a much higher variability 

over the equatorial Indian Ocean region, the Maritime continent and the equatorial 
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western Pacific than in the control (Fig. 2.4e), observation (Fig. 2.4a) or idealized 

experiment (Fig. 6.9e), but the pattern is much similar to the observation. The 

precipitation standard deviation (Fig. 6.19f) over the equatorial Indian Ocean, the 

maritime continent and the equatorial western Pacific Ocean more spread out like the 

observation (Fig. 2.4b) than in the control (Fig. 2.4f). The zonal winds at both the levels 

(Fig. 6.19g and Fig. 6.19h) also show a large standard deviation in the mentioned regions 

compared to the control (Fig. 2.4g and Fig. 2.4h) and observation (Fig. 2.4c and Fig. 

2.4d).  

The climatology of diabatic heating of the current experiment is seen in Figure 

6.20, where the positive and negative diabatic heating is very similar to the observation 

(Fig. 4.1) over all the longitudinal and latitudinal averaged regions than what is seen in 

the DJFM control (Fig. 6.1) or the idealized experiment (Fig. 6.10). The standard 

deviations also show that current experiment diabatic heating deviations closely resemble 

the observation as they are seen to extend all the way till the lower troposphere, which is 

not seen in the control and the idealized experiment again.   

 

6.2.6 DJFM ISO Leading mode and Mechanisms in CAM4.0 Observational Experiment 

 The Hovmöller diagram over the equatorial belt (Fig. 6.21a) shows a strong 

eastward propagation unlike the control (Fig. 6.1a) but like the idealized forced run (Fig. 

6.11a), also as seen in observation (Fig. 6.6a). The southern hemispheric belt (Fig. 6.21b) 

also shows a strong eastward propagation, propagating all the way to 180oE and beyond, 

which is much like what is seen in observation (Fig. 6.6b) but is not properly seen in 
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control (Fig. 6.1b) and only weakly seen in the idealized experiment (Fig. 6.11b). Thus, 

the eastward propagation in CAM4.0 during the model boreal winter is seen to reproduce 

the MJO in the present experiment. 

 In order to look into the southward propagation, Hovmöller diagram averaged 

over 60oE-90oE (Fig. 6.22a) shows strong southward propagation over the Southern 

hemispheric Indian Ocean region much like in the observation (Fig. 6.7a), which is not 

seen in control (Fig. 6.4a) and better than the representation in the idealized experiment 

(Fig. 6.12a). The Hovmöller diagram averaged over 120oE-150oE (Fig. 6.22b) shows 

southward propagation and some northward propagation over the western pacific, again 

almost identical to observation (Fig. 6.7b) and a better representation than the idealized 

experiment (Fig. 6.12b). Thus, from Figures 6.21 and 6.22 we find that the experiment 

forced with observational signal captures the features of the DJFM ISO far better than the 

control run and the experiment with idealized signal over the entire Indo-Pacific region. 

 As the precipitation data of the current experiment is seen to reproduce the 

observational feature to a great extent, a few more variables in terms of the 52-day 

oscillation are studied. Figure 6.23 shows the UV wind anomalies at 850hPa composited 

with the precipitation MSSA phase information. The winds show us a picture of 

horizontal circulation as the precipitation anomalies propagate. In phase 1 where negative 

precipitation anomalies are over the south equatorial western Indian Ocean and Maritime 

continent there are westerlies north of the suppressed phase and easterlies south forming 

an anticyclonic circulation and as this system moves eastward the easterlies become 

stronger as a convective region develops. Though the winds are seen to be in phase with 
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the convective and suppressed modes, they are almost as organized as seen in observation 

(Fig. 4.8). This ISO is also seen to have the strong southward propagation beyond the 

Australian continent that was seen very weakly in the idealized experiment. 

 We also observe the forced run diabatic heating at 500hPa in Figure 6.24. The 

positive diabatic heating anomalies are seen to be collocated with the positive 

precipitation anomalies and the negative diabatic heating anomalies are collocated with 

the negative precipitation anomalies. In phase 1 a band of positive anomaly is seen to 

develop over the equatorial Indian Ocean, which is seen to move eastward through phases 

2, 3, 4, 5, 6, 7 and 8. A similar propagation is seen for the negative anomalies through 

phases 5, 6, 7, 8, 1, 2, 3 and 4. This eastward propagation on the anomalies seems to 

capture most of the details of the observed propagation such as the eastward propagation 

and a southward propagation beyond 140oE. 

 Figure 6.25 shows the propagation of the forced run specific humidity anomalies 

at 500hPa with respect to the precipitation anomalies. The composites are plotted similar 

to the winds, where the suppressed cells are over dry conditions and convective cell over 

wet conditions. In phase 1 as a convective band appears to develop so does the positive 

specific humidity anomaly, which is seen to move eastward through phases 2, 3, 4, 5, 6, 7 

and 8. Similarly, the negative anomalies are seen to have an eastward propagation. The 

specific humidity anomalies are seen to be leading with the corresponding precipitation 

anomalies zonally as well as meridionally. To see the lead-lag relationship of specific 

humidity anomalies with the convective and suppressed cells, meridional and zonal 

averages are observed with respect to the vertical levels. 
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 Zonal propagation with respect to the vertical levels of the specific humidity 

anomalies and diabatic heating anomalies is seen in Figure 6.26, which covers two 

latitudinally averaged regions. The equatorial longitudinal belt (Fig. 6.26a) shows a 

strong eastward propagation and the low-level specific humidity anomalies are seen to 

lead the diabatic heating anomalies. A positive specific humidity anomaly is seen to 

develop over the eastern equatorial Indian Ocean region and moves eastward through 

phases 1, 2, 3, 4, 5, 6, 7 and 8 similarly for the negative anomalies. The southern 

hemispheric band (Fig. 6.26b) shows a strong eastward propagation as well; here too we 

see the specific humidity anomalies lead the diabatic heating anomalies; the propagation 

is almost as strong as its equatorial counterpart. A negative anomaly is seen to develop 

over the southern Indian Ocean region in phase 7 and move eastward through phases 8, 1, 

2, 3, 4, 5, 6, 7 and 8 where it eventually dies, similarly for positive anomalies moving 

eastward through phases 2, 3, 4, 5, 6, 7, 8, 1, 2, 3 and 4. 

 The meridional propagation with respect to the vertical levels is seen in Figure 

6.27. The western belt (Fig. 6.27a) in the experiment shows a very clear picture of a 

southward propagation. A negative anomaly is seen to develop in phase 5 and move 

southward with some northward propagation as well. The southward propagation of the 

negative anomalies continues till phase 3 and a similar propagation of the positive 

anomalies is also seen where the low-level specific humidity anomalies lead the diabatic 

heating anomalies. We also see a southward propagation over the eastern belt (Fig. 

6.27b), with the specific humidity anomalies leading the diabatic heating anomalies 

southward. In phase 4 a positive anomaly develops over the equator and moves 



194 
 

southward through phases 5, 6, 7, 8 and 1. A similar propagation of the negative 

anomalies is also seen. A more pronounced northward propagation is seen over this 

region. All the Figures indicate that the reason for improved eastward propagation of the 

anomalies is due to the additional observation heating and cooling signal, even in the 

boreal winter we find the meridional propagation is improved by details present in 

observation and in terms of specific humidity shows much resemblance to Figures 4.16, 

4.17 and 4.18.  

 

6.3 Summary 

1. The model captures the boreal winter ISO in a way that has no resemblance to the 

observed propagation of MJO unlike MISO. 

2. An eastward moving forcing is seen to improve the eastward as well as the 

meridional propagation over the Indian Ocean, Maritime continent and the 

tropical eastern Pacific as also seen for MISO. 

3. The fidelity of the model is sensitive to the oscillation period, the vertical 

structure as well as the initial state of the applied forcing for both the seasons. 

4. Increasing the amplitude of the forcing helps improve the model MJO; in fact the 

4.5Kday amplitude idealized signal forcing gives a very good representation. This 

was not seen in MISO.  

5. Experiments which apply observational signals to the model, helps the model 

include even more details of the MJO propagation, thus making it even better than 
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the applied idealized forcing, which captures the southward propagation and the 

eastward propagation in the Southern hemisphere very weakly. 
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Figure 6.1 DJFM seasonal climatalogical mean of CAM4.0 control run diabatic heating 
averaged over (a) vertically from 1000hPa-100hPa, (b) latitudinally over 10S-10N, (c) 
latitudinally over 30S-10S, (d) longitudinally over 60E-90E and (e) longitudinally over 
120E-150E. DJFM standard deviation of CAM4.0 control run diabatic heating  averaged 
over (f) vertically from 1000hPa-100hPa, (g) latitudinally over 10S-10N, (h) latitudinally 
over 30S-10S, (i) longitudinally over 60E-90E and (j) longitudinally over 120E-150E. 
The period of mean and standard deviation is for 10 years. Units are in Kday-1. 
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Figure 6.2 The 8 phases of the reconstructed component of CAM4.0 control run 
precipitation anomalies, for DJFM over the 10 years, describing an oscillation of 50-day 
period. Units are in mmday-1. 
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         (a) avg. 10S-10N, (b) avg. 30S-10S 

 
Figure 6.3 Hovmöller Diagram of the reconstructed component of CAM4.0 control run 
precipitation anomalies, latitudinally averaged over (a) 10S-10N and (b) 30S-10S, for 
DJFM. Units are in mmday-1. 
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          (a) avg. 60E-90E            (b) avg. 120E-150E 

 
Figure 6.4 Hovmöller Diagram of the reconstructed component of CAM4.0 control run 
precipitation anomalies, longitudinally averaged over (a) 60E-90E and (b) 120E-150E, 
for DJFM. Units are in mmday-1. 
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Figure 6.5 The 8 phases of the reconstructed component of observed precipitation 
anomalies for DJFM (1998-2007), describing an oscillation of 52-day period (MJO). 
Units are in mmday-1. 
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       (a) avg. 10S-10N, (b) avg. 30S-10S 

 
Figure 6.6 Hovmöller Diagram of the reconstructed component of observed precipitation 
anomalies, latitudinally averaged over (a) 10S-10N and (b) 30S-10S, for MJO (1998-
2007). Units are in mmday-1. 
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         (a) avg. 60E-90E            (b) avg. 120E-150E

 
Figure 6.7 Hovmöller Diagram of the reconstructed component of observed precipitation 
anomalies, longitudinally averaged over (a) 60E-90E and (b) 120E-150E, for MJO (1998-
2007). Units are in mmday-1. 
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              (a)±1.5Kday-1                       (b)±3.0Kday-1                        (c)±4.5Kday-1 

 
 

Figure 6.8 Half cycle composites of reconstructed component of precipitation anomalies 
for DJFM CAM4.0 forced run for (a) ±1.5Kday-1 (b) ±3.0Kday-1 and (c) ±4.5Kday-1 
maximum applied amplitude of the idealized eastward moving heating and cooling 
signal. 
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Figure 6.9 DJFM seasonal climatological mean of (a) OLR, (b) Precipitation, (c) 
horizontal wind at 850hPa (d) horizontal wind at 200hPa in CAM4.0 idealized forced run 
(±4.5Kday-1). DJFM seasonal climatology of (e) OLR, (f) Precipitation, (g) horizontal 
wind at 850hPa (h) horizontal wind at 200hPa in CAM4.0 idealized forced run for 10 
years. Units are in Wm-2 for OLR, mmday-1 for precipitation and ms-1 for horizontal 
wind. 
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Figure 6.10 DJFM seasonal climatalogical mean of CAM4.0 idealized forced run 
(±4.5Kday-1) diabatic heating averaged over (a) vertically from 1000hPa-100hPa, (b) 
latitudinally over 10S-10N, (c) latitudinally over 30S-10S, (d) longitudinally over 60E-
90E and (e) longitudinally over 120E-150E. DJFM standard deviation of CAM4.0 
idealized forced run (±4.5Kday-1) diabatic heating  averaged over (f) vertically from 
1000hPa-100hPa, (g) latitudinally over 10S-10N, (h) latitudinally over 30S-10S, (i) 
longitudinally over 60E-90E and (j) longitudinally over 120E-150E. The period of mean 
and standard deviation is for 10 years. Units are in Kday-1. 
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(a) avg. 10S-10N, (b) avg. 30S-10S 

 
Figure 6.11 Hovmöller Diagram of the reconstructed component of CAM4.0 idealized 
forced run (±4.5Kday-1) precipitation anomalies, latitudinally averaged over (a) 10S-10N 
and (b) 30S-10S, for DJFM. Units are in mmday-1. 
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(a) avg. 60E-90E               (b) avg. 120E-150E 

 
Figure 6.12 Hovmöller Diagram of the reconstructed component of CAM4.0 idealized 
forced run precipitation anomalies, longitudinally averaged over (a) 60E-90E and (b) 
120E-150E, for DJFM. Units are in mmday-1. 
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Figure 6.13 uv wind anomalies at 850hPa in CAM4.0 idealized forced run, composited to 
8 phases using DJFM precipitation MSSA phase information for CAM4.0 idealized 
forced run. Precipitation anomalies (shaded) composites in mmday-1 and wind vectors in 
ms-1. 

 
 



209 
 

 
Figure 6.14 Diabatic Heating anomalies in CAM4.0 idealized forced run (shaded) 
composited to 8 phases using DJFM Precipitation MSSA phase information for CAM4.0 
idealized forced run. Precipitation anomalies (contoured) composites in mmday-1 and 
diabatic heating in Kday-1. 
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Figure 6.15 Specific Humidity anomalies in CAM4.0 idealized forced run (shaded), 
composited to 8 phases using DJFM CAM4.0 idealized forced run Precipitation MSSA 
phase information. Precipitation anomalies (contoured) composites in mmday-1 and 
diabatic heating in kg*kg-1. 
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                      (a) avg. 10S-10N                    (b) avg. 30S-10S  

 
Figure 6.16 Specific Humidity anomalies in CAM4.0 idealized forced run (shaded), 
composited to 8 phases using DJFM CAM4.0 idealized forced run Precipitation MSSA 
phase information averaged over (a) 10S-10N, (b) 30S-10S. Diabatic Heating anomalies 
composites averaged over (a) 10S-10N, (b) 30S-10S (contoured). Specific humidity in 
kg*kg-1 and diabatic heating in Kday-1. 
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                       (a) avg. 60E-90E        (b) avg. 120E-150E  

 
Figure 6.17 Specific Humidity anommalies of CAM4.0 idealized forced run (shaded), 
composited to 8 phases using DJFM CAM4.0 idealized forced run Precipitation MSSA 
phase information averaged over (a) 60E-90E, (b) 120E-150E. Diabatic Heating 
anomalies composites (contoured) averaged over (a) 60E-90E, (b) 120E-150E. Specific 
humidity in kg*kg-1 and diabatic heating in Kday-1. 
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                 (a)±1.5Kday-1                      (b)±3.0Kday-1                    (c)±4.5Kday-1 

   
Figure 6.18 Half cycle composites of reconstructed component of precipitation anomalies 
for DJFM CAM4.0 forced run for (a) ±1.5Kday-1 (b) ±3.0Kday-1 and (c) ±4.5Kday-1 
maximum applied amplitude of the observational heating and cooling signal. 
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Figure 6.19 DJFM seasonal climatological mean of (a) OLR, (b) Precipitation, (c) 
horizontal wind at 850hPa (d) horizontal wind at 200hPa in CAM4.0 observational forced 
run (±4.5Kday-1). DJFM seasonal climatology of (e) OLR, (f) Precipitation, (g) 
horizontal wind at 850hPa (h) horizontal wind at 200hPa in CAM4.0 observational forced 
run for 10 years. Units are in Wm-2 for OLR, mmday-1 for precipitation and ms-1 for 
horizontal wind. 
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Figure 6.20 DJFM seasonal climatalogical mean of CAM4.0 observational forced run 
(±4.5Kday-1) diabatic heating averaged over (a) vertically from 1000hPa-100hPa, (b) 
latitudinally over 10S-10N, (c) latitudinally over 30S-10S, (d) longitudinally over 60E-
90E and (e) longitudinally over 120E-150E. DJFM standard deviation of CAM4.0 
observational forced run (±4.5Kday-1) diabatic heating  averaged over (f) vertically from 
1000hPa-100hPa, (g) latitudinally over 10S-10N, (h) latitudinally over 30S-10S, (i) 
longitudinally over 60E-90E and (j) longitudinally over 120E-150E. The period of mean 
and standard deviation is for 10 years. Units are in Kday-1. 
 
 



216 
 

(a) avg. 10S-10N, (b) avg. 30S-10S 

Figure 6.21 Hovmöller Diagram of the reconstructed component of CAM4.0 
observational forced run (±4.5Kday-1) precipitation anomalies, latitudinally averaged 
over (a) 10S-10N and (b) 30S-10S, for DJFM. Units are in mmday-1. 
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(a) avg. 60E-90E               (b) avg. 120E-150E 

 
Figure 6.22 Hovmöller Diagram of the reconstructed component of CAM4.0 
observational forced run precipitation anomalies, longitudinally averaged over (a) 60E-
90E and (b) 120E-150E, for DJFM. Units are in mmday-1. 
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Figure 6.23 uv wind anomalies at 850hPa in CAM4.0 observational forced run, 
composited to 8 phases using DJFM precipitation MSSA phase information for CAM4.0 
observational forced run. Precipitation anomalies (shaded) composites in mmday-1 and 
wind vectors in ms-1. 
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Figure 6.24 Diabatic Heating anomalies in CAM4.0 observational forced run (shaded) 
composited to 8 phases using DJFM Precipitation MSSA phase information for CAM4.0 
observational forced run. Precipitation anomalies (contoured) composites in mmday-1 and 
diabatic heating in Kday-1. 
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Figure 6.25 Specific Humidity anomalies in CAM4.0 observational forced run (shaded), 
composited to 8 phases using DJFM CAM4.0 observational forced run Precipitation 
MSSA phase information. Precipitation anomalies (contoured) composites in mmday-1 
and specific humidity in kg*kg-1. 
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                     (a) avg. 10S-10N                    (b) avg. 30S-10S  

 
Figure 6.26 Specific Humidity anomalies in CAM4.0 observational forced run (shaded), 
composited to 8 phases using DJFM CAM4.0 observational forced run Precipitation 
MSSA phase information averaged over (a) 10S-10N, (b) 30S-10S. Diabatic Heating 
anomalies composites averaged over (a) 10S-10N, (b) 30S-10S (contoured). Specific 
humidity in kg*kg-1 and diabatic heating in Kday-1. 
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                       (a) avg. 60E-90E        (b) avg. 120E-150E  

 
Figure 6.27 Specific Humidity anommalies of CAM4.0 observational forced run 
(shaded), composited to 8 phases using DJFM CAM4.0 observational forced run 
Precipitation MSSA phase information averaged over (a) 60E-90E, (b) 120E-150E. 
Diabatic Heating anomalies composites (contoured) averaged over (a) 60E-90E, (b) 
120E-150E. Specific humidity in kg*kg-1 and diabatic heating in Kday-1. 
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CHAPTER 7 CONCLUSIONS 

 

 The present study has investigated whether the MJO and MISO are the same or 

different, which is answered through observational and model analysis. The MJO and 

MISO are usually terms used for intraseasonal oscillations, peaking in boreal winter and 

summer seasons respectively. These oscillations are identified over the Indo-Pacific 

region in observation for the two seasons separately during the period 1979-2011. The 

observational results were further investigated by running NCAR CAM4.0 atmospheric 

model with prescribed ocean data. The mechanisms describing each of these events were 

suggested, showing their similarities and dissimilarities. The similarities and differences 

in the mechanisms of the two oscillations were further substantiated through the model 

runs. We also find that a fine resolution model and realistic representation of heating 

signals helps in better representation of the oscillations. 

 The main results of this study showed that MJO and MISO are essentially driven 

by the same mechanisms, i.e., the large scale circulations, which allow for positive 

moisture preconditioning before convection and negative moisture preconditioning before 

suppressed conditions and the positive feedback from the SST to atmosphere, which then 

drives the large scale circulation and continuing the cycle. Both the oscillations were seen 

to have similar oscillatory period and eastward propagation. However, the differences in 
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the propagation of both the events was hypothesized to be because of the different 

differential heating gradient meridionally during the two seasons. During the boreal 

summer, there is a massive northward propagation of eastward moving convective and 

suppressed signals. The meridional propagation is seen to be much smaller for MJO, i.e., 

during the boreal winter. The suggested mechanisms hold true for the model runs as well. 

CAM4.0 was able to capture MISO quite well, but got the northward moving band tilt 

wrong, an eastward moving equatorial signal was seen to improve the tilt. However, 

CAM4.0 captured MJO less realistically and the eastward moving forcings were seen to 

greatly improve the representation of MJO in the model. It is to be noted that the 

improvements in the models are noticed entirely due to the applied heating and cooling 

signals to the model’s temperature tendency term, there was no feedback from the ocean 

as the ocean was prescribed and was not actively coupled to the atmosphere and the other 

components of the model. 

 The MISO mode over the Indo-pacific region was identified using data adaptive 

filtering method by applying MSSA on diabatic heating during JJAS. Other variables 

were composited using the phase information of diabatic heating anomalies, this way was 

adopted to examine the associated atmospheric and surface variables behavior along with 

the diabatic heating anomalies. In MISO, the diabatic heating showed a clearer eastward 

propagation over the equator than in the northern hemisphere, where it was staggered. 

The signal was seen to extend upto 180oE, while the maxima and minima reached 150oE 

at its eastern most extent. The bands of anomalies were seen to have a northwest-

southeast tilt, because a strong northward propagation was seen along with eastward 
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propagation. We find that the winds lead these anomalies, westerlies leading suppressed 

cells and easterlies leading convective cell, duly forming anticyclonic and cyclonic 

circulation in each case respectively. During MISO strong anomalous Walker and Hadley 

circulations were seen as well. In case of Walker circulation a dipole like structure was 

seen between the Asian and the west American coastal region, especially in the northern 

hemisphere. The meridional propagation was described by the zonal wind shear and 

relative vorticity. We also found that the specific humidity leads diabatic heating both in 

its eastward and northward propagation. On further inspection, we found that the 

horizontal moisture advection led the convective and suppressed cells, while the vertical 

advection was collocated. The SST anomalies with respect to the convective and 

suppressed cells showed large lead and lag, at the same time the surface temperature over 

the landmass followed these cells closely creating differential heating gradient and thus, 

driving the winds accordingly. Hence, we were able to describe the MISO mechanism. 

 The MJO oscillatory mode over the Indo-pacific region was also identified using 

data adaptive filtering method by applying MSSA on diabatic heating during the DJFM 

months. Other variables were then composited along with diabatic heating anomalies 

using the phase information of diabatic heating anomalies. The MJO diabatic heating 

showed a strong eastward propagation over the equator and the southern hemisphere. The 

signal was seen to extend beyond 180oE, reaching 200o-220oE at its eastern most extent. 

In MJO, the bands of anomalies are found to have no tilt, they are strongly eastward 

moving and this could be explained by the absence of large landmass in the southern 

hemisphere. We found that the winds led these anomalies, but as most of the propagation 
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is equatorially centered, proper cyclonic or anticyclonic circulations were not seen, 

except when the convective and suppressed cell were slightly displace from the equator 

do we the circulations. We found divergent winds leading suppressed cells and 

convergent winds leading convective cell, as these cells are more equatorially displaced, 

cyclonic and anticyclonic circulations take over as mentioned. One of the other 

differences between a MISO and MJO is that that MISO has strong anomalous Walker 

and Hadley circulations while MJO does not. MJO does not have a strong Walker 

circulation with a dipole like structure between the Asian and the west American coastal 

region, either. The meridional propagation in MJO was seen to be rather weak, 

propagating only to 15oS. Beside the similarity in leading circulations with MISO, we 

found the specific humidity too led the MJO diabatic heating in its eastward propagation. 

We found that the horizontal moisture advection leading the convective and suppressed 

cells, while the vertical advection was collocated, just as in MISO. The SST anomalies 

relative to the convective and suppressed cells show large lead and lag, but there is no 

large landmass to direct the flow significantly meridionally except Australia and we 

found that the MJO acquires a southward propagation as and after it passes the Australian 

continent. 

 Following the similarities and the differences of MJO and MISO, this study finds 

that MISO has a slightly shorter oscillatory period than MJO, the eastern extent of MISO 

is also slightly shorter than that of MJO. During MISO the eastward propagation is 

strongly directed northward along with its eastward propagation, the land region in the 

northern hemisphere extends upto about 120oE, and as it is difficult to maintain the 
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eastward propagation over land, the eastern extent of MISO is shorter than MJO.  The 

land heats and cools much faster than the ocean and the strong northward propagation 

during the boreal summer, which can be hypothesized to be the reason for the period of 

MISO to be slightly shorter than that of MJO.  

 A free run of the model showed that it captures the JJAS ISO quite realistically, 

but fails to get the correct tilt of the anomaly bands. Idealized eastward and northward 

moving heating and cooling anomalies of different oscillating periods were applied 

separately to the temperature anomalies during JJAS. We found that the 45-day period 

oscillations with idealized eastward moving signals gave the best results in producing a 

more realistic tilt of the anomaly bands, increasing the amplitude of this applied signal 

did not help the JJAS ISO in any way. It is interesting to note that an eastward-applied 

signal changes meridional propagation. The applied heating and cooling signals were 

seen to organize the circulation better and change the advection of moisture and diabatic 

heating. However, the eastward propagation was found to be diminished with the 

application of a northward propagating signal, changing the amplitude of which does not 

produce a realistic ISO. Observed MISO signals were also applied to the model’s 

temperature tendency but we do not find the JJAS ISO realistic in anyway. Thus, during 

the JJAS ISO, an applied eastward propagating signal is able to change its course 

significantly, while an applied northward propagating signal does not help in anyway. 

Even observation signals, which contain both eastward and northward moving signals 

together, are seen to be of no particular significance in producing a realistic 

representation of the MISO in the model. 
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 CAM4.0 captures almost no realistic characteristic of the boreal winter MJO. A 

45-day period eastward moving idealized signal, when applied, was seen to greatly 

enhance the model’s representation of MJO. Increasing the amplitude of this signal was 

seen to make the model’s representation of MJO even better, albeit with exaggerated 

convective and suppressed conditions. Here too we found that the applied heating and 

cooling signals tend to organize the circulation better and in effect the moisture advection 

and diabatic heating are better placed to lead and be collocated respectively with 

convective and suppressed conditions. No meridional propagating signal was applied to 

the model DJFM. Application of observed MJO heating and cooling anomalies to the 

model temperature tendencies gave an even more realistic result than the idealized signal. 

The equatorial eastward propagation along with the southern hemisphere eastward 

propagation is well captured, even the southward propagation beyond the Australian 

continent is observed. The result that the model gives better results for applied signals in 

the DJFM period than the JJAS period maybe related to the fact that the model DJFM 

ISO is not as well organized as the model JJAS ISO, thus, the model found it easier to 

organize its circulation when heating and cooling was added in the DJFM season than in 

JJAS. That also explains the reason the model JJAS season does not improve its ISO as 

significantly as the model DJFM season does, as it is already quite well organized. There 

could be other issues such as the realistic representation of land in the model as well, 

which will be taken up in the future studies. 

 Thus, we were able to establish that MISO and MJO are driven by the same 

mechanisms and have many similarities, thus, are the same. But, they are seen to 
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propagate differently, which may be hypothesized to be due to the different differential 

heating during the two seasons. The fact that they are driven by the same mechanisms is 

further corroborated by the model study, which gives realistic results with the application 

of the same narrow eastward moving heating and cooling signal for both the seasons. Our 

study relates the two leading seasonal oscillations and also helps with realistic 

representation of the ISOs in the model. 

 The future work in this topic will include coupled ocean studies to observe how 

the additional forcing along with SST feedback help us understand these two seasonal 

oscillations better. Another major part of further studies shall include whether the 

predictability is improved in case of the applied forcings, more detailed forced runs need 

to be constructed to establish the important and the not so important aspects of these two 

seasons for having better predictions. The information we gather from these studies shall 

be further used for demonstrating the impacts on climate change. 
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